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Abstract 

Exotic plants have the ability to modify soil seed banks and the soil biotic 

community in habitats they invade, but little is known about the legacy of invasion once 

an exotic plant has successfully been controlled. Natural areas previously invaded by 

leafy spurge in the northern Great Plains typically have one of two fates following control 

of spurge: a return of native plants, or a secondary invasion of other exotic plants. 

Furthermore, reduced native plant recruitment has been observed in areas where insect 

biocontrol has been used for leafy spurge control. It is unknown, however, if the reduced 

recovery of natives is due to a depauperate native plant seed bank, altered soil biotic 

communities, or interactions of leafy spurge with biocontrol organisms. To address the 

seed bank question, I monitored soil seed banks and standing vegetation for two years in 

mixed-grass prairies that were previously invaded by leafy spurge. I found that native 

plant seed banks were largely intact in areas previously invaded by leafy spurge, 

regardless of the current living plant community. I conducted a glasshouse experiment to 

investigate interactive effects of leafy spurge soil conditioning and flea beetle biocontrol 

insects on native plants. My results indicate that leafy spurge soil conditioning inhibits 

native plant germination and growth, and that flea beetles have similar inhibitory effects 

but only on particular native plant species. Lastly, I investigated the interactive effects of 

leafy spurge root exudates and fungal pathogens on native plant growth in a glasshouse, 

and the degree to which fungal pathogen growth varies with leafy spurge and native plant 

root exudates in petri dishes. I found that leafy spurge root exudates and fungal 

pathogens, when applied together, tended to enhance native plant germination and 

growth, and that fungal pathogen growth response to root exudates varied between fungal 
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genera, and among native species, but that fungal growth did not respond strongly to 

leafy spurge exudates. Therefore, regardless of the relatively unaltered native plant seed 

banks, leafy spurge soil occupancy and fungal pathogens may have significant impacts on 

native plant recovery. 
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Chapter 1: 

Introduction 

 
Charles Elton, in his classic treatise The Ecology of Invasions by Animals and 

Plants, ominously described species invasions as “ecological explosions” (Elton 1958). 

This dramatic description underscores the urgency that is often associated with 

understanding the ecology of species invasions and the impacts they have on invaded 

communities, and with developing effective strategies for their control. This urgency is 

not unfounded.  Invasive species are responsible for species extinctions, negative impacts 

to ecosystem services, and an estimated $1.4 trillion per year in economic damages 

worldwide (Pimentel 2002). Unfortunately, even if an invasive species is successfully 

controlled, long-term legacy effects may continue to have negative consequences for the 

formerly invaded community (Corbin and D'Antonio 2004, Elgersma et al. 2011), and 

much is still unknown about why invasive species are successful in the habitats they 

occupy and the long-term effects of those invasions.  

A considerable body of theory, experimentation, and knowledge has followed the 

publication of Elton’s book. An especially active area of research has focused on 

evaluating hypotheses posed to explain the success (or lack of success) of invasive 

organisms into new areas and their persistent dominance in invaded areas following the 

initial establishment. One of these, the enemy release hypothesis, suggests that invasive 

species escape their specialist pests and pathogens present in their native range when 
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invading new areas  (Keane and Crawley 2002). Lack of pests and pathogens can reduce 

resources invested in defense, leaving more energy for growth and competition with 

native species. Another hypothesis, the accumulation of local pathogens hypothesis, 

proposes that an exotic plant accumulates generalist pathogens in the invaded range that 

subsequently inhibit native plants relatively more than the invasive species (Eppinga et 

al. 2006). These two hypotheses are not mutually exclusive and a native plant could, in 

theory, escape its native pathogens and accumulate new ones. The success of an invasive 

species may also result from direct interactions with plant competitors rather than via 

interactions with pests and pathogens. This is the premise of  the novel weapons 

hypothesis, which posits that invasive species possess biochemicals (e.g., 

allelochemicals) that inhibit native species (Callaway and Ridenour 2004). Furthermore, 

the negative impacts of an invasive species on native species may be enhanced when the 

invasive species is attacked by a pest. For example, herbivores may stimulate an invasive 

plant to produce secondary chemicals (induced defense) that increase allelopathic effects 

on nearby plants (Newingham and Callaway 2006), or herbivory of the invasive plant 

may stimulate compensatory growth of the invasive (Ridenour and Callaway 2003). Root 

herbivory may also stimulate pathogen accumulation in soils or roots compared to non-

grazed plants. Soils adjacent to Euphorbia spp. roots that were subject to root-feeding 

insects had higher populations of fungal plant pathogens (Fusarium spp.) than soils of 

plants without root-feeding insects (Caesar 2003). All four of these hypotheses contribute 

to our conceptual understanding of species invasions, but the extent to which distinct 

mechanisms are responsible for invasion success or negative impacts of invaders on 
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native species remains unknown. This is especially the case for the compensatory 

growth/induced defense hypotheses, which have been examined predominantly on the 

knapweeds (Centaurea spp.) (Thelen et al. 2005, Newingham and Callaway 2006, Norton 

et al. 2008), and for the accumulation of local pathogens hypothesis, which has only been 

tested on marram grass (Ammophila arenaria) and Siam weed (Chromolaena odorata) 

(Eppinga et al. 2006, te Beest et al. 2009).  

In this research, I investigated several mechanisms by which the invasive plant 

leafy spurge (Euphorbia esula) may both maintain dominance in its invaded range and 

impact native plant communities after its control. Euphorbia has been a highly successful 

invader of the northern Great Plains since its accidental introduction in the 1800’s, and it 

currently occupies about 1.9 million ha in the US (Duncan et al. 2004).  Economic 

impacts from Euphorbia in agricultural and wildland settings approach $120 million 

annually (Leistritz et al. 2004), and the ecological effects of its invasion and dominance 

include reduced native plant species diversity (Belcher and Wilson 1989, Butler and 

Cogan 2004, Cornett et al. 2006). Various management practices have been used in 

attempts to control Euphorbia, including herbicides, biocontrol insects, grazing, and 

burning (Lym 2005), but its control has been particularly successful following the 

application of flea beetles (Aphthona spp.) (Butler et al. 2006). However, the recovery of 

native plant communities in areas once dominated by Euphorbia has been very slow 

following control via flea beetles (Lesica and Hanna 2009, Butler and Wacker 2010). To 

date, the reasons for reduced native plant recovery in these areas have not been 
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investigated, but the hypotheses outlined here suggest specific lines of research to explain 

the poor recovery of native species following Euphorbia infestation. 

The primary objective of my work is to elucidate mechanisms leading to reduced 

native plant recruitment in Great Plains areas invaded by Euphorbia, and to examine why 

recruitment remains low following Euphorbia removal. I examined four specific 

hypotheses in accomplishing this objective. 

In Chapter 2, I tested the hypothesis that Euphorbia invasion results in 

depauperate native plant seed banks. The slow native plant recovery in areas formerly 

dominated by Euphorbia may occur if Euphorbia occupation results in fewer native plant 

seeds entering the soil seed bank, which could reduce opportunities for native plant 

recruitment. In this scenario, a reduced native seed bank could result from Euphorbia 

stands being dense enough to preclude native plant occurrence, or from reduced native 

plant seed production via competitive interactions with Euphorbia. To evaluate these 

hypotheses, I examined soil seed banks in areas of varying Euphorbia invasion history 

(never invaded and previously invaded) and standing vegetation (dominated by natives or 

dominated by exotics other than Euphorbia).  

In Chapter 3, I evaluated support for the accumulation of local pathogens and 

induced defense hypotheses by examining how flea beetles modify the effect of 

Euphorbia on native plants. The slow native plant recovery in areas where Euphorbia 

was controlled using flea beetles (Lesica and Hanna 2009, Butler and Wacker 2010) may 

be related to increased soilborne fungal pathogen populations that can occur in 

Euphorbia-occupied soils when root-attacking herbivores are present (Caesar 2003) 
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(accumulation of local pathogens). Alternatively, flea beetles may stimulate Euphorbia to 

produce compounds that inhibit native plant germination and growth (induced defense). 

To address these hypotheses, I quantified the effects of historical and recent Euphorbia 

soil conditioning, and of flea beetles applied to Euphorbia, on subsequent native plant 

germination and growth in a glasshouse. 

In Chapter 4, I tested the potential for Euphorbia root exudates alone (as a novel 

weapon) or in combination with pathogens (pathogen accumulation) to reduce native 

plant recruitment. For example, Euphorbia root exudates have compounds that can 

inhibit the growth of Arabidopsis thaliana seedlings (Qin et al. 2006), but whether or not 

this influences native prairie plants is unknown. In addition, the accumulation of local 

pathogens hypothesis posits that an invasive plant species will stimulate soil pathogen 

presence (presumably through root exudation), and that native plants will be negatively 

impacted by the resulting enriched pathogen populations (Eppinga et al. 2006). There is 

evidence that fungal pathogens can accumulate in the rhizosphere of Euphorbia (Caesar 

2003), but the impact of these pathogens on native species has not been tested.  To 

evaluate the potential for novel weapons and pathogen accumulation of Euphorbia to 

impact native plants, I examined native plant germination and growth when exposed to 

Euphorbia root exudates alone or in combination with soilborne fungal plant pathogens.   

Finally, in Chapter 5, I compared the abilities of Euphorbia and native plant root 

exudates to stimulate fungal plant pathogen growth.  An implicit assumption of the 

accumulation of local pathogens hypothesis is that an invasive plant species will 

stimulate soilborne pathogens more than native plant species, but this assumption has not 
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been experimentally evaluated. If Euphorbia negatively impacts native plants via 

pathogen accumulation, then it would need to have a stronger stimulatory effect on these 

pathogens than native plant species, and the native species would need to have a greater 

negative response to pathogens than the invasive species. To test this assumption, I 

measured the growth of several common soilborne fungal plant pathogens when 

subjected to root exudates of Euphorbia and eight native plant species. 

This work used the South Unit of Theodore Roosevelt National Park (TRNP), 

North Dakota as a setting for field research, and as a basis for selection of the native plant 

species used in glasshouse and lab research. TRNP is the site of recent and extensive 

Euphorbia infestations.  Euphorbia was first observed in TRNP in the late 1960s 

(Anderson et al. 1996), and had come to occupy approximately 10% of the South Unit by 

1999 (O'Neill et al. 2000). In response to the infestation, the National Park Service 

established comprehensive Euphorbia control and monitoring programs, which have 

successfully reduced its prevalence. TRNP provides ready availability of wildlands that 

are undisturbed by agricultural practices, and there is a long history of vegetation studies 

conducted in the Park and surrounding grasslands which provide useful context for this 

research. 

My research addresses several important ecological questions and hypotheses 

regarding exotic plant invasions, and also provides important insight into potential land 

management strategies for areas currently or recently occupied by Euphorbia.  In 

addition to stimulating further research into these topics, these data will contribute to the 
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development of more effective control of Euphorbia and other invasive plants in diverse 

natural and disturbed habitats. 
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Chapter 2: 

Leafy spurge (Euphorbia esula) affects vegetation more 

than seed banks in mixed-grass prairies of the northern 

Great Plains, USA 

 
Exotic plants have the ability to modify soil seed banks in habitats they invade, but little 

is known about the legacy of invasion on seed banks once an exotic plant has 

successfully been controlled. Natural areas previously invaded by leafy spurge in the 

northern Great Plains typically have one of two fates following its removal: a return of 

native plants, or a secondary invasion of other exotic plants. It is unknown, however, if 

this difference in plant communities following leafy spurge control is due to seed bank 

differences. To answer this question, I monitored seed banks and standing vegetation for 

two years in mixed-grass prairies that were previously invaded by leafy spurge but 

controlled within five years of my study. I found that native plant seed banks were largely 

intact in areas previously invaded by leafy spurge, regardless of the current living plant 

community, and leafy spurge invasion history had a larger impact on cover and diversity 

of the vegetation than on the seed banks. Differences in plant communities following 

leafy spurge control do not appear to be related to the seed banks, and soil conditions 

may be more important in determining trajectories of these post-invasion communities. 
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Introduction 

Soil seed banks contribute to vegetation dynamics in plant communities, and they 

can help maintain species diversity and genetic variability (Fenner 1985) following 

disturbance and subsequent habitat restoration (Grime 1981, van der Valk and Pederson 

1989). Intact, diverse native plant seed banks may persist through habitat change and 

disturbance, and can play an important role in plant community restoration (Wetzel et al. 

2001, Richter and Stromberg 2005, Plassmann et al. 2009, Wang et al. 2010, Kalamees et 

al. 2012). However, if floristic homogenization occurs through invasive plants replacing 

diverse native plant communities (McKinney 2004), seed banks may also be 

homogenized, reducing the habitat restoration potential. Indeed, the general pattern 

following invasion includes an increased presence of exotic seeds of a few species 

(Henderson and Naeth 2005, Giantomasi et al. 2008, Fisher et al. 2009) and a reduced 

presence of native seeds (Henderson and Naeth 2005, Cox and Allen 2008, Fisher et al. 

2009) when compared to uninvaded  habitats (but see Mason et al. (2007) and Robertson 

and Hickman (2012)). The restoration potential of communities dominated by invasive 

plants depends, in part, on the seed bank (Bakker and Berendse 1999), and if the presence 

of native species in the seed bank is impoverished, restoration can be slow (Dutoit and 

Alard 1995, Hutchings and Booth 1996, Holl et al. 2000, Bai et al. 2010) or unachievable 

without the addition of propagules (Aerts et al. 1995, Bekker et al. 1997, Bossuyt and 

Hermy 2003), especially when invasive plants cause the impoverishment (Cione et al. 

2002, Ogden and Rejmánek 2005, Loh and Daehler 2008, Fisher et al. 2009).  
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In the northern Great Plains, the invasive exotic plant leafy spurge (Euphorbia 

esula L.) has negative economic and ecological effects, and often presents a challenge to 

restoration. However, it is unclear what role the seed bank plays in the return of native 

vegetation following its invasion. Introduced accidentally to North America in the 1800’s 

(Dunn 1985), leafy spurge has come to occupy nearly 1.9 million ha in the US (Duncan et 

al. 2004) and the estimated economic impacts are around $120 million annually, making 

it one of the worst weeds in the US (Leistritz et al. 2004). Ecologically, leafy spurge can 

reduce native plant species richness (Belcher and Wilson 1989, Butler and Cogan 2004, 

Cornett et al. 2006), conspecific pollen presence on native plants (Larson et al. 2006), and 

presence of native ungulates (Trammell and Butler 1995). It can also produce large, 

persistent seed banks (Laufmann 2006, Cline et al. 2008, Setter and Lym 2013), with its 

seeds remaining viable in soils up to eight years (Bowes and Thomas 1978). Biocontrol 

agents, such as flea beetles (Aphthona spp.), and various combinations of biocontrol, 

herbicides, grazing, and interseeding of native grasses have recently been successful in 

controlling leafy spurge (Lym 2005, Cornett et al. 2006, Joshi 2008, Richardson et al. 

2008, Progar et al. 2010). Following control, some previously invaded sites have returned 

to their native plant assemblages naturally (without sowing native seeds) (Lesica and 

Hanna 2009). However, other sites have experienced long-term reductions in native forbs 

(Rinella et al. 2009) and/or secondary invasions of other invasive plants, especially exotic 

grasses (Lesica and Hanna 2009, Larson and Larson 2010). Leafy spurge control has also 

not been successful in all habitats. Riparian zones, for example, are highly susceptible to 

leafy spurge invasion (Anderson et al. 1996) but have restricted herbicide use due to 
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potential negative impacts on aquatic organisms (Folmar et al. 1979), limiting the control 

options available to managers (Progar et al. 2010).  

There are conflicting reports of leafy spurge impacts on seed banks in the 

northern Great Plains. Leafy spurge-invaded areas in the Little Missouri National 

Grasslands in southwestern North Dakota, USA had higher percentages of native plant 

seeds compared to leafy spurge seed in the seed bank five (Cline et al. 2008) and 10 years 

(Setter and Lym 2013) following flea beetle release. Conversely, the density of the leafy 

spurge seed bank was not different 4–7 years following flea beetle treatment compared to 

untreated infested areas in Theodore Roosevelt National Park (Laufmann 2006), which is 

surrounded by the Little Missouri National Grasslands. One commonality among these 

studies is that the presence of native species in seed banks was improved by flea beetle 

treatments, and that this will improve native plant recovery potential. However, the 

relationship between aboveground vegetation and seed banks was not analyzed in the 

National Grasslands. 

I investigated the impact of leafy spurge invasion and subsequent control on the 

seed bank and compared the seed bank with standing vegetation of mixed grass prairies at 

Theodore Roosevelt National Park, North Dakota, USA, an area that has been subjected 

to intense leafy spurge invasions and an active invasive species management program 

(National Park Service 2005). I identified three categories of leafy spurge invasion 

history: (1) never invaded, (2) previously invaded but now dominated by native species, 

and (3) previously invaded but now dominated by exotic species other than leafy spurge. 

I addressed two primary questions: (1) do sites with different leafy spurge invasion 
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histories differ in seed bank composition; and (2) are species composition and diversity 

similar within and between seed banks and vegetation, and is this influenced by leafy 

spurge invasion history? The presence of germinable native plant seed banks that have 

persisted with minimal differences among invasion histories would suggest a different 

restoration strategy than would a depleted seed bank. 

 

Materials and Methods 

Study Sites 

This research was conducted from 2006 to 2008 in the South Unit of Theodore 

Roosevelt National Park (TRNP), an 18,600-ha reserve adjacent to Medora, North 

Dakota, USA (47°N, 104°W). The climate is characterized by long, cold winters and 

short, hot summers; the long-term mean annual precipitation (1948 – 2010) is 379 mm, a 

majority of which occurs between April and September (NCDC 2012). Precipitation was 

140 mm below the long-term  mean in 2006 (239 mm) but it was close to normal in 2007 

(369 mm) and 2008 (360 mm) (NCDC 2012).  

Three study sites (Bad Buffalo, Petrified Forest, and Knutson Creek) were 

established in the western wheatgrass-green needlegrass vegetation type (Von Loh et al. 

2000), dominated by grasses (primarily Pascopyrum smithii (Rydb.) Á. Löve, Nassella 

viridula (Trin.) Barkworth, and Bouteloua gracilis (H.B.K.) Lag. ex Griffiths) and forbs 

(such as Artemisia frigida Willd., Achillea millefolium L., and Sphaeralcea coccinea 

(Nutt.) Rydb.) (Table 2-1 and Figure 2-1). Separate areas nested within each site were 
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classified according to the leafy spurge invasion history, determined by National Park 

Service personnel (Paula Anderson and Laurie Richardson, TRNP, personal 

communication), and current vegetation: never invaded and dominated by natives 

(hereafter, uninvaded), previously invaded but now dominated by natives (hereafter, 

invaded-native), and previously invaded but now dominated by invasives other than leafy 

spurge (hereafter, invaded-exotic). Current vegetation (native-dominated vs. exotic-

dominated) was determined via visual assessment in 2006. Exotic species were present in 

the vegetation of all native-dominated areas, but invaded-exotic areas were dominated by 

smooth brome (Bromus inermis Leyss.) and Kentucky bluegrass (Poa pratensis L.). 

Two additional sites (Peaceful Valley and Mike Auney) in the silver sagebrush / 

western wheatgrass shrublands vegetation type (Von Loh et al. 2000), characterized by a 

matrix of shrubs (primarily Artemisia cana Pursh), grasses (primarily P. smithii and N.  

viridula) and forbs (including A. frigida and A. millefolium), were included in the 2007 

and 2008 sampling (Table 2-1 and Figure 2-1). Data collected at these two sites were 

only used for the descriptive canonical discriminant analyses, as I could only find 

invaded-exotic areas within this habitat type (they were not used in the density, diversity, 

or similarity analyses). I chose to include these sites in the study because silver sagebrush 

/ western wheatgrass shrubland vegetation had been heavily invaded by leafy spurge and 

is therefore of great interest to resource managers.  

Nine to 15 plots were established, as space permitted, within each invasion history 

at each site (Table 2-1). The plots were 2 × 6 m and distributed 10 m apart along several 

transects 15 m apart. The starting location for plot placement on each transect was 
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randomly assigned. All plots within each nested invasion history at each site were 

contained within < 50 × 50 m area (0.25 ha), and all plots at each site containing multiple 

invasion histories were within 400 m of each other. The seed bank was sampled in 2006 

and 2007, and the standing vegetation in 2007 and 2008. I was limited to an unbalanced 

incomplete block design, as there was only one site that contained all three leafy spurge 

invasion histories, and two sites had two invasion histories (Table 2-1). 

Site Histories 

Leafy spurge was first noted in the South Unit in the late 1960’s (Anderson 1995), 

and the area infested since then rose steadily from 13 ha in 1970 (Anderson 1995) to 

1700 ha (~10% of the area of the South Unit) in 1999 (O'Neill et al. 2000). The duration 

and intensity of infestation is not precisely known for my study sites, but their relative 

historic infestation levels can be estimated. Leafy spurge was first observed in the 

Knutson Creek area in the late 1960’s (Andrascik 1994), but there are no records of when 

the other study sites were first infested. All of the previously infested plots were occupied 

by leafy spurge, and subjected to biocontrol insects and/or herbicide, at least several 

years in the 1990’s and/or early 2000’s (Paula Anderson and Laurie Richardson, TRNP, 

personal communication). Areas close to creeks or floodplains (such as Knutson Creek, 

Peaceful Valley, and Mike Auney) typically had denser leafy spurge cover than more 

upland sites (such as Bad Buffalo and Petrified Forest) (Anderson et al. 1996), but the 

severity of infestation (% cover or density) was not quantified at my sites. Leafy spurge 

coverage at TRNP was also estimated using remote sensing data (aerial and satellite 

imagery) on several occasions in the 1990’s and 2000’s (Anderson et al. 1996, Mladinich 
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et al. 2006, Stitt et al. 2006). My plot locations were compared with leafy spurge remote 

sensing coverage data from 1993 and 2002 to determine if study plots were occupied 

during these years. According to aerial photography from 1993 (Anderson 1998), the 

only sites that had plots within leafy spurge stands were Knutson Creek and Mike Auney, 

while plots at the other sites were adjacent to leafy spurge stands (Table 2-1). Low-

density infestations had a lower probability of detection (Anderson et al. 1996), therefore 

the other previously infested sites may have been occupied at densities below the 

detection threshold. Aerial imagery from 2002 using the Compact Airborne 

Spectrographic Imager (CASI) indicate that invaded-exotic plots had the highest levels of 

leafy spurge occupation, but a few uninvaded plots also showed signs of leafy spurge 

cover (Table 2-1) (Kokaly et al. 2004). However, TRNP personnel indicated that areas in 

which I placed uninvaded plots had never been occupied by leafy spurge, and the 

accuracy of the remote sensing data in properly representing leafy spurge cover was 74% 

(Kokaly et al. 2004). Since these specific uninvaded plots were either inaccurately 

classified as having leafy spurge cover, or the leafy spurge plants were only briefly 

present, I retained their uninvaded designation. Based on the above cover estimates, the 

sites in my study have been in recovery 9–15 years (duration after leafy spurge control). 

Herbicides have been used for leafy spurge control in TRNP since 1960, but use 

escalated in the mid-1990s, with up to 210 ha per year being treated with over a dozen 

formulations (Larson et al. 2007). Multiple herbicide treatments were used in the Knutson 

Creek drainage from 1985–1998 (Samuel and Lym 2008), but the specific locations of 

these treatments are unavailable. Detailed records of herbicide application are only 
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available for the 2000’s at Knutson Creek, Peaceful Valley, and Mike Auney (Table 2-1) 

(Chad Sexton, TRNP GIS Analyst, personal communication). 

Biocontrol organisms were first released at TRNP in 1987, but large releases 

started in 1992 (Andrascik 1994), with more than 18 million biocontrol flea beetles 

released between 1989–2004 (Prosser 2004). These control efforts eventually reduced 

cover of leafy spurge in the park (Larson and Grace 2004, Larson et al. 2007) to the point 

that only a few scattered patches were identifiable via hyperspectral remote sensing in 

2002 (Anderson et al. 2004). I identified all biocontrol release locations (Hager 1998) 

within 200 m of my plots, a distance that flea beetles can travel in two weeks (Jonsen et 

al. 2001), using GIS software (Quantum GIS v. 1.8.0) (Table 2-1).   

Seed Bank 

I sampled the soil seed bank in the spring of 2006 and 2007 using the seedling 

emergence method (Roberts 1981). Since I was interested in legacies of leafy spurge 

infestation, I evaluated the persistent seed bank (seeds that are viable beyond the next 

germination opportunity). Samples were collected prior to the spring seed rain, which 

reduced representation of seeds from the transient seed bank (viable only until the next 

germination opportunity) (Thompson and Grime 1979, Baskin and Baskin 1998) and 

minimized the impact that research-related disturbance had on the seed banks, as the 

persistent seed bank is typically deeper in the soil (Thompson and Grime 1979). I 

collected 10 soil samples every ~ 1.5 meters around the perimeter of each plot, at a 

distance of 50 cm outside the plot edge. Samples were collected using a 5 cm diameter 

soil auger to a depth of 10 cm (~190 cm3 per core), combined to create one composite 
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sample per plot, placed in plastic bags and kept cool until processed. This method 

resulted in an area of ~196 cm2 sampled per plot. I systematically offset the 2007 coring 

locations ~75 cm from the previous year to avoid resampling the same holes. 

 Each sample was sieved to remove large roots, litter, and bulbs, and 900 cm3 of 

soil was spread 1 cm deep on top of 2700 cm3 of sterilized sand in nursery trays (25 × 52 

cm). Trays were placed in a greenhouse in St. Paul, Minnesota with ambient light April–

August (~12–15 hours per day), and 12 hours per day supplemental light September–

March. Four separate germination rounds were conducted in the following sequence for 

all trays: two rounds of water only, one with potassium nitrate solution (KNO3), and one 

with gibberellic acid solution (GA) (Roberts 1981). For the KNO3 and GA treatments, 0.5 

L of 10 mmol/L (~1000 ppm) of the former (Young and Young 1986, Baskin and Baskin 

1998), and 500 mL of 0.14 mmol/L (50 ppm) GA of the latter (Evans and Young 1975), 

were applied individually to each tray weekly for four consecutive weeks. The samples 

were given eight weeks to germinate during each round, and all seedlings were counted 

every other day. Between rounds the samples were allowed to dry out for at least four 

weeks to help break dormancy (Roberts 1981), and soil samples were sieved between the 

second water and the KNO3 treatments with a 6.35 mm (0.25 inch) mesh to expose light-

sensitive seeds that were previously buried.  Soils were kept moist through watering daily 

to every few days, as needed, to stimulate germination and to keep seedlings from drying 

out. Seedlings that were not immediately identifiable were transplanted into pots for 

maturation and identification after two weeks. Control trays (with only sterile sand) were 

not used, as the greenhouse weeds found in the St. Paul facility are not found at TRNP, 
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and evaporative cooling pads were effective at limiting the ingress of local seeds when 

windows were open for cooling. I used various sources (Kummer 1951, Chancellor 1966, 

Stucky et al. 1981, Vaillancourt 1996, Royer and Dickinson 1999, Whitson 2002, 

Manitoba Agriculture Food and Rural Initiatives 2004, DiTomaso and Healy 2007) to 

identify seedlings that failed to grow to maturity (~20%). 

Vegetation Cover 

Percent cover of each species was visually estimated on all field plots of both 

vegetation types in the spring (May 2007) and the summer (August 2008). Different 

seasons were sampled to capture the variability in vegetation cover due to differential 

abundance of annuals (spring and summer) and grass species (cool and warm season) 

between the seasons. Each plot was divided into six 2 × 1 m subplots to improve 

accuracy, and cover was averaged among subplots per plot. Cover for each species was 

compared with cards representing 1%, 5%, and 10% of the area of a subplot (Symstad et 

al. 2008), and field personnel were calibrated with each other to ensure consistent cover 

estimates. Plant species nomenclature follows USDA, NRCS (2012). 

Seed Density and Vegetation Cover Analyses 

Seed densities and vegetation cover were summarized by plot and analyzed for 

differences among invasion histories separated by year, and separated by origin (native 

vs. exotic species) and year. I used zero-inflated Poisson nonlinear mixed models 

(Lambert 1992, Zuur et al. 2009) to analyze seed bank densities (by year and for exotic 

species) because they had more zeroes than expected under discrete probability 
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distributions. These were implemented using the NLMIXED procedure in SAS/STAT v. 

9.3 (SAS Institute Inc., Cary, NC, 1989-2011), and code was modified from Littell et al. 

(2006) and Pahel et al. (2011). Native species seed densities for both years were analyzed 

using a generalized linear mixed model and vegetation cover was analyzed using a linear 

mixed model (implemented using the GLIMMIX and MIXED procedures in SAS/STAT, 

respectively) and code from Littell et al. (2006) and SAS Institute, Inc. (2011). Statistical 

models and further details for these analyses are in Appendix 1. 

Species Diversity and Similarity Analyses 

To determine if species diversity varied among invasion histories, I performed 

three separate analyses for each year of seed bank and vegetation data. I examined native, 

exotic and total species richness among invasion histories to determine if the number of 

species within histories was dependent upon species nativity. These analyses were 

conducted via generalized linear mixed models, as described above. 

I used Sørensen’s similarity index to compare the similarity of species 

composition within invasion histories for seed banks and vegetation. Similarities within 

invasion histories (e.g., similarities among uninvaded plots, among invaded-native plots, 

and among invaded-exotic plots) were examined to determine if plots previously invaded 

by leafy spurge exhibited floristic homogenization when compared to uninvaded plots, 

indicated by a higher similarity among previously invaded plots than among uninvaded 

plots. I also determined if seed bank/vegetation similarities were affected by invasion 

history. The seed bank and seed bank–vegetation Sørensen data were zero-inflated, with 

values greater than zero following a continuous gamma distribution. I used a zero-
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inflated gamma non-linear mixed model, which was implemented using the NLMIXED 

procedure in SAS/STAT and code modified from McLerran (2008) and Littell et al. 

(2006). The vegetation Sørensen values fit a continuous normal distribution, and I used a 

mixed linear model similar to the vegetation cover model described above for analyzing 

differences among invasion histories. To compare similarity of seed banks to the 

vegetation, regardless of invasion history, Sørensen values were pooled across invasion 

histories. These data did not fit any known distribution, therefore a Wilcoxon 

nonparametric test was performed using JMP v. 9 (SAS Institute Inc., Cary, NC, 1989-

2010). Additional details, including Sørensen’s similarity index calculations and 

statistical models, are in Appendix 1. 

Community Composition Analyses 

Canonical discriminant analyses (CDAs) were used to describe variation in plant 

community composition among leafy spurge invasion histories for the seed bank and the 

vegetation. As noted above, I included the two sites within silver sagebrush / western 

wheatgrass shrublands (Peaceful Valley and Mike Auney) in the multivariate analyses 

because of their importance to land managers. The seed bank and vegetation data were 

analyzed as four separate sets: one for each seed bank collection year (2006 and 2007) 

and one for each vegetation data collection year (2007 and 2008). I followed the 

procedures for transforming and adjusting data recommended by McCune and Grace 

(2002), but I did not relativize the data, as seed and cover abundance were important 

components with respect to my questions. Canonical correlations for each function (axis) 

were examined using likelihood ratio tests to determine which axes were necessary to 
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describe the differences among invasion histories and current vegetation features. Wilks’ 

lambda (λ) and Mahalanobis distances were examined using likelihood ratio tests to 

identify significant plot and group separations, respectively. The structure coefficients of 

influential species (those with standardized canonical coefficients greater than one 

standard deviation from the mean) yielded species correlations with invasion 

history/vegetation features along a given axis (Can1 & Can2). All CDAs were performed 

using the CANDISC procedure in SAS/STAT, with code based on SAS Institute, Inc. 

(2011). 

 

Results and Discussion 

Abundance & Diversity 

Three lines of evidence show that seed banks are very similar among leafy spurge 

invasion histories at my study sites. First, seed densities did not vary among invasion 

histories.  This was true whether native and exotic species were analyzed together or 

separately (Figure 2-2 and Table 2-2). Total seed density ranged from a minimum of 421 

± 69 seeds m-2 (uninvaded sites in 2006) to a maximum of 1197 ± 261 seeds m-2 

(invaded-exotic sites in 2007). These seed bank similarities occurred despite visibly 

different vegetation cover (native-dominated vs. exotic-dominated; Figure 2-2). Second, 

native, exotic, and total seed bank species richness did not vary among invasion histories 

(Figure 2-3 and Table 2-2), and there were no nativity by invasion history interactions in 

2006 (F2,1 = 1.02, P = 0.574) or 2007 (F2,1 = 0.27, P = 0.805). The fact that native seed 
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bank richness was not influenced by invasion history is indicative either of a stable native 

plant seed bank, or that native seed banks have recovered after leafy spurge control, 

despite the secondary invasion of exotics. In contrast, native and total vegetation species 

richness varied in the spring, with richness higher in uninvaded than invaded-exotic plots, 

and exotic richness varied in the summer, which was highest in invaded-exotic and 

lowest in uninvaded plots. The former differences were primarily due to a high 

abundance of native forbs in uninvaded plots in the spring, and the latter difference was 

caused mostly by the widespread occurrence of the exotic grasses B. inermis and P. 

pratensis in invaded-exotic plots compared to uninvaded plots (data not shown). Third, 

seed bank species similarities did not vary between invasion histories (Figure 2-4 and 

Table 2-2). While the overall similarity in species composition among plots is lower for 

seed banks than for vegetation, the fact that seed bank species similarities were not 

different among histories indicates that seed bank homogenization via exotic plant 

occupation has not occurred. Meanwhile, differentiation (reduction in species similarity) 

may have occurred in the vegetation, as invaded-exotic plots had lower species 

similarities than uninvaded and invaded-native plots. Seed bank-vegetation plot 

comparisons did not have a consistent pattern with respect to current vegetation or 

invasion history, as there was a higher similarity in invaded-native plots than in 

uninvaded and invaded-exotic plots. 

Seed banks in my study not only show a high degree of consistency across 

invasion histories, but are also dominated by native species in both density and species 

richness in all invasion histories, which was contrary to my expectations and most 
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published literature. Native was higher than exotic seed richness and density in both 

years. Most studies show reduced native plant seed densities or richness in invaded 

compared to uninvaded areas (Drake 1998, Holmes 2002, McLaughlin and Bowers 2007, 

Giantomasi et al. 2008, Gioria and Osborne 2010, Marchante et al. 2011), and examples 

of invasive plants having little or no effect on native seed presence are uncommon (but 

see Mason et al. (2007), Vilà and Gimeno (2009), and Abella et al. (2012)). Only the 

study by McLaughlin and Bowers (2007) took place in a prairie, but they found an 

invasive effect on the seed bank. My results were also surprising because seeds of the two 

most common invasive plants in my study, B. inermis and P. pratensis, are known to 

accumulate in the seed bank (Tracy and Sanderson 2000, Otfinowski et al. 2008). 

Two scenarios have been suggested to explain the lack of seed bank change via 

invasion.  Invasive species may facilitate native seedling emergence and recruitment via 

the nurse plant effect, as observed in old fields (Vilà and Gimeno 2009) and in badlands 

formations in the Great Plains (Van Riper and Larson 2009), or via long-lived native seed 

banks that persist throughout the invasion and subsequent management (Mason et al. 

2007). The former scenario is unlikely, as leafy spurge has been shown to suppress native 

forbs (Jordan et al. 2008). There is a high diversity and density of native plant seeds in 

the persistent seed bank at TRNP (Laufmann 2006), so the latter scenario is likely. Seed 

dispersal probably contributed native seeds to invaded seed banks as well. In a review of 

seed banks and seed dispersal, Bakker et al. (1996) identified wind, birds and large 

mammals as capable of long-distance dispersal, while small mammals and insects 

disperse over shorter distances (several meters). Contiguous monocultures of leafy spurge 
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were infrequently greater than a hectare and distances to native seed sources were small 

(personal observation) – therefore, short-distance dispersal would be adequate for many 

native seeds to infiltrate leafy spurge stands. The existence of multiple granivorous 

rodent (Reid 2006) and ant species (Wheeler and Wheeler 1944) in the region is 

suggestive of frequent seed dispersal, and all of my plots were surrounded by similar 

vegetation as found within the plots, which would make this seed readily available to 

these granivores.  

 My study supports previous research that found desirable native plant seed banks 

in areas where leafy spurge was successfully controlled by flea beetles (Laufmann 2006, 

Cline et al. 2008, Setter and Lym 2013). Prior to biocontrol, seed banks in the Little 

Missouri National Grasslands were dominated by leafy spurge seed (between 49–72% of 

the seed bank) (Cline et al. 2008), but five and 10 years after flea beetle application this 

was significantly reduced (between 2.3–25% and 2–15% of the seed bank, respectively) 

(Setter and Lym 2013). I found between 1.6–1.7% (invaded-native plots in 2006 and 

2007, respectively) of the seed bank was leafy spurge seeds, which corresponds well with 

the lower values above. Laufmann (2006) found no significant reduction in leafy spurge 

seeds 4-7 years following flea beetle application and subsequent leafy spurge control at 

TRNP, but there was a trend of decreasing density for all habitats sampled. The 

significant reductions found by Setter and Lym (2013) compared to Laufmann (2006) 

may be related to the intensity of flea beetle treatments. Flea beetle releases were as few 

as 1,000 per site in the latter study, while 6,000 per site were released in the former study, 

and higher flea beetle densities are significantly better at controlling leafy spurge than 
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low densities (Progar et al. 2010). My study, meanwhile, took place 9–15 years following 

biocontrol treatments, providing an additional five + years of control compared to 

Laufmann (2006). Leafy spurge seed can also remain viable up to eight years in the seed 

bank (Bowes and Thomas 1978), so some seeds produced prior to biocontrol release were 

likely still viable in the soil when Laufmann (2006) collected seed bank samples. 

However, fewer pre-control seeds would have been viable upon my collection. 

Community Composition 

The only analyses that indicated differences in seed banks among invasion 

histories were the first axes of the CDAs in both years, but differences among pre-

determined groups are maximized by a CDA, and there was a clearer separation among 

histories for vegetation than seed banks (Table 2-3 and Figure 2-5). There was significant 

separation of plots with respect to invasion history for the seed bank CDAs in 2006 

(Wilks’ λ = 0.417, F34,126 = 2.04, P = 0.0025) and 2007 (Wilks’ λ = 0.371, F44,186 = 2.71, 

P < 0.0001), with invaded-exotic plots being significantly different from uninvaded and 

invaded-native plots (Mahalanobis distances, Table 2-3). As expected, there was 

significant separation of vegetation plots for 2007 (Wilks’ λ = 0.0098, F124,120 = 8.78, P < 

0.0001) and 2008 (Wilks’ λ = 0.0777, F84,160 = 4.93, P < 0.0001), with significant 

differences between all invasion history pairs for both years (Mahalanobis distances, 

Table 2-3). Plots within silver sagebrush / western wheatgrass shrublands exhibited minor 

grouping in the CDAs, but these groupings are not distinct from the invaded-exotic plots 

in western wheatgrass / green needlegrass vegetation community (Figure 2-5). The seed 

banks and vegetation were also consistent in how the CDA plots separated with respect to 
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invasion histories along the first canonical axis: seed banks and vegetation significantly 

separated plots according to native-dominated plots (uninvaded and invaded-native) vs. 

exotic-dominated plots (invaded-exotic; Table 2-3 and Figure 2-5). The second canonical 

axis for vegetation separated native-dominated plots with different leafy spurge histories 

(uninvaded vs. invaded-native; Table 2-3 and Figure 2-5). The second axis for seed banks 

did not significantly separate groups. 

The seed bank groupings were driven primarily by differential presence of a few 

species in native-dominated vs. exotic-dominated plots, which appear to largely reflect 

differences in the vegetation. For example, six of the 11 species that were influential in 

the seed bank CDAs were also influential in the vegetation CDAs (Appendix 2) and 

shared similar correlations: three exotic species (E. esula, Bromus inermis, and Poa 

pratensis) and one native genus (Carex sp.) were mostly correlated with exotic-

dominated sites, while two natives (N. viridula and Linum lewisii) were correlated with 

native-dominated sites (Appendix 3). This indicates that plots with abundant vegetation 

of a given species also had abundant seeds from that species. Two of the five species that 

were only influential in the seed bank CDAs were native, and have vegetation habitat 

affinities that match the plots with which their seeds were associated.  Draba  reptans is 

found in sandy soils (McGregor and Barkley 1986), which was a characteristic of 

invaded-exotic plots, and Verbena bracteata is often considered weedy or invasive 

(Whitson 2002), a characteristic of multiple species that were common in invaded-exotic 

plots. Beyond V. bracteata, none of the native species I found in the seed banks are 

normally considered weedy (Whitson 2002). Of the 33 species that were only influential 
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in vegetation CDAs, native species tended to be correlated with uninvaded plots, as these 

plots were selected based on the presence of native species, but there were no other 

discernible trends (Appendix 2 and 3). 

Assembly rules, which identify the species subset of a given region that can 

tolerate the environmental conditions of that region (Keddy 1992), may help explain the 

greater differences in vegetation community composition among invasion histories 

compared to seed banks. For example, grassland species composition can vary greatly 

depending on soil conditions (Baer et al. 2005), and soil texture can influence the 

germination of seeds in the seed bank (Benvenuti 2003). In my study, the soil texture and 

pH were similar among native-dominated plots, but different between native- and exotic-

dominated plots (unpublished data). These different soil conditions may lead to varying 

germination and seedling establishment rates among species, and therefore might have 

contributed to the greater similarity in vegetation species composition among native-

dominated plots than between native- and exotic-dominated plots (Table 2-3, Figure 2-4 

and Figure 2-5).  

Site History and Seed Banks 

The sites in my study have been in recovery from leafy spurge occupation for 9–

15 years, therefore short-term impacts of leafy spurge on seed banks are not represented 

here. Rigorously testing the effects of leafy spurge management on seed banks was also 

beyond the scope of my study, but I found no differences among my sites that were 

clearly attributable to these impacts. This is best illustrated by the lack of separation of 

the Bad Buffalo and Knutson Creek sites via CDAs for both years, despite differences in 
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herbicide and biocontrol management (Table 2-1). Furthermore, some differences found 

among my sites run contrary to expectation based on previous research. For example, 

Kirby et al. (2003) found that  imazapic reduced native forb seed density, and imazapic 

and 2,4-D reduced exotic forb density in leafy spurge infestations. In my study, native 

and exotic forb seed densities in 2007 were greater in two sites treated with these 

herbicides (Peaceful Valley and Mike Auney) compared to sites with no herbicide 

application (Bad Buffalo and Petrified Forest; data not shown). I could not properly 

examine flea beetle impacts on seed banks as infested areas without flea beetle 

application were not verifiably present, but previous studies found either no influence on 

native seed banks (Laufmann 2006), or a positive influence on native species richness 

(Setter and Lym 2013).  

 It is also possible that ungulates may impact seed banks at TRNP. For example, 

elk (Cervus elaphus) and bison (Bos bison), which are both present in the South Unit, 

disperse seed via dung and adhesion to fur (Bartuszevige and Endress 2008, Rosas et al. 

2008), and they can enhance seedling establishment via creation of germination 

microsites (Martin and Wilsey 2006). However, there was not a difference in seed banks 

between bison treatments (grazing vs. exclusion) at Badlands National Park, South 

Dakota (Fahnestock et al. 2003), and the effect of elk on grassland seed banks has not 

been studied. Evaluating these effects at TRNP would require additional research 

Management Implications 

There are only a few published accounts in which native seed banks were used to 

successfully restore plant communities in grasslands (Dremann and Shaw 2002, 
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Crimmins and McPherson 2008, Cuevas and Zalba 2010). Most studies indicate the 

opposite: existing seed banks alone are not adequate for grassland restoration (Rosburg et 

al. 1994, Seabloom et al. 2003, Vécrin et al. 2007, Wellstein et al. 2007, Zhan et al. 2007, 

Rosef 2008, Fagan et al. 2010). This is supported by a review of 102 seed bank studies in 

European plant communities, which revealed that restoration from seed banks alone is 

not feasible in most cases (Bossuyt and Honnay 2008). However, my study and others in 

the northern Great Plains (Laufmann 2006, Cline et al. 2008, Setter and Lym 2013) 

indicate that native plant seed banks are largely unaffected by leafy spurge invasion. This 

suggests that seed banks of mixed-grass prairies are more resilient to exotic invasion than 

many other areas. The presence of a relatively unmodified native seed bank may reduce 

the need for extensive reseeding, but it is unclear how influential the species diversity or 

seed densities that I observed would be on native plant recruitment or community 

resistance to invasion following leafy spurge control. As an extreme example, if none of 

the standing vegetation survived leafy spurge invasion, while 100% of the species that I 

found in the seed bank successfully established and became part of the vegetation 

following the control of leafy spurge, 13 new native species would be added to the 

vegetation, but 55 native species that were only in the vegetation would be lost. At the 

other end of the scale, losing even a few of the 48 seed bank species would likely have a 

measurable impact on both species diversity, especially for those species that were not 

documented in the vegetation, and genetic diversity, as seed banks act as a repository of 

genetic diversity (Fenner 1995).  
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More concerning is the lack of native plant recruitment and the abundance of 

invasive grasses in some previously infested sites. In related research, P. pratensis 

rapidly invaded areas previously infested with leafy spurge, and the authors suggested 

that this may have been avoided by reseeding selected areas with native species as soon 

as leafy spurge started to decline via Aphthona biocontrol (five years after their release) 

but before P. pratensis invaded (Setter and Lym 2013). Native plant seed banks were 

recovering at the five year mark in the previous study, especially forbs, but the density 

and diversity of desirable grass species (including B. gracilis and N. viridula) had 

declined (Cline et al. 2008). Seed addition can help overcome seed limitation (Turnbull et 

al. 2000), and it has been successful in reduction of exotic plant abundance in grasslands 

(Blumenthal et al. 2003, Wilson and Partel 2003), especially when native species can be 

established before exotics (Martin and Wilsey 2012). In my study, I did not find strong 

evidence of native seed limitation, but I do not have seed bank information during the 

initial years of leafy spurge decline, and it is unknown if seed addition would have 

prevented the invasion of B. inermis and P. pratensis. Seed addition experiments may 

help elucidate the effectiveness of this method in preventing these secondary invasions, 

or in reducing the presence of established exotic grasses. Unfortunately, suppression of 

these grasses in the northern Great Plains has been poor, especially when management 

has been passive (Murphy and Grant 2005). Future research should focus not only on 

effective ways to encourage native plant establishment while preventing secondary 

invasion, but also on mechanisms whereby soil characteristics (both biotic (Jordan et al. 
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2008, Jordan et al. 2011) and abiotic (Bakker and Berendse 1999)) and seed banks 

interact to influence post-invasion species composition. 
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Table 2-1. Site characteristics and history. The numbers of plots within specific leafy spurge invasion histories are shown in 

parentheses, in order of the invasion histories listed. Cover for 1993 and 2002 indicates the number of plots occupied by leafy spurge. 

Sites 
Characteristic Bad Buffalo Petrified Forest Knutson Creek Peaceful Valley Mike Auney 

Vegetation type Western wheatgrass/green needlegrass Silver sagebrush/western wheatgrass shrublands 

Invasion histories uninvaded, invaded-
native, invaded-exotic 

uninvaded, 
invaded-native 

invaded-native, 
invaded-exotic 

invaded-exotic invaded-exotic 

Number of plots 15, 15, 15 (45) 9, 15 (24) 15, 10 (25) 15 15 

1993 cover1 0, 0, 0 0, 0 7, 10 0 2 

2002 cover2 4, 4, 7 1, 1 0, 1 11 NA 

Herbicide 
application3 

None recorded None recorded Aminopyralid via 
helicopter (2007, 
for Canada thistle 

control) 

2,4-D amine / imazapic  / 
picloram mix via 

backpack sprayer (2003) 
imazapic via backpack 
sprayer (2005 & 2007) 

Imazapic via 
helicopter (2007) 

Biocontrol 
application4 

A. nigriscutis (1994–
1997) 

A. lacertosa 
(1995 & 1997) 
A. cyparissiae 

& Spurgia 
esulae (1995) 

A. flava (1992) 
A. lacertosa (1993 

& 1995) 
A. nigriscutis 

(1992, 1994–1996) 
Chamaesphecia 

hungarica (1994) 

A. lacertosa (1994–1995) 
A. nigriscutis (1995–

1996) 

A. nigriscutis 
(1995) 

A. lacertosa (1996) 

Analysis notes Data used for seed density, vegetation cover, species diversity, 
species similarity, soil characteristics, and discriminant analyses 

Data only used for discriminant analyses 

1(Anderson 1998); 2(Kokaly et al. 2004); 3(Chad Sexton, TRNP, personal communication); 4(Hager 1998) 
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Table 2-2. Statistical output for mixed models. Degrees of freedom (DF) are displayed as 

numerator, denominator. P-values less than 0.05 are in bold. Similarity analyses included 

data from all years. 

Variable Characteristic Year Species DF F P 
Seed bank Density 2006 Native 2,69 1.70 0.191 
   Exotic 2,1 8.08 0.232 
   All 2,1 1.07 0.564 
  2007 Native 2,1 3.53 0.352 
   Exotic 2,1 1.64 0.483 
   All 2,1 2.09 0.439 
 Richness 2006 Native 2,1 0.55 0.690 
   Exotic 2,91 2.55 0.084 
   All 2,91 0.07 0.936 
  2007 Native 2,1 0.15 0.878 
   Exotic 2,1 0.49 0.711 
   All 2,91 0.87 0.421 
 Similarity  All 2,4 3.53 0.131 
Vegetation Cover 2007 Native 2,90.4 14.1 <0.001 
   Exotic 2,90.8 25.6 <0.001 
   All 2,91 16.6 <0.001 
  2008 Native 2,90.7 3.49 0.035 
   Exotic 2,55 19.9 <0.001 
   All 2,89 5.28 0.007 
 Richness 2007 Native 2,91 3.23 0.044 
   Exotic 2,91 0.37 0.693 
   All 2,91 4.26 0.017 
  2008 Native 2,91 0.60 0.551 
   Exotic 2,91 4.38 0.015 
   All 2,91 0.06 0.940 
 Similarity  All 2,1562 78.0 <0.001 
Seed - Veg.  Similarity  All 2,7 51.3 <0.001 
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Table 2-3. Canonical correlations, Mahalanobis distances, and their multivariate F tests for the seed bank and vegetation. Degrees of 

freedom (DF) displayed as numerator/denominator. Group pairs designate invasion histories that are being compared for Mahalanobis 

distances (DM); abbreviations are as follows: U = uninvaded, IN = invaded-native, IE = invaded-exotic. Significant P-values (<0.05) 

are in bold. 

  Canonical correlations Mahalanobis distances 

Data Year 
Canonical 

axis 
Percent 
variance 

Canonical 
correlation F   DF P 

Group 
pair DM F DF P 

Seed bank 2006 1 64.0 0.645 2.04 34/126 0.002 U/IN 2.33 1.51 17/63 0.121 
2 36.0 0.535 1.61 16/64 0.093 U/IE 4.02 2.12  0.016 

       IN/IE 3.86 2.57  0.004 
2007 1 75.8 0.712 2.71 44/186 <.001 U/IN 2.64 1.40 22/93 0.133 

2 24.2 0.498 1.47 21/94 0.106 U/IE 5.47 3.17  <.001 
        IN/IE 4.16 3.60  <.001 
Vegetation 2007 

(spring) 
1 71.2 0.966 8.78 124/120 <.001 U/IN 49.2 6.16 62/60 <.001 
2 28.8 0.923 5.71 61/61 <.001 U/IE 90.4 12.1  <.001 

       IN/IE 50.6 10.0  <.001 
2008 

(summer) 
1 79.9 0.910 4.93 84/160 <.001 U/IN 10.0 2.47 42/80 <.001 
2 20.1 0.740 2.39 41/81 <.001 U/IE 26.9 7.08  <.001 

        IN/IE 17.8 6.94  <.001 
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Figure 2-1. Site and study plot locations in the South Unit of Theodore Roosevelt 

national Park. Groups of study plots are labeled with the site name. 
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Figure 2-2. Native, exotic, and total seed bank density and vegetation cover across leafy 

spurge invasion histories. Symbols and error bars represent estimates and 95% 

confidence intervals, respectively, as determined by generalized linear mixed models 

and nonlinear mixed models. Analyses were separated by year and nativity for both 

seed bank and vegetation, and different letters indicate significantly different estimates 
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via Tukey HSD or Bonferroni (α = 0.05) within these groups; lack of letters indicates no 

significant difference within the grouping. Note: seed density is on a linear scale, 

vegetation cover is on a logarithmic scale. The number of plots sampled was the same 

for all years, and for both seed bank and vegetation sampling, in uninvaded (N = 24), 

invaded-native (N = 45), and invaded-exotic (N = 25) areas. 
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Figure 2-3. Native, exotic, and total species richness across leafy spurge invasion 

histories. Symbols and error bars represent estimates and 95% confidence intervals, 

respectively, as determined by generalized linear mixed models. Analyses were 

separated by year and nativity for both seed bank and vegetation, and different letters 

indicate significantly different estimates via Tukey HSD or Bonferroni (α = 0.05) within 

these groups; lack of letters indicates no significant difference within the grouping. 
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Seed bank and vegetation data are reported on the scale in which they were originally 

recorded; rescaling was not done due to the area/species diversity relationship not being 

known for the study system. Note: species richness is on a logarithmic scale. The 

number of plots sampled was the same for all years, and for both seed bank and 

vegetation sampling, in uninvaded (N = 24), invaded-native (N = 45), and invaded-

exotic (N = 25) areas. 
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Figure 2-4. Species composition similarity within invasion histories for seed banks and 

vegetation. Sørensen similarity index values represent the proportion similarity in 

species within or between invasion histories. Estimates and confidence intervals were 

determined via a nonlinear mixed model (for the seed bank and seed bank – vegetation) 

and generalized linear mixed models (for vegetation). Comparisons between invasion 

histories include the following: uninvaded/invaded-native (U / IN), invaded-

native/invaded-exotic (IN / IE), and uninvaded/invaded-native (U / IN). Different letters 

represent significantly different estimates within a given group of three symbols, 

determined via Tukey HSD (α = 0.05); there were no significant differences in Sørensen 

values for analyses within or between invasion histories in the seed bank. 
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Figure 2-5. Canonical discriminant analysis plots for seed bank and vegetation. Black 

circles indicate uninvaded plots, gray triangles indicate invaded-native plots, and white 

squares indicate invaded-exotic plots. Squares with plus signs indicate plots in silver 

sagebrush / western wheatgrass shrublands. 
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Chapter 3: 

Flea beetles (Aphthona) alter leafy spurge (Euphorbia 

esula) impacts on native plant germination, 

establishment, and growth 

 
Proper selection of biocontrol agents for invasive plant management can result in self-

sustaining populations that are inexpensive to distribute and that have few negative 

repercussions. However, even the most careful selection procedure does not eliminate 

the chance that negative nontarget effects will result from biocontrol use. The non-

native invasive plant leafy spurge (Euphorbia esula), once occupying over a half 

million hectares in the northern Great Plains, has been successfully controlled in many 

areas via integrated pest management, especially via flea beetle (Aphthona spp.) 

biocontrol. Unfortunately, native plants can have a slow, incomplete recovery in areas 

where leafy spurge has been controlled using flea beetles, which is suggestive of 

negative nontarget effects from biocontrol application, soil legacy effects from leafy 

spurge presence, or both. In a factorial glasshouse experiment, I investigated the effects 

of past and recent leafy spurge soil conditioning and flea beetle application on 

subsequent native plant germination and growth. I also investigated the effects of these 

treatments on native plant root infection with arbuscular mycorrhizal fungi using 

terminal restriction fragment length polymorphism analyses. Recent leafy spurge soil 

conditioning significantly reduced native plant germination, biomass and height, and 
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significantly increased root:shoot ratios, when all species were combined. The flea 

beetle treatment affected individual species, with flea beetle presence significantly 

reducing the biomass and height, and significantly increasing root:shoot ratios, of some 

native plants when compared to no beetles. The growth of some native plant species in 

soils that were previously invaded by leafy spurge and subsequently dominated by non-

native grasses was negatively impacted compared to soils dominated by native plants. 

There were no differences in arbuscular mycorrhizal fungi among the treatments. My 

results indicate that leafy spurge soil conditioning may reduce native plant 

establishment. There may also be negative nontarget effects from flea beetle biocontrol 

of leafy spurge on some native plant species, which supports field observations of slow 

native plant recruitment in areas treated with flea beetles. Future research should 

investigate the mechanisms responsible for these effects. 

 

Introduction 

The control of invasive plant species, often a primary goal of land managers, can 

be accompanied by paradox: though control methods are successful, native species 

often fail to recolonize. Common scenarios following invasive management include 

reinvasion of the invader or other undesirable species (such as invasive exotics or 

weedy natives) or recolonization of natives along with undesirables (Reid et al. 2009, 

Kettenring and Adams 2011). In fact, restoration success has only been moderate 

following many large-scale invasive plant control programs (Kettenring and Adams 
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2011). Biological control of invasive plants is actively used in wildlands worldwide 

(Van Driesche et al. 2010), and many of these biological control programs have been 

successful at reducing invasive plant presence (Clewley et al. 2012). However, 

unexpected interactions between biocontrol organisms, their target plants, and soils can 

result in negative nontarget effects on native plant communities (Louda et al. 2003, 

Pearson and Callaway 2008).  Understanding the mechanisms behind these nontarget 

effects could greatly improve post-invasion restoration success. 

Leafy spurge (Euphorbia esula L.; hereafter, Euphorbia) is an invasive plant in 

the northern Great Plains and occupies approximately 1.9 million ha in the US (Duncan 

et al. 2004) with an estimated $120 million in economic impacts annually (Leistritz et 

al. 2004). Euphorbia can reduce native plant species richness (Belcher and Wilson 

1989, Butler and Cogan 2004, Cornett et al. 2006), conspecific pollen presence on 

native plants (Larson et al. 2006), and presence of native ungulates (Trammell and 

Butler 1995).  Euphorbia populations have declined substantially because of flea beetles 

(Aphthona spp.) introduced as biological control from Euphorbia’s native range 

(Kalischuk et al. 2004, Butler et al. 2006, Larson et al. 2008). Along with changes in 

Euphorbia populations, several long-term studies have monitored native vegetation 

recovery following flea beetle application. In 9- and 14- year studies in Montana, USA, 

native plant diversity has not fully recovered following Euphorbia control by flea 

beetles (Lesica and Hanna 2009, Butler and Wacker 2010).  Native plant biomass and 

species diversity also did not recover to that of noninvaded sites following Euphorbia 

control by flea beetles in a 10-year experiment in North Dakota, USA (Larson and 
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Larson 2010). Instead, the vegetation in areas previously dominated by Euphorbia had a 

high proportion of exotic grasses. While I now have a valuable baseline of nonmanaged 

vegetation changes following Euphorbia control in the region, these studies suggest that 

active post-control management may be required if native plant diversity is to be 

restored. 

 Reduced native plant recovery following the biological control of Euphorbia is 

suggestive of potential nontarget effects from flea beetles. Possible mechanisms include 

enhanced soilborne pathogens or allelochemicals in response to flea beetle-infested 

Euphorbia. Previous work exploring the effects of soilborne plant pathogenic fungi 

(Rhizoctonia solani and Fusarium oxysporum) and flea beetles on Euphorbia showed 

that the damage was greatest when flea beetles and fungi were both present, compared 

to when they were individually present or neither was present (Caesar 2003). The root-

attacking larvae of flea beetles are carriers of plant pathogenic fungi, providing a means 

for inoculating the plants and for dispersing pathogen inoculum. This suggests a 

mechanism for increasing the infection potential of fungal pathogens in soils where 

larvae are present, which was demonstrated previously for two Euphorbia species in the 

field (E. esula in Europe and USA, and E. stepposa in Europe) (Caesar 2003). For 

generalist pathogens, multiple native species could come under pathogen attack. 

Furthermore, if the soil carries a high population of persistent pathogens, native plants 

could continue to be impacted long after Euphorbia is controlled.  

Alternatively, flea beetle herbivory may enhance the release of compounds from 

Euphorbia roots that inhibit native plant growth. This mechanism has been observed in 
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Centaurea maculosa, an invasive exotic plant in North America which produces the 

allelopathic chemical (±)-catechin when attacked by root-boring biological control 

insects, thereby negatively impacting native plant growth (Thelen et al. 2005). 

Euphorbia has also demonstrated allelopathic effects on other plants (Steenhagen and 

Zimdahl 1979, Olson and Wallander 2002, Qin et al. 2006). If Euphorbia exudes 

allelopathic chemicals as a response to herbivory, native plants could be negatively 

impacted following Euphorbia biological control, but only if soil microbes do not 

rapidly break down the allelochemicals first (Kaur et al. 2009). 

The arbuscular mycorrhizal fungal (AMF) associations of native plants may also 

be altered by Euphorbia soil conditioning, and indirectly by flea beetle herbivory. In a 

glasshouse experiment, native plants grown in soils conditioned by three growth periods 

of Euphorbia were hosts to a reduced range of AMF taxa compared to plants grown in 

native-conditioned soils (Jordan et al. 2012). In the same experiment, the biomass of 

several native species grown in spurge-conditioned soils was also reduced. While this 

effect was not directly linked to differences in AMF colonization between conditioning 

treatments, these findings are consistent with the hypothesis that invasive plants can 

impact native plant species by changing plant-microbe mutualisms (Inderjit and van der 

Putten 2010). The invasive plant garlic mustard (Alliaria petiolata), for example, 

releases an allelochemical that inhibits the germination of AMF spores (Cantor et al. 

2011), which may be responsible for reduced AMF colonization of sugar maples in 

areas occupied by garlic mustard (Barto et al. 2011). Additionally, if Euphorbia releases 

compounds that are suppressive to AMF or native plant associations with AMF as a 
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response to biocontrol herbivory, flea beetles are likely to have indirect, negative effects 

on native plant communities via associations with AMF. 

 In a glasshouse experiment, I investigated the effects of Euphorbia soil 

conditioning, flea beetle presence, and presence of native soil microbes on the 

subsequent growth of plants native to the northern Great Plains. My objectives were to: 

(1) determine if the conditioning of soils by adult Euphorbia plants altered the 

germination and growth of native plants; (2) evaluate the effects of Euphorbia 

conditioning in the presence of two flea beetle species singly or in combination on 

subsequent growth of native plants; (3) evaluate the effects of native field soil microbes 

from varying Euphorbia invasion histories (e.g., invaded versus uninvaded) on the 

germination and growth of native plants; and 4) to examine differences in AMF 

colonization of native plant roots under the various treatments. If flea beetle presence 

indirectly enhances soil plant pathogen loads, or stimulates allelochemical exudation, I 

expected to see negative impacts from flea beetle presence compared to the absence of 

beetles on native plant germination and growth. Based on previous soil conditioning 

experiments, I expected to find greater negative impacts on native plants through soil 

inoculations from sites where Euphorbia once dominated, and greater negative impacts 

from soil from sites dominated by other exotics, compared to soil inoculation from sites 

dominated by natives. 
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Methods 

Native soil microbiota, Euphorbia conditioning, and flea beetle presence were 

evaluated for their effects on native plant germination, establishment, and growth in a 

single, factorial experiment.   

Experimental soil preparation & inoculation 

To test the influence of soil microbial communities resulting from different 

Euphorbia histories on native plants, experimental greenhouse soils were inoculated 

with soils from field sites of varying Euphorbia histories prior to native plant sowing. I 

collected these field soils from Theodore Roosevelt National Park (TRNP) in June 2008 

from sites which had one of three Euphorbia histories: never invaded, previously 

invaded but currently dominated by native plants, and previously invaded but currently 

dominated by other invasive plants (hereafter, uninvaded, invaded-native, and invaded-

exotic, respectively). The invaded sites are in recovery from Euphorbia occupation, 

which were last dominated by Euphorbia ~ 10 years prior to this study. Allelopathic 

compounds from Euphorbia are not likely to be present in these soils, as 

allelochemicals can be broken down quickly by soil microbial action (Kaur et al. 2009). 

Therefore, the soil inoculation treatments represent the soil microbial component. These 

soils were collected from within a 300 m × 300 m site (Bad Buffalo) which was used 

for concurrent research on native vegetation recovery following Euphorbia control (see 

Chapter 2 for site description). I used 2.2 cm diameter soil probes to collect soil to a 

depth of 10 cm, with 10 cores at 15 sites per invasion history. Soils were air dried for 
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one week (mean temperature = 27° C), and all soil samples from the same invasion 

history were combined. 

 A glasshouse soil mixture composed of 252 liters (l) composted field soil, 126 l 

peat, 50.4 l river sand, and 25.2 l perlite (Caesar 2003) was thoroughly mixed, sterilized 

via autoclaving (autoclaved on two consecutive days at 121° C for two hours each), and 

cooled to room temperature (~24 hours). The soil was divided into four batches, three 

which were each inoculated with field soil from one Euphorbia history (10% of total 

volume), making the experimental soil history treatments: uninvaded, invaded-native, 

and invaded-exotic. The remaining batch was a non-inoculated control (hereafter, 

sterile). 

Euphorbia soil conditioning 

To test the effect of Euphorbia root exudate compounds (including 

allelochemicals if they are present) and the effect of short-term soil microbial changes 

from Euphorbia on native plants, experimental soils were conditioned by the presence 

of Euphorbia plants prior to native plant sowing. One-year-old Euphorbia plants, 

glasshouse-grown from TRNP seeds in plastic pots with potting soil media, were 

transplanted into experimental soils in plastic pots (15.25 × 15.25 × 17.75 cm) after 

thorough root cleaning. Soil was rinsed off the roots in running water, and the roots 

were soaked in a 10% chloramine T solution for five minutes, which can reduce 

microbial transfer via plant tissues (Nunez-Palenius et al. 2006). Transplanted 

Euphorbia was grown in the glasshouse for two weeks prior to application of flea 

beetles. Control pots were not transplanted with Euphorbia – they only contained soil. 
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Flea beetle collection and application 

Simultaneous protection of plants and containment of flea beetles was achieved 

by fitting each pot with an 84 × 30 cm wire tomato cage enclosed by white no-see-um 

netting (Eastex Products, Inc., Holbrook, MA, USA) with an open top that was clamped 

shut using a binder clip. No-see-um netting, with 100 holes cm-2, has a mesh size small 

enough to prevent flea beetles (about 3 mm long) from escaping. All pots, including 

those without flea beetle or Euphorbia treatments, were fitted with cages and netting to 

control for any effects of netting on the plants. 

Flea beetles (A. lacertosa and A. nigriscutis) were collected from stands of 

Euphorbia along highway roadsides in Hennepin County, Minnesota during peak 

emergence on 28 June 2008. Beetles were placed in paper cups, kept cool in ice chests 

for transportation, and sorted to species in the lab. All treatments with flea beetles 

received 16 beetles/plant, eight each female and male. A similar treatment (15 

beetles/plant) was found to demonstrate significant effects on Euphorbia in a previous 

experiment (Caesar 2003). 

The two beetle species were applied separately and in combination (as described 

below). While both species are used extensively as Euphorbia biocontrol in the Great 

Plains, their presence is not equal across the region, and they have varying effects on 

Euphorbia populations (Larson et al. 2008). Flea beetle controls consisted of Euphorbia 

plants without flea beetles. 
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Experimental design 

I used a randomized incomplete block design for the experiment. It is 

incomplete due to the absence of flea beetles in pots without Euphorbia (flea beetles 

cannot survive in the plant’s absence). The four soil treatments, including sterile, 

uninvaded, invaded-native, and invaded-exotic, each had two Euphorbia treatments: 

present or absent. Each soil treatment with Euphorbia had four flea beetle treatments: 

no beetles, Aphthona lacertosa only, A. nigriscutis only, and both beetles. This design 

resulted in twenty different treatment combinations with eight replicate pots in each, for 

a total of 160 pots in the experiment. 

Euphorbia growth and damage assessment 

The experiment was conducted in a glasshouse at the University of Minnesota in 

2008-2009. The treatments were arranged in a completely randomized design on 

benches, and, following application of flea beetles, the plants were grown for 3 months 

under ambient light with temperatures ranging from 15-30° C. Each plant was fertilized 

with 100 ml full-strength Hoagland’s solution (Hoagland and Arnon 1950) every 

month, and was watered twice weekly. Pots without Euphorbia (the Euphorbia control) 

were not fertilized, but were occasionally watered to mimic soil moisture levels found 

in pots containing plants.  

Each plant’s condition was monitored one and three months after application of 

beetles to quantify damage from flea beetles and soilborne pathogens. Plant damage 

assessment followed the scale used by Caesar (2003), with plant damage ranked from 0-

6: 0 = no damage; 1 = wilting; 2 = wilting and chlorosis; 3 = moderate wilting, 
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chlorosis, and some tissue death; 4 = persistent wilting, chlorosis, and death of one or 

more stems; 5 = extensive wilting, chlorosis, and tissue death or top dieback with 

regrowth; and 6 = death of plant (no regrowth). The plants, including aboveground and 

belowground tissues, were removed from the pots at the end of the experiment and roots 

were examined for damage from flea beetles or pathogens. 

Native plant germination and growth 

Following Euphorbia harvest, the soil in each pot was thoroughly mixed and 

allowed to dry completely prior to sowing native seeds. Seeds of eight plant species 

native to the northern Great Plains were used: Artemisia frigida Willd., Bouteloua 

gracilis (Willd. ex Kunth) Lag. ex Griffiths, Linum lewisii Pursh, Nassella viridula 

(Trin.) Barkworth, Pascopyrum smithii (Rydb.) Á. Löve, Ratibida columnifera (Nutt.) 

Woot. & Standl., Symphyotrichum ericoides (L.) G.L. Nesom, and Vicia americana 

Muhl. ex Willd (nomenclature according to USDA NRCS (2012)). Seeds were acquired 

from the Bismarck Plant Materials Center (Natural Resources Conservation Service, 

U.S. Department of Agriculture; Bismarck, ND, USA), Wind River Seed (Manderson, 

WY, USA), and from Prairie Moon Nursery (Winona, MN, USA). 

Four randomly-selected species were sown in each pot (15.25 × 15.25 × 17.75 

cm), with 25 seeds per species per pot.  Each species was represented in four pots in 

each soil treatment. In each pot, the seeds from each species were evenly distributed on 

the soil surface in one of four quadrants, which were created by two plastic dividers (20 

× 2.5 cm) joined at the middle to form an “X” shape and pressed one cm into the soil 

surface. This allowed seeds from each species to be distinguished during germination 
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and establishment, which was particularly important for the three grasses, which are 

difficult to identify at early stages. Seeds were topped with one cm of sterile vermiculite 

(autoclaved as described previously) to retain soil moisture and stimulate seed 

germination. Germination and seedling conditions were monitored five times after 

planting (days 4, 8, 24, 41, and 56), and dead seedlings were removed from pots. Pots 

were watered daily, or as needed, during this period.  

Native plant harvesting and molecular assessment 

Native plant survivorship, height, and biomass were determined after 130 days 

of growth. Because plants were not thinned in the experiment, there were unequal 

numbers of the eight species at harvest. Roots were thoroughly cleaned with water and 

separated from the shoots. Roots were partially mixed at the time of harvest, but most 

remained attached to shoots, and separated roots were usually identifiable via 

morphological differences, therefore I was confident in assigning roots to the proper 

species. Both were oven dried at 60° C for one week, and their biomass determined. 

I used terminal restriction fragment length polymorphism (T-RFLP) analysis to 

identify the arbuscular mycorrhizal fungi (AMF) operational taxonomic units (OTUs) 

and non-AMF OTUs in dried root samples (Jordan et al. 2012). I analyzed 191 root 

samples, using at least one sample per species per treatment combination where 

possible.  In five instances with Symphyotrichum and two instances with Ratibida, a 

lack of available root tissue precluded AMF analyses. Each sample consisted of three to 

five dried, 1-cm root pieces which were pulverized using steel beads on a plant shaker 

for 2 min. I used the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), using 
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manufacturer’s instructions, to isolate total cellular DNA from the pulverized root 

samples. The resulting extracts were stored at -20 °C. I amplified the ITS region of the 

DNA using nested PCR. The primers SSU-Glom1 and LSU-Glom1 (Renker et al. 2003) 

were used in the first PCR (PCR1), and fluorescently labeled primers ITS4 and ITS5 

were used in the second (PCR2). PCR1 products from each reaction were digested using 

AluI (New England Biolabs (NEB), Ipswich, MA) to reduce additional amplification of 

non-AMF DNA (Renker et al. 2003). This digest was used as a template for PCR2. The 

PCR2 products were separated via electrophoresis on a 0.8% agarose gel, and samples 

having product sizes consistent with AMF (500-650 bp) (Aldrich-Wolfe 2007) were 

purified using the UltraClean PCR Clean-Up Kit using manufacturer’s instructions 

(MoBio Laboratories, Carlsbad, CA). These purified products were digested with MboI 

and HinfI (NEB), and the PCR2 and digested products for each sample were analyzed 

by the University of Minnesota BioMedical Genomics Center DNA Sequencing and 

Analysis Facility to obtain PCR2 product and terminal restriction fragment lengths. 

Fragment size and strength (strong peaks, as described below) were determined using 

Peak Scanner Software v1.0 (Applied Biosystems, Carlsbad, CA). 

Profiles of PCR2 product length and 5’-HinfI, 3’-HinfI, and 3’-MboI T-RFLP 

fragment lengths were constructed to define distinct operational taxonomic units 

(OTUs). Samples with equivalent product and fragment lengths (± 3 bp) of all four 

regions were deemed to share an OTU. Strong peaks for all four regions were required 

for OTU identification, therefore peaks less than 10% of the strongest were discarded 

(Jordan et al. 2012). My profiles were compared with T-RFLP databases of AMF and 
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non-AMF root-inhabiting fungi from a broad range of studies (Aldrich-Wolfe 2007) and 

from plants grown in soils from the same region (Jordan et al. 2012). Further details for 

this method are outlined in Jordan et al. (2012).  

My T-RFLP method yielded identification of OTUs that belong to the phylum 

Glomeromycota (AMF), but the digests I used only reduce the presence of non-AMF 

DNA in my samples (Renker et al. 2003), including fungi from the phyla 

Basidiomycota and Ascomycota, referred to here as non-AMF OTUs. The AMF and 

non-AMF OTUs combined, however, allowed us to quantify a subset of the fungal 

diversity inhabiting native plant roots in my experiment. 

Analyses 

Damage ratings on Euphorbia from flea beetle and soil treatments, which did 

not follow any distinct distribution, were analyzed using Wilcoxon and Steel-Dwass 

(Steel 1960) nonparametric tests, performed in JMP v. 9 (SAS Institute Inc., Cary, NC, 

1989-2010). Seed germination data were analyzed via generalized linear mixed models. 

Biomass data were analyzed using one of two methods: linear mixed models, or 

nonlinear zero-inflated mixed models (for species with zero biomass numbers high 

enough that no transformation could normalize the distribution). Height data were 

analyzed using linear mixed models. Mixed models were executed in SAS/STAT v. 9.3 

(SAS Institute Inc., Cary, NC, 1989-2011) and are described in Appendix 4. The 

MIXED procedure was used for the linear mixed models, the GLIMMIX procedure for 

the generalized linear mixed models, and the NLMIXED procedure for the nonlinear 

zero-inflated mixed models, with code modified from Littell et al. (2006) McLerran 
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(2008), Pahel et al. (2011) and SAS Institute Inc. (2011). I used Tukey’s HSD test to 

determine differences among treatment levels for all of the mixed models. I only 

interpreted interaction terms in type III tests of fixed effects that yielded both significant 

single effects and a significant interaction. P-values <0.05 were deemed as significant, 

and Bonferroni corrections were applied for comparisons among multiple species for a 

given treatment effect test. 

Statistical analyses were not performed on AMF presence data, as the number of 

AMF found was very small (eight total root samples had AMF). The effects of 

treatments and plant species identity on number of OTUs was analyzed using Wilcoxon 

nonparametric tests, because these data could not be transformed to meet any statistical 

distribution function. Relationships between OTU numbers and log-transformed plant 

biomass were determined using linear regression analyses, which were conducted in 

JMP v. 9. 

To elucidate broad trends in Euphorbia treatment effects on individual species, I 

graphically summarized positive and negative treatment effects regardless of their 

statistical significance. Individual Euphorbia treatment effects were calculated by 

subtracting “no Euphorbia” from “Euphorbia” least square means estimates, which 

yielded a negative number if the latter mean was smaller, indicating a negative effect. 

These calculations were done for the “no beetle” treatment (to eliminate potentially 

confounding effects from beetle presence), and also within each of the soil inoculation 

treatments (sterile excluded), yielding four separate positive or negative effects. I then 

calculated the difference in the number of positive and negative effects for a given 
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treatment by species by response variable combination (hereafter, net effects). Trends in 

the flea beetle treatment effects were calculated as described for the Euphorbia net 

effects, with the following differences. The “no beetle” estimates were subtracted from 

estimates of each of the treatments with beetles present, yielding three positive or 

negative numbers. These calculations were performed for the “Euphorbia” treatment, 

and within each of three soil inoculation treatments (sterile excluded), yielding a total of 

12 numbers for the net effects calculation. The net effects for the soil treatments were 

calculated as previously described, with the following differences. I subtracted the 

uninvaded treatment least square mean estimate from the invaded-native and invaded-

exotic estimates, yielding two positive or negative numbers. This was done across all 

pots, and also within each Euphorbia and beetle treatment level, yielding a total of 14 

numbers for the net effects calculation. 

To further explore native plant responses to the Euphorbia, flea beetle and soil 

inoculation treatments, I pooled all data within individual pots, making pots the 

experimental units (hereafter, per-pot analyses). This was done for total germination, 

biomass and root:shoot ratios, but since I measured the height of each individual plant, I 

used mean plant heights as the response variable for these analyses. 

Larger root:shoot ratios are typically indicative of more resources being spent on 

root tissue for water and nutrient acquisition (Levang-Brilz and Biondini 2003), and 

root:shoot ratios are negatively related to shoot biomass and mean annual precipitation 

(Mokany et al. 2006). Therefore, enhanced root:shoot ratios were interpreted as 

negative impacts on native plants. 
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Results 

Euphorbia soil conditioning effects on native plants 

Native plant germination, biomass, and height were consistently reduced in 

Euphorbia conditioned soils compared to nonconditioned soils (Figure 3-1 and Table 

3-1), but Euphorbia did not significantly affect any individual species except 

Pascopyrum (Appendix 5). Per-pot native plant biomass, germination and height were 

significantly reduced in Euphorbia conditioned soils compared to nonconditioned soils, 

but root:shoot ratios were enhanced by Euphorbia conditioning (Figure 3-1 and Table 

3-1). The effect of Euphorbia conditioning on per-pot germination also depended on the 

soil conditioning treatment (a significant Euphorbia × soil interaction; Table 3-1), 

where germination rates were lower in Euphorbia-conditioned soils, but only for sterile 

(t56 = -3.64, P = 0.0129) and uninvaded (t56 = -3.89, P = 0.0062) soils. The net effect of 

Euphorbia on native plants was largely negative across most species and most response 

variables (Figure 3-2). However, five species had positive net effects from Euphorbia in 

one or more response variables, and two species, Linum and Nassella, only had positive 

net effects. 

 Pascopyrum was the only species with negative responses to Euphorbia soil 

conditioning. There was a significant interaction between Euphorbia and soil treatments 

for Pascopyrum germination, which was reduced by Euphorbia in all soils but invaded-

exotic (Figure 3-3 and Appendix 5). Pascopyrum root:shoot ratios were also increased 

by Euphorbia regardless of the soil treatments (Figure 3-4 and Appendix 5). After 
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Bonferroni corrections were applied, however, only root:shoot values were different for 

Pascopyrum (Appendix 5). 

Flea beetle application effects on native plants 

There were no differences in damage ratings on Euphorbia among the flea 

beetle treatments (χ2 = 3.382, DF =3, P = 0.336); specifically, there were no differences 

between no beetle and A. lacertosa (Z = -1.11, P = 0.266), A. nigriscutis (Z = -1.26, P = 

0.205), and both beetle (Z = 0.382, P = 0.703) treatments. 

Per-pot native plant germination, height, and biomass were also not significantly 

impacted by beetle treatments (Figure 3-1 and Table 3-1). However, the two flea beetle 

species differed in their effects, with A. nigriscutis presence more frequently associated 

with significant negative effects on native plants than A. lacertosa. For example, per-pot 

root:shoot ratios were greater in the A. nigriscutis treatment compared to the absence of 

beetles (t108 = 2.74, P = 0.0356), and per-pot plant height and biomass tended to be less 

in the presence of A. nigriscutis than in the presence of A. lacertosa (2.48% and 7.47% 

less for height and biomass, respectively; differences were non-significant) (Figure 3-1). 

The net effects of flea beetle treatments among the species indicate that there 

was a consistent positive association of flea beetle presence with native plant 

germination, but a consistent negative association of flea beetle presence with native 

plant height (Figure 3-2). There were no consistencies among the species for flea beetle 

effects on biomass and root:shoot ratios. 

Most of the statistically significant effects of flea beetles on native plant 

germination and growth were on individual plant species. Four primary patterns 
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emerged from these analyses by species. First, all of the significant negative effects 

were due to the presence of flea beetles, and none to the absence of beetles (Figure 3-5, 

Figure 3-6 and Appendix 5). Second, more negative effects were associated with the 

presence of both flea beetle species than with an individual beetle species. For example, 

plant biomass was significantly less when both beetles were present compared to A. 

nigriscutis for Linum (t43.8 = 2.89, P = 0.0293) and Pascopyrum (t39.5 = 2.88, P = 

0.0309), and Nassella had less biomass under both beetles than no beetles (t36.4 = 3.58, 

P = 0.0053). However, A. lacertosa did not have any significant negative effects on 

biomass, and A. nigriscutis only affected the biomass of Nassella, which was less with 

A. nigriscutis than with no beetles (t35.7 = 4.3, P = 0.0007) (Figure 3-6). Third, more 

significant effects were attributable to A. nigriscutis than to A. lacertosa, approximately 

half of which were positive and half negative towards native plants. Biomass is again a 

good example of this difference, as can be seen from the previous example, where the 

biomass under A. nigriscutis varied for three plant species, while no species varied due 

to the A. lacertosa treatment (Figure 3-6). Similarly, Linum root:shoot ratios were 

significantly greater with A. nigriscutis than with both beetles (t47 = 2.87, P = 0.03), but 

the only difference in root:shoot ratios attributable to A. lacertosa involved an 

interaction with soil inoculation treatments (Figure 3-6 and Appendix 5).  Fourth, the 

most definitive impacts from flea beetle presence were in plant biomass, as highlighted 

by the previous two examples. Out of all the species-specific flea beetle treatment 

effects, only Nassella biomass was significantly affected by flea beetles following 

Bonferroni corrections (Appendix 5). There were also six significant interactions 
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between flea beetle and soil inoculation treatments, three of which were significant 

following Bonferroni corrections (Appendix 5), but there were no distinct patterns in 

the nature of these effects. 

Soil history effects on native plants 

Pathogen infection signs in Euphorbia plants did not vary among soil treatments 

(χ2 = 5.99, DF =3, P = 0.112), indicating that if there were pathogens within the 

inoculated soils, they did not strongly impact Euphorbia.  

There were few trends in net effects for the soil treatments, but more response 

variables were negatively impacted than positively impacted when plants were grown in 

previously-invaded soils compared to uninvaded soils (Figure 3-2). 

Despite the lack of differences in pathogen signs among soil inoculation 

treatments, there were increases in subsequent native plant germination in inoculated 

compared to sterile soils, but reductions in native plant growth in invaded-exotic 

compared to invaded-native soils, or in previously-invaded soils compared to uninvaded 

soils. These patterns indicate that there are negative legacy effects associated with 

Euphorbia soil occupancy in the past and with the recent soil occupancy by other 

invasive plants. Per-pot root:shoot ratios, for example, were greater in invaded-native 

soils than in invaded-exotic (t20.3 = -5.51, P = 0.0007) or sterile (t16.3 = -4.22, P = 

0.0178) soils, but only in the presence of both flea beetles. Per-pot total plant biomass 

was also greater in invaded-native than invaded-exotic soils, but only in pots that had 

Euphorbia plants (t107 = -2.87, P = 0.025).  Ratibida was the species that showed the 

strongest soil treatment impacts: Ratibida biomass (t31 = -3.13, P = 0.004) and height 
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(t44.3 = -2.8, P = 0.0363) were greater in invaded-native than in invaded-exotic soils 

(97% and 39% greater for biomass and height, respectively) (Figure 3-4, Figure 3-6 and 

Appendix 5). Two species were negatively impacted by growing in previously-invaded 

soils (invaded-native and invaded-exotic) compared to uninvaded soils. Germination 

rates of Nassella (t48 = 3.69, P = 0.0413) were lower in invaded-native soils, and the 

germination of Vicia was lower in invaded-exotic soils (t48 = 3.02, P = 0.0206), but both 

results only occurred in the presence of both beetles (Figure 3-5). Soil inoculations did 

have two positive influences on native plants, however. Native plant per-pot 

germination was greater in inoculated soils (the uninvaded, invaded-native, and 

invaded-exotic treatments) compared to sterile soils, but this effect was only in pots 

where flea beetles were applied to Euphorbia plants (a significant flea beetle by soil 

interaction; Table 3-1). Bouteloua germination was also enhanced in uninvaded and 

invaded-exotic soils compared to sterile soils (Figure 3-3). Among the species-specific 

tests above, only the soil effects on Nassella and Bouteloua germination were 

significant after Bonferroni corrections (Appendix 5). 

AMF and other root-inhabiting fungi 

AMF OTUs were found in eight of the 192 root samples analyzed (4.2%) – the 

remaining 186 samples had no AMF. Within these eight samples I identified six 

different AMF OTUs, including three Glomus intraradices (A, B, and C), two G. 

mossae (A and B) and one Glomus sp.  These AMF were in root samples of eight 

different individual plants (five Linum, two Bouteloua, and one each Artemisia and 

Pascopyrum), but there was not equal representation of the different AMF among these 
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plants. The five Linum plants were hosts to the following AMF OTUs: Linum #1 = G. 

mossae A, Linum #2 = G. intraradices A and Glomus spp. A, Linum #3 = G. 

intraradices A, Linum 4 = G. intraradices B, and Linum #5 = Glomus spp. B. The 

Bouteloua plant was host to two AMF (G. intraradices C and G. mossae B), while the 

Pascopyrum was host to G. intraradices A, and Artemisia was host to G. mossae A. The 

low frequency of AMF detection prevented statistical analyses from being performed on 

AMF presence.  

However, there were some interesting patterns in the total proportion of pots 

with plants infected by AMF when compared among treatments. For example, the 

proportion of pots with AMF was approximately equal between no Euphorbia (0.04) 

and Euphorbia (0.0476) treatments, but higher with both flea beetle species (0.182) than 

no beetles (0.0476), A. lacertosa (0.0454) and A. nigriscutis (0.05). As expected, pots 

with sterile soils had no plants infected with AMF, but pots inoculated with uninvaded 

soil had a lower proportion with AMF (0.037) than pots inoculated with invaded-native 

(0.115) or invaded-exotic (0.133) soils. 

Grasses (Bouteloua, Nassella, and Pascopyrum) had higher OTU diversity 

(including both AMF and non-AMF) than forbs (χ2 = 5.27, DF = 1, P = 0.0217). 

However, OUT diversity per pot did not vary with Euphorbia (χ2 = 0.087, DF =1, P = 

0.769), flea beetle (χ2 = 0.5861, DF = 3, P = 0.9), or soil (χ2 = 5.24, DF = 3, P = 0.1552) 

treatments, or among species (χ
2 = 5.24, DF = 7, P = 0.223). There were also no 

significant relationships between the total number of OTUs per pot and shoot mass, 

shoot mass per plant, total mass per plant, and root:shoot ratio (data not shown). There 
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was, however, a significant biomass - OTU richness relationship for three species:  

Bouteloua (total biomass, root biomass, and root mass per plant were positively 

correlated with OTU richness), Pascopyrum (biomass and root biomass were negatively 

correlated with OTU richness), and Artemisia (biomass was negatively correlated with 

OTU richness) (Table 3-2).  

Discussion 

Recent and past Euphorbia soil conditioning, and flea beetles applied to 

Euphorbia, can all have detrimental effects on subsequent native plant establishment 

and growth. These results lend experimental support to field studies that found reduced 

native plant richness following Euphorbia invasion (Belcher and Wilson 1989, Butler 

and Cogan 2004, Cornett et al. 2006), and reduced native plant recovery after 

Euphorbia control by flea beetles (Lesica and Hanna 2009, Butler and Wacker 2010). 

However, while Euphorbia had broad effects that were not generally species-specific, 

flea beetles and soil origin generally had species-specific rather than broad impacts on 

native plant germination and growth.  

Euphorbia legacy and flea beetle impacts 

Recent Euphorbia soil conditioning negatively influenced the germination, 

biomass, root:shoot ratio and average height of native plant “communities” in my study. 

This may indicate that there are broadly negative impacts of Euphorbia presence on 

native plant communities, either through modified soil microbial communities or root 

exudates that inhibit native plant germination and growth. The experimental design did 
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not allow me to determine if soil microbes or root exudates were responsible for the 

negative Euphorbia conditioning effect. However, Euphorbia conditioning suppressed 

native plant germination in both sterile and uninvaded soils in the per-pot analyses, 

suggesting that root exudates alone may reduce native plant germination (i.e., an 

allelopathic effect). Alternatively, the Euphorbia conditioning effect may be a side 

effect of the experimental and statistical designs. If the variability of individual plant 

species germination and growth was increased by the presence of other species within 

pots, then this may have resulted in overlapping confidence intervals and non-

significant differences among treatments at the species level. As I had no pots that were 

sown with single plant species, this effect cannot be tested. However, Pascopyrum 

exhibited significant negative responses to Euphorbia, and all species did not respond 

similarly in the non-significant net effects (Figure 3-2). A range of responses to 

Euphorbia presence may therefore be exhibited by native species, with Pascopyrum 

having the strongest decline, others such as Artemisia and Bouteloua having moderate 

negative impacts, and others such as Linum and Nassella not being negatively impacted. 

There is some evidence for a negative impact of Euphorbia on Pascopyrum in field 

settings, as Pascopyrum was less frequently associated with Euphorbia-infested than 

with non-infested areas at Theodore Roosevelt National Park, North Dakota (Butler and 

Cogan 2004). 

Jordan et al. (2008) reported that native forbs were suppressed more than native 

grasses by Euphorbia, but I did not find a similar difference among functional groups. 

There are four methodological differences between the two studies that may account for 
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this inconsistency. First, the conditioning period in my study was a single period of 

three months, while previous studies had three conditioning periods of ~two to three 

months (Jordan et al. 2008, Jordan et al. 2011). In addition, Euphorbia plants are 

perennial with extensive root systems, and flea beetle adults and larvae are each active 

for months at a time during the growing season (Gassmann et al. 1996), therefore longer 

conditioning periods for both are recommended for future studies on Euphorbia 

conditioning and flea beetle effects. Second, I used adult Euphorbia to condition soils, 

while Euphorbia was grown from seed in the other study. Plant root exudates can vary 

with plant growth stage, which can, in turn, have varying effects on the rhizosphere 

microbiota (Nannipieri et al. 2008) – seedling and adult Euphorbia may therefore vary 

in their rhizosphere influence, leading to varying plant responses between studies.  

Lastly, I used soil mixtures containing 10% field soil, while the other study used 100% 

field soil. Bartelt-Ryser et al. (2005) found a soil microbial influence on plant growth at 

8% soil inoculant by volume, suggesting that native soil addition at low proportions 

(such as ours) can be effective at inoculating soil with living microbiota. However, soils 

in the study by Jordan et al. likely had a larger starting population of living organisms 

which, interacting with the longer time period of conditioning, would have a greater 

likelihood of influencing native plant germination and growth.  

Flea beetle presence in combination with Euphorbia had consistent, detrimental 

effects on subsequent native plant growth in conditioned soils, which may relate to 

changes in Euphorbia root exudation stimulated by flea beetle herbivory. There was 

ample time in my experiment for adults to mate and lay eggs, for the eggs to incubate 
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and hatch, and for the larvae to feed on Euphorbia roots (Gassmann et al. 1996). While 

I did not find any larvae inhabiting roots, the larvae are quite small (Fornasari 1993), 

and difficult to detect. Herbivores can elicit plant root exudation (Holland et al. 1996), 

which may have effects on the soil microbial community that are detrimental to native 

plants, or the exudates may be directly harmful to plants. This was implicated in the 

competitive success of the invasive plant Centaurea maculosa against native plants 

when herbivorized by root-feeding biocontrol insects (Callaway et al. 1999), and one or 

both of these effects may also be responsible for the reduced native plant growth I 

observed. In light of my findings, these mechanisms warrant further research. 

The two flea beetle species also differed in their effects, with A. nigriscutis 

presence more frequently associated with significant positive or negative effects on 

native plants than A. lacertosa. In field studies, A. lacertosa is associated with 

significant reductions in Euphorbia stem counts, while A. nigriscutis is not effective at 

controlling Euphorbia (Larson and Grace 2004, Larson et al. 2008), so there are 

measurable differences in flea beetle effects on Euphorbia in the field.  While I did not 

observe differences in Euphorbia damage between beetle treatments, the different flea 

beetle species could elicit different defense responses from Euphorbia, which may have 

led to the varying impacts I observed.  

The soil origin effects in my study, while constrained to individual species, are 

indicative of negative soil biota legacy effects related both to Euphorbia presence in the 

past, and to more recent occupation by other invasive plants. This is different from a 

previous experiment that investigated the effects of soil origin (field sites that were 



   

68 
 

invaded by Euphorbia or native-occupied) on subsequent plant growth, where soil 

origin effects were overwhelmed by other treatment effects (e.g., Euphorbia and native 

soil conditioning) (Jordan et al. 2008). Soils conditioned by other invasives like Bromus 

inermis, which was common in invaded-exotic sites in my study, can also be 

suppressive towards native plants (Jordan et al. 2008, Jordan et al. 2011, Perkins and 

Nowak 2012). Therefore, the negative effects I observed in invaded-exotic sites 

compared to invaded-native sites may be a signature of suppression by other invasive 

plant species through the soil microbial community. 

There are two important caveats to consider with my study. First, the scarcity in 

significant effects may relate to the brief Euphorbia and beetle conditioning period 

employed, as previously mentioned. Second, the negative Euphorbia conditioning 

effects may have been caused by soil nutrient differences between the Euphorbia 

treatments: I fertilized Euphorbia pots in an attempt to offset nutrient uptake by 

Euphorbia, but I did not measure soil nutrient levels prior to sowing native plant seeds. 

If Euphorbia consumed more nutrients than I added, this may partially explain the 

reduced native plant growth in pots with Euphorbia conditioning compared to pots 

without Euphorbia, as this would have resulted in fewer nutrients in the former pots 

than the latter. Future studies should measure and adjust soil nutrient levels between 

plant conditioning and no plant conditioning treatments, and compare Euphorbia 

conditioning against native plant conditioning, as used in other studies (Jordan et al. 

2008, Jordan et al. 2011, Jordan et al. 2012).   
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AMF colonization and soil microbiota diversity 

 The colonization rate of AMF on native plant roots in my study was very low 

(AMF was present on 4.2% of root samples). Other research on AMF using soils from 

the same region found 28% of roots with AMF (Jordan et al. 2012). The large 

difference between studies may relate to the proportion of field soils: I used 10%, while 

Jordan et al. (2012) used 50%, which would have more inoculum potential than in the 

present study. The lack of AMF from plants growing in sterile, non-inoculated soils was 

expected, but the proportion of AMF colonization in invaded soils being more than 

twice that of uninvaded soils was unexpected. Euphorbia is a known host of AMF 

(Harbour 1992, Jordan et al. 2011), but vesicular-arbuscular mycorrhizal inoculum 

potential did not differ between sites invaded by Euphorbia and uninvaded sites in 

Colorado grasslands (Pritekel et al. 2006). The disproportionate AMF colonization 

among species was also expected, as AMF in grasslands can display host-specificity 

(Eom et al. 2000). 

The OTU diversity per pot did not significantly vary among any of the 

treatments, but the significantly higher OTUs among grasses than forbs is not 

surprising. Soil microbial communities can vary among functional groups, as was 

demonstrated by higher bacterial diversity in sedge compared to grass and mixed 

species assemblages in UK grasslands (Johnson et al. 2003). The three grasses in my 

experiment also had more biomass than most of the forbs, but the high OTU diversity 

among grasses was not a function of biomass alone, as there was no significant 

relationship between biomass and number of OTUs per pot in my study (Table 3-2). 
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The T-RFLP method I used, which was designed to sample AMF species, only 

captures a fraction of the organisms that can potentially colonize plant roots. Despite 

this bias, my results can be a starting point for further research, including elucidation of 

flea beetle and invasion history influences on AMF colonization and soil microbial 

diversity. 

Management implications 

The control of Euphorbia in the northern Great Plains is a critical objective for 

land management interests, in which flea beetles have played an important role. 

However, native plant communities do not always readily return following Euphorbia 

control by flea beetles, as was demonstrated in recent long-term studies (Butler et al. 

2006, Lesica and Hanna 2009, Larson and Larson 2010). Based on my research, flea 

beetles may have nontarget effects on specific plant species, including Linum, 

Bouteloua, and Pascopyrum, which may be a factor in the lack of native species 

recovery in field studies. The negative effect of flea beetles on native plants was 

generally stronger for A. nigriscutis than A. lacertosa, but the latter is more effective in 

controlling Euphorbia stands in the field (Larson et al. 2008). Populations of A. 

nigriscutis have persisted in the field (Larson et al. 2008), and if the effects I observed 

in the glasshouse extend to similar effects in the field, this species may be having larger 

non-target effects on native plant species while, at the same time, not being an effective 

biocontrol agent.  The fact that A. lacertosa is more effective at Euphorbia control is 

fortunate, but selective application of one species without the other may be very 

difficult or impossible on a large scale. Flea beetles are wild-caught from sustaining 
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populations and redistributed to areas needing treatment, but these two species 

frequently co-occur and are labor-intensive to separate. If additional research confirms 

my findings of stronger non-target effects from A. nigriscutis than A. lacertosa, 

managers may want to collect flea beetles from areas dominated by A. lacertosa to 

prevent additional negative impacts to native plants. 

The Euphorbia soil legacy is similarly problematic, but the stronger negative 

effects associated with sites that have secondary invasions of exotic grasses (invaded-

exotic) compared to previously invaded sites where natives recovered (invaded-native) 

reinforces the fact that Euphorbia impacts do not stop once the invasive species is 

removed.  Exotic grasses were also found to have stronger negative effects on native 

plant richness than Euphorbia in a North Dakota field study (Larson and Larson 2010), 

and other studies have demonstrated similar negative effects from these grasses on 

native prairies (Grilz and Romo 1995, Murphy and Grant 2005, Vinton and Goergen 

2006). Future Euphorbia management will therefore face challenges on at least two 

fronts: removing Euphorbia without negative side effects (e.g., from nontarget 

biocontrol effects), and encouraging subsequent recovery of plants that do not have 

stronger negative impacts on native plant community than the original invader. 
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Table 3-1. Per-pot type III tests of fixed effects for germination, biomass, root:shoot, and height. Degrees of freedom (DF) are 

listed as numerator,denominator. P-values < 0.05 are shown in bold.  

Germination Biomass Root:shoot ratio Height 
Pots Treatment DF F P DF F P DF F P DF F P 
No beetle Euphorbia 1,56 19 <.001 1,50.4 5.53 0.023 1,53.3 11.54 0.001 1,45.2 4.81 0.034 

Soil 3,56 1.6 0.200 3,50.4 1.21 0.316 3,53.3 0.78 0.513 1,45.3 0.81 0.495 
Euphorbia × Soil 3,56 5.24 0.003 3,50.4 1.82 0.155 3,53.3 2.52 0.068 3,45.3 0.45 0.718 

Euphorbia Beetle 3,51 2.55 0.066 3,107 0.51 0.679 3,108 3.59 0.016 3,87.4 0.47 0.706 
Soil 3,51 10.71 <.001 3,107 2.81 0.043 3,108 2.59 0.056 3,82.1 2.5 0.065 
Beetle × Soil 9,51 5.46 <.001 9,107 0.67 0.736 9,108 1.73 0.091 9,85 0.96 0.480 

All Soil 3,149 0.09 0.968 3,152 2.6 0.055 3,152 2.13 0.099 3,140 1.64 0.182 
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Table 3-2. Regression estimates for relationships between plant biomass and OTUs per pot and per species. Degrees of 

freedom (DF) are listed as numerator,denominator. P-values < 0.05 are shown in bold.  

 
Variable Parameter Per pot Artemisia Bouteloua Linum Nassella Pascopyrum Ratibida Symph. Vicia 
Total mass Estimate -0.306 -1.655 2.697 -1.242 0.739 -1.077 2.722 -0.399 0.08 

r2 0.005 0.723 0.586 0.033 0.186 0.287 0.323 0.07 0.002 
DF 1,59 1,5 1,9 1,12 1,10 1,15 1,5 1,4 1,9 
F 0.321 13.05 12.72 0.4117 2.29 6.051 2.385 0.302 0.0167 
P 0.573 0.015 0.006 0.533 0.161 0.027 0.183 0.612 0.900 

Root mass Estimate -0.208 -2.658 2.309 -3.187 0.641 -1.095 3.81 -0.776 0.154 
r2 0.004 0.476 0.634 0.085 0.161 0.348 0.097 0.099 0.003 
DF 1,59 1,5 1,9 1,12 1,10 1,15 1,5 1,4 1,9 
F 0.2272 0.0862 15.618 1.121 1.915 8.015 0.537 0.4377 0.0306 
P 0.635 0.148 0.003 0.311 0.197 0.013 0.496 0.544 0.865 

Root mass Estimate -4.609 -5.21 15.48 -74.4 3.59 -3.9 2.227 -0.673 1.06 
 plant-1 r2 0.051 0.159 0.709 0.268 0.277 0.207 0.009 0.014 0.002 

DF 1,59 1,5 1,9 1,12 1,10 1,15 1,5 1,4 1,9 
F 3.16 0.9448 21.92 4.401 3.831 3.912 0.0478 0.0559 0.0204 
P 0.081 0.376 0.001 0.058 0.079 0.067 0.836 0.825 0.890 
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Figure 3-1. Per-pot treatment effects on germination proportion, biomass, root:shoot 

ratio, and height. Bar heights are least square means and error bars are 95% confidence 

intervals. Values were back-transformed to be on scale of original data; varying 

confidence interval magnitudes among treatments are caused by different data 

transformations prior to analysis. Germination proportion, root:shoot ratio, and height 
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are on the log scale. Treatment codes: NE = no Euphorbia, E = Euphorbia, NB = no 

beetles, AL = A. lacertosa, AN = A. nigriscutis, BB = both beetles, S = sterile soil, U = 

uninvaded soil, IN = invaded-native soil, IE = invaded-exotic soil.  
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Figure 3-2. Summary of treatment effects by pot and species for germination, biomass, 

root:shoot ratio, and height. Net effects (the net proportion of estimate comparisons 

with positive or negative treatment effects) are shown for Euphorbia (A), beetle (B), 

and soil origin (C). Each asterisk indicates one significant type III test with either a 

positive or negative treatment effect (indicated by asterisk location above or below the 
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zero line, respectively). Note: missing bars indicate equal numbers of positive and 

negative estimate comparisons.  
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Figure 3-3. Germination proportion and plant height by species for Euphorbia and soil 

treatments. Soil treatments are S = sterile soil (open bars), U = uninvaded soil (light 

gray), IN = invaded-native soil (dark gray), IE = invaded-exotic soil (dark gray), and 

Euphorbia treatments are no pattern = no Euphorbia, diagonal pattern = Euphorbia. 

Germination is on the log scale. Bar heights are least square means estimates and error 

bars are 95% confidence intervals. Values were back-transformed to be on scale of 

original data; varying confidence interval magnitudes among species and treatments are 

due partially to different data transformations prior to analysis. Significantly different 

estimates are indicated by different letters above bars. Non-estimable least square mean 

indicated by #. 
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Figure 3-4. Plant biomass and root:shoot ratios by species for Euphorbia and soil 

treatments. Soil treatments are S = sterile soil (open bars), U = uninvaded soil (light 

gray), IN = invaded-native soil (dark gray), IE = invaded-exotic soil (dark gray), and 

Euphorbia treatments are no pattern = no Euphorbia, diagonal pattern = Euphorbia.  

Biomass is on the log scale. Bar heights are least square means and error bars are 95% 

confidence intervals. Values were back-transformed to be on scale of original data; 

varying confidence interval magnitudes among species and treatments are due partially 

to different data transformations prior to analysis. Significantly different estimates are 

indicated by different letters above bars. Non-estimable least square means indicated by 

#. 
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Figure 3-5. Germination proportion and height by species for beetle and soil treatments. 

Beetle treatments are NB = no beetles, AL = A. lacertosa, AN = A. nigriscutis, BB = 

both beetles. Soil treatments are open bar = sterile soil, light gray = uninvaded, dark 

gray = invaded-native, dark gray with diagonal pattern = invaded-exotic. Germination 

and height are on the log scale. Bar heights are least square mean estimates and error 

bars are 95% confidence intervals. Values were back-transformed to be on scale of 

original data; varying confidence interval magnitudes among species and treatments are 

due partially to different data transformations prior to analysis. Significantly different 

estimates are indicated by different letters above bars.  
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Figure 3-6. Plant biomass and root:shoot ratios by species for beetle and soil treatments. 

Beetle treatments are NB = no beetles, AL = A. lacertosa, AN = A. nigriscutis, BB = 
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both beetles. Soil treatments are open bar = sterile soil, light gray = uninvaded, dark 

gray = invaded-native, dark gray with diagonal pattern = invaded-exotic. Biomass and 

root:shoot ratios are on the log scale. Bar heights are least square means and error bars 

are 95% confidence intervals. Values were back-transformed to be on scale of original 

data; varying confidence interval magnitudes among species and treatments are due 

partially to different data transformations prior to analysis. Significantly different 

estimates are indicated by different letters above bars. Non-estimable least square mean 

indicated by #. 
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Chapter 4: 

Leafy spurge root exudates modify the effect of fungal 

pathogens on native plant germination and seedling 

growth 

 
Plant-soil feedbacks can have strong beneficial or detrimental impacts on native plant 

communities. These associations can also be modified by invasive plants in ways that 

benefit the invader and harm native species. Native plant communities can have a slow 

recovery following control of leafy spurge (Euphorbia esula), an invasive non-native 

plant in the Great Plains. This plant may inhibit native plant recruitment via 

allelochemicals exuded from its roots, or through the accumulation of plant pathogens in 

soils adjacent to its roots. I investigated the singular and combined influence of leafy 

spurge root exudates and soilborne fungal plant pathogens on germination and seedling 

growth of plants native to the northern Great Plains. In a 15-day growth chamber 

germination assay, leafy spurge root exudates reduced the germination of 10 native plant 

species (Artemisia frigida, Bouteloua gracilis, Echinacea angustifolia, Helianthus 

pauciflorus, Koeleria macrantha, Linum lewisii, Nassella viridula, Pascopyrum smithii, 

Symphyotrichum ericoides, and Vicia americana), an effect which increased with 

increasing exudate concentration. In a 30-day factorial greenhouse experiment, seeds of 

five of these native species (E. angustifolia, H. pauciflorus, K. macrantha, P. smithii, and 

V. americana) were sown into soils inoculated with five different fungal pathogen 
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isolates (three Rhizoctonia solani isolates, and one isolate each of Fusarium oxysporum 

and F. solani) at two inoculum concentrations, and subjected to two leafy spurge root 

exudate concentrations. Germination rates were significantly increased by the combined 

presence of pathogens and root exudates when plant species were combined. Seedling 

biomass was significantly influenced by the treatments only for specific native plant-

fungal isolate combinations. In some cases, biomass was increased only by increasing 

root exudate concentration. However, seedling biomass in other cases was different 

between the two inoculum concentrations, an effect which was frequently modified by 

root exudate presence. These findings indicate that there may be some temporary 

protection from pathogen attack via leafy spurge root exudates, which was opposite from 

what was expected under the pathogen accumulation scenario, but the root exudates alone 

appear to have allelopathic effects on native plant germination. 

 

Introduction 

Invasive exotic plants can impact native plant communities in well-documented 

ways, including via reductions in native plant growth, abundance, diversity, and fitness 

(Vilà et al. 2011). The mechanisms underlying these impacts have, in many cases, only 

recently come to light. One such mechanism involves plant-soil feedbacks, or interactions 

between the plant and the soil biotic communities that have reciprocal beneficial or 

deleterious effects on the plants (Bever 2003), including plant-pathogen interactions. 

Fungal, viral, or bacterial symbionts are transmitted within or between susceptible plant 
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host species, primarily via soil, water, air and insect vectors, and they can have negative, 

positive, or neutral effects on the reproduction, survival, and growth of the infected plant 

host. The direction and magnitude of these effects are variable, depending on the species 

involved and climatic conditions (Jarosz and Davelos 1995), and pathogens can be 

specialists or generalists with host ranges from a few to many plant species (Mitchell and 

Power 2006). Competition among plant species can be altered by plant-pathogen 

interactions by way of species’ fitness differences, with the result being coexistence, 

competitive exclusion, or priority effects, where one species outcompetes another but the 

outcome depends on the initial starting conditions (Mordecai 2011).  

Invasive plant success may be increased (Klironomos 2002, Callaway et al. 2004) 

or decreased (Turnbull et al. 2010) as a result of plant-pathogen interactions, but these 

dynamics have only recently been explored. Several competing hypotheses have 

attempted to explain the success of invasive plants in terms of their interactions with 

pathogens. The enemy release hypothesis (ERH), which has received much attention over 

the last decade, ascribes the success of invaders to significant reductions in pests and 

pathogens in their invaded as compared to their native ranges (Keane and Crawley 2002).  

Under this hypothesis, not only are the invader’s specialist pathogens not present in the 

new habitat, but the invader is also not susceptible to local specialist pathogens due to 

lack of a recent coevolutionary history with the pathogens. The invasive plant therefore 

does not need to invest as much of its resources on inducible defense mechanisms (i.e., 

production of defense compounds as a response to pathogen attack) and thus has more 

resources to invest in competitive growth. Moreover, given enough time in the new 
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habitat, invasive plant defense traits may be lost if they do not offer substantial benefits to 

the plant, which may provide further fitness benefits to invasive species (Blossey and 

Notzold 1995, Leger and Rice 2003, Siemann and Rogers 2003). However, two 

additional, more recently proposed hypotheses provide alternative explanations for 

invasive plant success. The accumulation of local pathogens hypothesis (ALPH), which 

was first explored in simulation models by Eppinga et al. (2006), proposes that invader 

success can result from the invading species capacity to accumulate generalist pathogens. 

Under this scenario, the invasive plant can experience similar levels of negative plant-soil 

feedbacks in its invaded and native ranges, but the pathogens are more detrimental to the 

natives than to the invasive plant in the invasive range (Niemi et al. 2006). Support for 

the ALPH was found for Chromolaena odorata in India, where its root exudates 

increased the germination of soilborne fungal pathogens, leading to a decline in native 

plant growth (Mangla et al. 2008).  Finally, the “novel weapons hypothesis” (NWH) 

suggests that invasive plants release chemicals that either have direct negative impacts on 

native plants, or that mediate plant-soil biota feedbacks in ways that are beneficial to 

invasives but not natives (Bais et al. 2003, Callaway and Ridenour 2004). In one example 

of the latter case, compounds released by the invasive plant may suppress plant 

pathogenic fungi in its rhizosphere, while native plant root exudates may not suppress 

pathogens. For example, Solidago canadensis, a destructive weed in China, produces root 

exudates that suppress the soilborne pathogens Pythium ultimum and Rhizoctonia solani 

more than root exudates from the co-occurring native plant Kummerowia striata (Zhang 

et al. 2009). While these hypotheses have been evaluated separately, they have only been 
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tested in very limited settings, and successful invasive plants may benefit from a 

combination of these mechanisms.  

Leafy spurge (Euphorbia esula L.), a destructive invasive exotic in the Great 

Plains (USA), may benefit from several of these hypothesized mechanisms in its invaded 

range. There are few native species in North America, including large herbivores and 

insects, that consume Euphorbia (Scott and John 1993), which lends some support for the 

ERH. However, Euphorbia is susceptible to a number of indigenous fungal pathogens in 

its invaded range (Caesar 1994, 1996), so its escape from enemies is not complete. 

Several biocontrol insects from its native range have been introduced to control 

Euphorbia infestations with varying success (Lym 2005). However, use of these insects 

may lead to an increase in populations of soilborne fungal pathogens which may have 

negative consequences for both Euphorbia and native species. For example, Euphorbia 

spp. subjected to root-feeding insects in North America and Europe had larger 

rhizosphere soil populations of pathogenic Fusarium spp. compared to Euphorbia 

rhizosphere soils in the absence of insect attack (Caesar 2003). The capacity for 

herbivore-damaged Euphorbia to increase pathogen populations suggests some support 

for the ALPH. There is also evidence that Euphorbia can produce allelochemicals that are 

detrimental to neighboring plants, lending support to the NWH. Seedling root exudates 

and extractions from ground roots of Euphorbia inhibit the growth of Arabidopsis in 

laboratory settings (Qin et al. 2006), and leachates from Euphorbia litter reduce root 

lengths of two grasses (Pascopyrum smithii and Pseudoroegneria spicata) native to the 

Great Plains (Olson and Wallander 2002). However, the potential effects of Euphorbia 
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exudates on plant pathogens are unknown. Furthermore, there are no studies that examine 

the combined effects of pathogen accumulation and allelopathy, or how these 

mechanisms may contribute to the success of Euphorbia in North America. 

My objective was to determine if Euphorbia root exudates and fungal pathogens 

work synergistically to negatively impact the establishment of native plants in the 

northern Great Plains where Euphorbia is successful as an invader, and to evaluate if the 

NWH or ALPH play a role in this system. To achieve these objectives, I investigated the 

effects of Euphorbia root exudates, soilborne plant pathogenic fungi, and their 

interactions, on seed germination and seedling growth of plants native to the Great Plains. 

If Euphorbia root exudates alone impact native plants, the NWH would be supported. If 

the combination of root exudates and pathogens produce strong negative effects on native 

plants, this would lend support to the ALPH. My findings will add to the sparse but 

growing body of knowledge regarding invasive plant interactions with pathogens, and the 

mechanisms behind invasive plant success in naïve habitats. It will also help guide 

Euphorbia management: if pathogen accumulation occurs in Euphorbia-occupied soils, 

management practices that reduce soil pathogen populations may improve native plant 

recruitment following Euphorbia control. 

 

Methods 

In growth chamber experiments, I investigated the impact of Euphorbia root 

exudates on seed germination of 12 plants native to northern Great Plains mixed grass 
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prairies. These were: Artemisia frigida Willd., Bouteloua gracilis (Willd. ex Kunth) Lag. 

ex Griffiths, Echinacea angustifolia DC., Galium boreale L., Helianthus pauciflorus 

Nutt., Koeleria macrantha (Ledeb.) Schult., Linum lewisii Pursh, Nassella viridula 

(Trin.) Barkworth, Pascopyrum smithii (Rydb.) Á. Löve, Ratibida columnifera (Nutt.) 

Woot. & Standl., Symphyotrichum ericoides (L.) G.L. Nesom, and Vicia americana 

Muhl. ex Willd (hereafter, these plants are referred to by their genera). These seeds were 

acquired from the Bismarck Plant Materials Center (Natural Resources Conservation 

Service, U.S. Department of Agriculture; Bismarck, ND, USA), Wind River Seed 

(Manderson, WY, USA), and from Prairie Moon Nursery (Winona, MN, USA).  

In a glasshouse experiment, I conducted pathogenicity assays on these 12 native 

plant species and Euphorbia for 15 different plant pathogenic fungi. Pathogen isolates 

included Rhizoctonia solani, Fusarium oxysporum, and F. solani, which were all 

collected from soils and plants in the northern Great Plains (Table 4-1). 

Lastly, I conducted a glasshouse growth assay using five of the above native plant 

species and five pathogen isolates to determine the impacts of Euphorbia root exudates, 

pathogens, and exudate-pathogen combinations on native seed germination and seedling 

growth. 

Preparation of Euphorbia exudates 

Euphorbia plants were reared in a glasshouse from seeds collected at the South 

Unit of Theodore Roosevelt National Park (North Dakota, USA) from 2006-2008. I used 

two cohorts of Euphorbia in producing root exudates to examine the effects of growth 

stage on native seed germination: mature (>2 years old) and immature (3 months old).  
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Root exudate quantity and composition can vary with plant growth stage (Granato et al. 

1983, Aulakh et al. 2001), therefore it is important to know if exudates from immature 

and mature Euphorbia have similar influences on native plant seed germination. Mature 

plants were reared for 2 years in 20 cm pots in potting soil medium (Sunshine MVP, Sun 

Gro Horticulture Canada CM Ltd.) in a glasshouse at 20-35 °C with 12 hours 

supplemental illumination from September through March. All plants were watered three 

times weekly and fertilized with 50 ml full-strength Hoagland’s solution (Hoagland and 

Arnon 1950) per pot per month. Two months prior to exudate collection, I transplanted 

six mature plants into each of 10, 16-liter polypropylene containers filled with perlite 

(Sunshine MVP). Seeds for the immature cohort were sown in 28 × 54 × 6 cm 

germination trays with potting soil medium (Sunshine MVP) three months prior to 

exudate collection. Two weeks after germination, I transplanted 20 seedlings into each of 

10, six-liter polypropylene containers filled with perlite.  

The immature and mature Euphorbia in perlite were grown in a glasshouse for 

two months with 12 hours supplemental illumination per day at 24-32 °C. All Euphorbia 

containers were watered three times weekly and fertilized every two weeks with 50 

(immature plants) or 100 (mature plants) ml of Hoagland’s solution per container. Two 

control containers containing only perlite were established for each container size. These 

containers were not fertilized, but they were watered using the same schedule as 

Euphorbia-planted container. 

Forty-eight hours prior to exudate collection, I rinsed all of the Euphorbia 

containers twice with reverse osmosis (RO) water (0.75 and 2 liters per rinse per 
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container for immature and mature containers, respectively) to remove residual fertilizer. 

The rinsing was done by applying the RO water to a container and drawing off the water 

using an electric water pump and hose fitted with a 200 mesh (0.075 mm) plastic filter. I 

used RO water as it is free of ions which may alter seed germination when concentrated. 

Euphorbia containers were filled with RO water for 24 hours for exudate collection 

(Steinkellner et al. 2008, Weidenhamer et al. 2009). Euphorbia roots were soaked in 

different quantities of water between immature and mature plants (50 and 415 ml per 

plant, respectively) to compensate for greater adult biomass per plant. After 24 h, I 

removed the exudate solution by pumping as described above, and combined the exudate 

solution from all containers in each cohort. The solution was thoroughly mixed, divided 

into 240, 120-ml polypropylene containers of 100 ml each, frozen, and lyophilized for 7 

days (Specimen freeze dryer Model 24DX48, Virtis Company, Gardiner, NY, USA). 

Lyophilized exudates were stored in the 120-ml containers with airtight lids at 2 °C for 3 

to 35 days until used in the germination assay (described below). 

To permit scaling of the exudate concentrations relative to Euphorbia biomass, I 

oven dried all of the plants following the exudate collection at 60°C for four days and 

weighed them.  

Evaluating effects of exudates on native seed germination 

I tested the effects of five Euphorbia exudate concentrations, from both immature 

and mature plants, on germination of each of the 12 native plant species. Concentrations 

were: 4×, 2×, 1×, 0.5×, and 0.25×, where × was the original concentration of the exudate 

solution. Two controls were also used for each species and Euphorbia cohort: perlite and 
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water. The perlite control used a 1× concentration of the lyophilized product from the 

perlite controls, and the water control used only DI water. All solutions were prepared 

immediately before initiation of the experiment. 

One hundred seeds of each plant species were placed on germination paper 

(BB3.5 white blotter circles, Hoffman Manufacturing, Inc., Jefferson, OR, USA) inside 9 

cm plastic petri dishes. Each dish was an experimental unit, and the experiment was 

replicated using 4 dishes per species per concentration per cohort (mature vs. immature 

Euphorbia).  A one-time application of 7 ml of exudate or control solution occurred at the 

beginning of the experiment (day 0). This was enough liquid to saturate the germination 

paper and to provide a small liquid meniscus connection with the seeds, but not enough 

for standing liquid to be present. The exudate solutions were not sterilized prior to use to 

avoid inactivation of exudate compounds. 

Following exudate application, lids were placed on the dishes, the dishes were 

arranged randomly on empty germination flats with clear lids, and the germination flats 

were arranged randomly in a growth chamber (LT-105HID Controlled Environment 

Chamber, Percival Scientific, Inc., Perry, IA, USA). The chamber was programmed for 

eight hours at 24°C and 16 hours at 10°C, with one hour of 66 µmol m-2 sec-1 illumination 

(24 mol m-2 day-1) midway through the warm cycle (Baskin and Baskin 1998). I applied 

additional DI water to the dishes as needed to maintain adequate moisture for 

germination.  
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The number of germinating seeds within each petri dish was determined at five, 

10, and 15 days after application of the exudate treatments, and the dish locations were 

re-randomized after each monitoring period.  

I compared the Euphorbia root exudate concentrations in my study with 

theoretical field concentrations by examining both in terms of the number of Euphorbia 

plants (and the mass of Euphorbia) per m2. In my study, I used the following formula:  
petri dish

0.00581 m� � 7 ml exudate solution
petri dish � Total # Euphorbia plants

Total exudate solution volume �ml� 

This formula yielded the number of Euphorbia plants per m2 at the 1× concentration. To 

obtain the ratio at each exudate concentration, this number was multiplied by its given 

concentration value (4, 2, 0.5, or 0.25). The ratio of Euphorbia mass per m2 was 

calculated by replacing the total # Euphorbia plants in the formula above with the total 

Euphorbia mass (g). These conversions yielded 0.756 (for the 0.25× concentration) to 

12.1 (for the 4× concentration) mature Euphorbia plants per m2, while the ratios for 

immature Euphorbia ranged from 6.56 (0.25×) to 105 (4×). Ratios of g Euphorbia per m2 

ranged from 9.3 (0.25×) to 149 (4×) for mature Euphorbia, and from 2.36 (0.25×) to 37.8 

(4×) for immature Euphorbia.  These values are compared with field Euphorbia densities 

from published studies in the Discussion. 

Evaluating effects of pathogens on native plants 

Seedlings of Euphorbia and native plants were inoculated with pathogenic fungal 

isolates to determine the sensitivity of a diverse collection of native plants to a broad set 

of native fungal pathogens, and to select plant species and fungal isolates for use in 
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subsequent experiments (see below). All 12 native plant species used in the Euphorbia 

exudate germination experiment were evaluated for infection. Seedlings of each plant 

species were first grown in potting soil medium (Sunshine MVP, Sun Gro Horticulture 

Canada CM Ltd.) in a glasshouse at 24-32 °C with 12 hours supplemental illumination 

per day. All plants were watered three times weekly and grown for two weeks prior to the 

experiment. 

Fifteen different fungal pathogen isolates (including multiple isolates of 

Rhizoctonia solani, Fusarium oxysporum, and F. solani) were used (Table 4-1). These 

fungi were isolated from soils and plants in the northern Great Plains (Carol Windels and 

Jim Kurle, personal communication) and are common pathogens found on many plant 

hosts worldwide. All of the R. solani isolates belonged to anastomosis group 4 (AG-4), 

which has previously been shown to be pathogenic on Euphorbia (Caesar et al. 1993, 

Caesar 1994). All isolates were cultured on full-strength potato dextrose agar (PDA) 

(Singleton et al. 1992) for 7-10 days at 24 °C prior to application to the plants. To prepare 

inoculum for plant application, I blended one PDA plate for a particular isolate with 100 

ml sterilized, deionized water in an Oster blender (Sunbeam Products, Inc., Rye, NJ, 

USA) for 60 seconds.  

Two-week old plant seedlings were inoculated and transplanted into pots for a 

one-month growth period. Seedlings were removed from the germination trays, their 

roots were cleaned of soil, ~0.5 cm was removed from the root tip with a razor, and the 

roots were soaked in an inoculum slurry for five minutes. Each seedling was then 

transplanted into individual pots (3.8 cm diameter conetainers) with twice-autoclaved 
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vermiculite medium (Sun Gro Horticulture Canada CM Ltd.). Each plant species was 

inoculated individually with each of the fungal isolates, with 10 pots per plant species-

fungal isolate combination, and 10 non-inoculated control pots for each plant species. All 

plants were grown in a glasshouse using the same growing conditions as for rearing the 

seedlings. Plants were fertilized using 20 ml full-strength Hoagland’s solution per pot 

two weeks after initiation of the experiment. 

After one month, each plant was harvested and root systems were assessed for 

visible signs of pathogen infection or damage. I used a damage rating system modified 

from Caesar (2003) where: 0, no damage; 1, dead leaves (no wilting or chlorosis); 2, 

wilting; 3, chlorosis; 4, wilting and chlorosis; 5, moderate wilting, chlorosis and some 

tissue death; 6, persistent wilting, chlorosis, and death of one or more stems; 7, extensive 

wilting, chlorosis and tissue death or top dieback with regrowth; 8, mostly dead; 9, plant 

dead with no regrowth.  

Based on these results, five pathogen isolates that elicited a range of damage 

ratings from the plants, and five plant species that showed infection signs from at least 

one of the five isolates were selected for further study. I selected both forbs and grasses, 

including the grass Pascopyrum, which is one of the most common plants encountered at 

Theodore Roosevelt National Park, North Dakota (see Chapter 2). 

The fungal isolates selected were Rhizoctonia solani (isolates 87-18-2, 14-5-3, 

and E-0-20; hereafter R. solani 1, 2, and 3, respectively), Fusarium oxysporum f.sp. 

medicaginis (isolate 3/F3(#3)) and F. solani (isolate 910-4). The plant species were 

Echinacea, Helianthus, Koeleria, Pascopyrum, and Vicia. 
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Evaluating effects of pathogens and Euphorbia exudates on native plant 

germination and growth 

The influences of soilborne fungal pathogens, leafy spurge root exudates, and 

their interactions, on native plant germination and growth were evaluated in glasshouse 

trials. Soils were inoculated with fungal pathogens, with or without Euphorbia root 

exudates, and five native plant species were grown in these soils in a factorial design. 

Seed germination was quantified and seedling biomass was determined after 30 days of 

growth. 

Inoculum preparation 

Inoculum suspensions were prepared and applied to the experimental soils in two 

densities for each of the fungal isolates. Suspensions were prepared so that soils in this 

experiment contained approximately 10 or 1000 cfu per gram soil for R. solani (low and 

high densities, respectively) (Caesar 1994, Aziz et al. 1997), and approximately 1000 or 1 

× 105 cfu per gram soil for Fusarium spp. (low and high densities, respectively) 

(Rodríguez-Molina et al. 2000, Ghini and Morandi 2006, Hao et al. 2009) after 

application. To prepare these inoculum suspensions, cultures of each isolate were first 

grown on half-strength potato dextrose agar (PDA) plates for 7 days at 23° C, and cfu per 

ml of PDA for each isolate was determined by serial dilution plating. High density 

inoculum suspensions for each isolate were prepared by blending the appropriate volume 

of inoculated PDA (ranging from 12 ml to 25 ml) with 4.6 liters of sterilized deionized 

water for 2 minutes in an Oster blender (Sunbeam Products, Inc., Rye, NJ, USA).  The 

low density suspension was prepared by mixing a 45 ml subsample of high density 
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suspension with 4555 ml of sterile DI water. Twenty ml of the suspension volume was 

added per pot for both densities. I added the same quantity of suspension for the control, 

but used a non-inoculated PDA plate blended with 4.6 liters of sterilized deionized water 

to prepare the suspension. 

Exudate preparation and experimental design 

I prepared Euphorbia root exudates at two concentrations using mature Euphorbia 

grown as described previously for the exudate treatments, except that 10 mature 

Euphorbia were transplanted into 20 separate six liter containers. These plants were 

grown for two weeks under the same conditions as described previously. The same 

process of exudate collection (RO water rinsing, followed by 24 h root soaking) was 

subsequently used, with one liter of exudate solution collected from each container, 

yielding 20 liters of high-concentration exudate solution. The low concentration exudate 

was prepared by diluting one liter of high concentration exudate solution with 15 liters of 

deionized water (16 L total volume).  I added 30 mL per pot for each concentration; for 

non-exudate controls, 30 mL of deionized water was used. 

Potting soil (Sunshine MVP) was autoclaved on two consecutive days at 121° C 

for 2 hours prior to planting. Pots (3.8 cm diameter conetainers; Stuewe and Sons, Inc., 

Tangent, Oregon, USA) were filled with approximately 100 g of the autoclaved soil and 

four seeds of a single species (Echinacea, Helianthus, Koeleria, Pascopyrum, and Vicia) 

were sown in each pot. Each plant species/treatment combination was replicated in 10 

pots, for a total of 1650 pots. I applied pathogen and exudate treatments to the pots at the 

time of planting.  Seeds were covered with a one cm layer of twice-autoclaved 
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vermiculite after inoculum and exudate application to maintain soil moisture and to 

minimize spread of fungal pathogen inoculum among pots.  At 14 days, I removed 

seedlings from pots to standardize plant density to one plant per pot.  Pots were watered 

as needed to keep soils moist for seed germination and plant growth.  The glasshouse was 

maintained at 25-30° C with 12 hours of daylight (7 a.m. – 7 p.m.) supplemented by 

artificial light during natural twilight.  Plants were harvested after 30 days, presence or 

absence of pathogen infection symptoms (chlorosis, wilting, and necrosis) was 

determined for every plant, and plants were dried for three days at 60° C to determine 

above- and belowground dry biomass, and root:shoot ratios. 

Analyses 

Treatment effects on seed germination and plant biomass were analyzed using 

generalized linear mixed models and linear mixed models, respectively, using the 

GLIMMIX and MIXED procedures in SAS/STAT v. 9.3 (SAS Institute Inc., Cary, NC, 

1989-2011). In the root exudate germination, and the pathogen-exudate interaction 

experiments, germination tray and conetainer rack, respectively, were used as random 

blocking effects. The germination count data were either Poisson or negative binomially 

distributed, and the log-link function was used for both distributions in the generalized 

models. Square root and Anscombe (Anscombe 1948) transformations were used in some 

instances of the germination data to equalize variances prior to analysis. Biomass data 

were normally or lognormally distributed; Johnson Sl or Su transformations (Johnson 

1949, Chou et al. 1998) were used in a few cases to equalize variances prior to analysis. 

Tukey’s HSD tests were used to determine differences among treatment combinations in 
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multiple comparisons.  The Satterthwaite approximation method was used to calculate 

denominator degrees of freedom to account for different sample sizes among treatments 

in the second experiment (not all pots within given treatment combinations had seeds 

germinate or plants establish).  

The pathogen damage ratings in the pathogen assay did not fit any known 

distribution; therefore I used nonparametric Wilcoxon chi-square tests and multiple 

pairwise comparisons to evaluate pathogen treatment effects on the native plants. 

The values used in figures are estimates and 95% confidence intervals that were 

back-transformed into the scale of the original data.  P-values less than 0.05 were deemed 

as significant in all analyses. 

Results 

Effects of exudates on native seed germination 

Euphorbia root exudates reduced the germination of the majority (10 of 11) of the 

native plant species in both experiments, and half of the affected species showed 

persistent germination effects that lasted through day 15 of the experiment (Table 4-2 and 

Table 4-3). The 12th species, Galium, only had a few seeds germinate and was excluded 

from the analyses. All of the negative effects occurred at high exudate concentrations 

compared to low or no exudates, and Bouteloua and Vicia also exhibited significant 

negative effects at the low concentration (0.5×) compared to no exudates (Appendix 6). 

Some intermediate exudate concentrations also significantly enhanced germination 

compared to the controls, as exhibited on at least one day by Echinacea, Nassella and 
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Pascopyrum exposed to mature Euphorbia exudates (Appendix 6). There were also 

stronger negative effects from mature than immature Euphorbia exudates on germination 

rates, where germination rates were lower for the same concentration level when exposed 

to mature than immature exudates, for all species except Helianthus (Appendix 6). 

Three patterns of exudate effects over time were apparent: persistent (significant 

treatment effects through days 10 and 15), temporary (significant effects on days five 

and/or 10, but not 15), and no effects (Figure 4-1 and Table 4-3). Four species (Artemisia, 

Echinacea, Symphyotrichum, and Vicia) showed persistent negative effects from 

Euphorbia exudates, so that germination was substantially delayed. A majority of the 

species, meanwhile, showed at least temporary negative effects from Euphorbia 

exudates, whereby germination was delayed by exposure to exudates, though seeds 

germinated eventually. Only one species (Ratibida) was not significantly affected by 

exudates at any date (Figure 4-1 A and B, respectively). Exudates from mature 

Euphorbia plants had more persistent impacts than exudates from immature plants (Table 

4-3). Specifically, among the species impacted, none had persistent impacts from 

exudates of immature Euphorbia, while all four species with persistent impacts were due 

to exudates of mature Euphorbia. Four species (Nassella, Pascopyrum, Ratibida and 

Vicia) were not influenced by exudates from immature Euphorbia.  

Effects of pathogens on native plants 

The 15 fungal isolates varied in their impacts on Euphorbia and the 12 native 

plant species, with some isolates having a strong negative impact on multiple plant 

species, while other isolates had only moderately negative effects on a few plant species 
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(Figure 4-2). Combining the damage ratings across all plant species, R. solani 1 had 

stronger negative impacts on plants than two other R. solani (7 and 9), and F. oxysporum 

3 (Appendix 7 A). With the exception of Symphyotrichum, all plant species varied 

significantly in their sensitivity to the 15 isolates, or their sensitivity to the isolates was 

only marginally non-significant, including Euphorbia (P = 0.0627) (Appendix 8). This 

indicates significant specificity among these pathogen isolates. There was also a large 

range of damage exhibited by the plant species when all pathogen isolates were pooled 

(Appendix 7 B). Euphorbia exhibited a relatively high damage rating, while all of the 

grasses except for Nassella exhibited low ratings. 

Plant species with higher damage ratings than the control for a large number of 

fungal isolates were selected for further study, including Echinacea, Helianthus, Koeleria 

and Vicia. In addition, Pascopyrum was selected due to its status as a dominant, 

widespread grass in the Great Plains. Fungal isolates that had high damage ratings on the 

most plant species were also selected for further study, including R. solani 1, 2, 3, and F. 

solani. The fifth isolate selected for further study, F. oxysporum 3 (hereafter, F. 

oxysporum), was selected because it is a common soilborne pathogen, and it had the 

strongest (but non-significant) negative effects among the F. oxysporum. Pairwise 

comparisons of damage to the selected plant species among the selected fungal isolates 

are summarized in Appendix 9.  
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Effects of pathogens and Euphorbia exudates on native plant germination 

and growth 

In the absence of Euphorbia root exudates, pathogens tended to decrease native 

plant germination with increasing inoculum density (Figure 4-3). There were decreased 

plant germination rates in high compared to low inoculum densities for R. solani 1 (t266 = 

-27.9, P < 0.001), R. solani 2 (t266 = -6.12, P < 0.001), and F. solani (t266 = -4.14, P < 

0.001). However, germination rates were greater with high compared to low inoculum 

densities for R. solani 3 (t266 = 14.1, P < 0.001).  

When fungal pathogens were absent, plant germination rates decreased with 

increasing exudate concentration (Figure 4-3). There were lower germination rates of 

seeds exposed to high compared to low concentration exudates and no exudates (t119 = -

∞, P < 0.001, and t119 = 6.79, P < 0.001, respectively), and lower germination rates of 

seeds exposed to low concentration exudates than no exudates (t119 = 6.15, P < 0.001). 

In contrast to the absence of pathogens, there were increases in native plant 

germination when seeds were exposed to Euphorbia exudates and pathogens (Figure 

4-3). For example, germination rates were greater when high exudate concentrations were 

present compared to no exudates for both low and high R. solani 3 inoculum densities 

(t266 = -40.8, P < 0.001 and t266 = -11.5, P < 0.001, respectively) and for the low F. 

oxysporum density (t266 = -16.8, P < 0.001). Similar non-significant trends include both 

pathogen densities of R. solani 2 and F. solani. Germination rates were also greater when 

seeds were exposed to high compared to low concentration exudates except for the non-

inoculated control. These differences were significant for seeds exposed to R. solani 1 
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low density inoculum (t266 = 4.08, P < 0.001), and low and high density inocula for R. 

solani 3 (t266 = ∞, P < 0.001 for both) and F. oxysporum (t266 = ∞, P < 0.001 for both). 

Furthermore, there were no cases (within a given inoculum density) where germination 

rates were significantly higher in the absence of exudates than when high exudate 

concentrations were applied (Figure 4-3 and Appendix 10). 

There were also significant interactions of exudates and pathogens in two cases, 

where the effect of pathogens on germination depended on Euphorbia exudates (Table 

4-4 and Figure 4-3). For R. solani 3, more seeds germinated in high than low density 

inoculum in the absence of Euphorbia exudates, and in low concentration exudates 

(Figure 4-3). However, seed germination was greatest in high concentration exudates and 

did not vary between inoculum densities. For F. oxysporum, more native plant seeds 

germinated in high versus low inoculum density in the absence of exudates, but fewer 

seeds germinated in high versus low inoculum density for both exudate concentrations 

(Figure 4-3). Additionally, germination in the low F. oxysporum inoculum density was 

greatest for the high exudate concentration, but there was no difference in germination 

between high exudate concentration and no exudates for the high inoculum density. 

Despite significant effects of exudates and pathogens on germination after 

combining all plant hosts, only one plant species exhibited significant reductions in 

germination in response to a specific pathogen when considered individually. 

Specifically, Echinacea germination, when exposed to R. solani 1, was lower in high 

compared to low inoculum densities (t54 = -4.57, P < 0.001) (Appendix 11). 
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Native plant biomass was generally unaffected by pathogens in the absence of 

Euphorbia root exudates, or by exudates in the absence of pathogens, but there were 

some exceptions (Figure 4-4). In the absence of exudates, Echinacea biomass increased 

with increasing F. oxysporum inoculum density (t36.5 = -3.11, P = 0.039), while the 

opposite was found for Vicia biomass grown with R. solani 1 present (t29.2 = -3.08, P = 

0.046). Meanwhile, in the absence of pathogens, Helianthus biomass was greater with 

low than with high concentration exudates or with no exudates (t5 = -6 × 104, P <0.001 

and t5 = -5920, P <0.001, respectively), and greater with high concentration exudates than 

with no exudates (t5 = -5.4 × 104, P <0.001). 

Plant biomass was consistently larger when exposed to Euphorbia root exudates 

than in their absence, but mostly when plants were also exposed to pathogens (Figure 

4-4). For example, plant biomass was greater in low concentration exudates than in the 

absence of exudates for Echinacea with R. solani 3 (t46 = -2.48, P = 0.044), and for 

Koeleria with R. solani 2 and F. solani (t43 = -2.74, P = 0.024 and t33.8 = -2.99, P = 0.014, 

respectively). Likewise, plant biomass was greater under high concentration exudates 

than with no exudates for Echinacea and Vicia exposed to R. solani 2 (t27 = -2.48, P = 

0.05 and t44 = -2.3, P = 0.027, respectively). A similar pattern was found for Echinacea 

exposed only to low density F. oxysporum inocula, whose biomass was greater in high 

exudate concentration than in the absence of exudates (t34.7 = -3.15, P = 0.036). This 

pattern was reversed, however, in one case. The biomass of Echinacea was lower in high 

compared to low exudate concentrations in low R. solani 1 inoculum densities (t22.1 = -

3.72, P = 0.013).   
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In two out of the four significant interactions of pathogen and exudate treatments, 

individual plant species biomass was larger when grown in higher concentration 

exudates, further supporting the previously described biomass enhancement via exudates 

(Figure 4-4 and Appendix 13). Koeleria biomass was greater with high concentration 

Euphorbia exudates than in their absence when exposed to low density inoculum of R. 

solani 1 (F2,43 = 3.53, P = 0.038), and Vicia biomass was greater in high than in low 

exudate concentration when exposed to low density F. oxysporum inoculum (t49.4 = 3.11, 

P = 0.034). However, there was not a consistent pattern for the two cases where biomass 

was dependent upon inoculum density. Echinacea biomass was greater in low than high 

R. solani 1 inoculum density, but only with low concentration exudates (t20.8 = -3.42, P = 

0.027). Meanwhile, Echinacea biomass was greater in high than in low F. oxysporum 

inoculum density only in the absence of exudates (t36.5 = -3.11, P = 0.039).  

Plant root:shoot ratios were positively affected by pathogen inoculum density 

when Euphorbia root exudates were present. For example, root:shoot ratios (usually 

smaller in plants that have adequate access to soil nutrients or moisture compared to 

plants that lack moisture or nutrient access) were significantly smaller in high than in low 

inoculum densities in four cases (Appendix 13). These cases include Echinacea and Vicia 

when exposed to R. solani 1 (t10.2 = -2.86, P = 0.017 and t30.8 = -3.34, P = 0.002, 

respectively), and Koeleria when exposed to R. solani 1 and 2 (t37 = -2.09, P = 0.044 and 

t47 = -2.28, P = 0.027, respectively). However, there were inconsistent effects of exudate 

concentrations on root:shoot ratios. Pascopyrum root:shoot ratios were larger in control 

than in low exudates when exposed to R. solani 2 (t53 = 2.94, P = 0.013), while Vicia 
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root:shoot ratios exposed to R. solani 1 were larger in high than in low exudates (t31 = 

2.72, P = 0.028). 

 

Discussion 

Euphorbia root exudates reduced the germination of the majority of the native 

plant species in my study in both experiments, which lends support to the novel weapons 

hypothesis (NWH). This is consistent with a 14-year study on native plant recovery 

following the control of Euphorbia by flea beetles in Montana, where four species 

(Artemisia, Bouteloua, Pascopyrum, and Vicia) did not increase in frequency over time, 

and Koeleria displayed idiosyncratic effects (increasing, decreasing, or no change) in 

different study plots (Lesica and Hanna 2009). In my study, germination of three of these 

species (Artemisia, Bouteloua, and Koeleria) were reduced temporarily by exudates, 

while reductions of the other two (Pascopyrum and Vicia) were persistent. Both 

temporary and persistent effects may have important long-term impacts on native plant 

recruitment, especially if the timing of germination is important for seedling survival, or 

if interspecific competition leads to reduced seedling recruitment. These kinds of priority 

effects can be especially beneficial to invasive plants that begin growing in the spring 

before natives (Dickson et al. 2012). Euphorbia, for example, is among the first plants to 

emerge in the spring (Messersmith et al. 1985), so it may be a successful competitor 

against the natives on two fronts: through its early emergence, and through exudate-

linked native germination delay.  
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Evidence for allelopathic effects from Euphoria was first evaluated 40 years ago, 

when extracts from dead roots were found to inhibit the germination of Euphorbia seeds 

and seeds from three other exotic species, crested wheatgrass (Agropyron cristatum), 

smooth brome (Bromus inermis) and charlock mustard (Sinapis arvensis) (Selleck 1972). 

In subsequent research, the germination of the invasive spotted knapweed (Centaurea 

maculosa) and the native bluebunch wheatgrass (Pseudoroegneria spicata) were lower 

when sown in soils occupied by Euphorbia compared to non-occupied soils (Olson and 

Wallander 2002). Extracts from living Euphorbia roots and roots harvested from field 

specimens also reduced Arabidopsis thaliana biomass, an effect which was enhanced at 

higher extract concentrations (Qin et al. 2006).  The living extract solution in the Qin et 

al. study was created by soaking six-week-old Euphorbia plant roots for 3 days, which 

resulted in significant negative effects at 0.0625 and 0.125 Euphorbia plants per ml. The 

former concentration is slightly less than my 4× immature Euphorbia exudate 

concentration (0.087 Euphorbia per ml), a level at which I also saw significant negative 

effects (Appendix 6). Despite the assay species being different, measureable negative 

effects were observed at very similar concentrations in both studies. 

The stronger negative impact from mature than immature Euphorbia exudates on 

native seed germination indicates that there may be qualitative differences in exudates 

that are linked to Euphorbia growth stages (Table 4-3). Changes in root exudates over 

time have been observed in other species. For example, the proportion of non-polar 

compounds in soybean root exudates increased with plant age (Granato et al. 1983). If 

similar qualitative changes occur in Euphorbia exudates, compounds that inhibit 
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germination may increase with plant age and produce the effects I observed. While 

quantitative differences in exudates released by mature and immature Euphorbia may 

also be important, this was not measured in my study. 

Euphorbia field densities can range from 12.1 to 27.1 mature stems and 7.9–15.7 

seedlings m-2 at Theodore Roosevelt National Park (TRNP), North Dakota (Larson and 

Grace 2004), 1–104 stems m-2 in North Dakota grasslands (Richardson et al. 2008), and 

~75–225 stems m-2 in Montana grasslands (Lesica and Hanna 2004). My density of 

immature Euphorbia (6.55–105 per m2) was well within these ranges, but my 4× 

treatment exceeded TRNP field seedling densities by a factor of 6.6.  However, the 

densities of mature Euphorbia in my study (0.756–12.1 per m2) were on the lower range 

of field densities, which were up to ~20 times my 4× treatment.  Euphorbia biomass in 

the field may also exceed the density used in my experiments. Above-ground dry 

Euphorbia biomass ranged from 2.9–49.7 g/m2 in Idaho riparian areas (Progar et al. 

2010), 41.6–75.2 g/m2 in various vegetation types at TRNP (Larson and Grace 2004), and 

~45–250 g/m2 in Montana rangelands (Rinella and Hileman 2009). My mature Euphorbia 

treatments (9.3–149 g Euphorbia per m2) were well within the range of field populations, 

but they may be up to 1.67 times my 4× treatment (for Montana rangelands). However, 

these field Euphorbia biomass estimates were above-ground only, while ours was total 

plant biomass, meaning that field mass per area could be even higher if root mass were 

included. 

The Euphorbia root exudate concentrations I used appear to be well within 

realistic field concentrations, but there are three important caveats to this assertion. First, 
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Euphorbia root exudates are likely exuded into a larger volume of soil than the volume 

occupied by the majority of the seed bank. Most seeds in Great Plains mixed grassland 

seed banks were found within the top 5 cm of soil (Perez et al. 1998). However, a 

majority of Euphorbia roots (56.2%) were found within the top 15 cm of soil in 

Saskatchewan, Canada prairies (Coupland and Alex 1954), and the roots can penetrate up 

to 4.8 meters deep (Bakke 1936).  Therefore, the exudates that seed banks are exposed to 

may be only a fraction of the total exuded by Euphorbia plants in the field. Second, soil 

microbes use root exudates as a carbon source (Curl and Truelove 1986), and the 

potential allelopathic activity of root exudates can be modified by soil organisms (Inderjit 

2001, Kaur et al. 2009), neither of which were accounted for in my study. Lastly, 

however, field Euphorbia densities can greatly exceed those used in my research, as 

explained above. This may partially mitigate the prior two caveats, but additional 

research is required to determine if seeds in the seed bank are exposed to Euphorbia root 

exudate concentrations similar to those used in my study, and if reductions in native seed 

germination occur in response to exudates in field settings. 

Most studies of invasive plant allelopathic effects on native plant germination 

have used non-living invasive plant material, which is appropriate in contexts where dead 

and decaying plant tissues have an impact, including the influence of invasive plant litter 

on native communities (Sheley et al. 2009, Eppinga et al. 2011). However, this approach 

is not appropriate to assess the effects of living invasive plants on native plant 

communities, and studies using only dead tissues may have limited application in 
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ongoing plant invasions. My study, along with others that use exudates from living 

plants, provides a way of addressing these concerns.  

All of the plant species in my study varied with respect to their susceptibility to 

the 15 fungal isolates, but Euphorbia exhibited a larger amount of damage than most of 

the native species, indicating a high susceptibility to fungal pathogen infection (Figure 

4-2 and Appendix 7 B). Other research also found multiple Rhizoctonia and Fusarium 

spp. from the Great Plains that cause significant damage, and death, to Euphorbia (Caesar 

1994, 1996, Caesar et al. 1999). In my study, four native plant species (Helianthus, 

Linum, Nassella and Vicia) exhibited damage equal to or greater than that shown by 

Euphorbia. In previous research on 11 Fusarium spp. strains from the Great Plains that 

are pathogenic to Euphorbia, the dry weight of three native grass species were also 

significantly reduced by some of these strains: Idaho fescue (Festuca idahoensis), big 

bluestem (Andropogon gerardi), and big bluegrass (Poa ampla) (Caesar et al. 1999). If 

the response of a group of native plants to a particular pathogen is negative, and if that 

pathogen is accumulating in the soils due to Euphorbia, then those native species may 

also decrease in abundance. 

Despite the negative effects of exudates alone on plant germination, there were 

consistent benefits to native plant germination and growth when both Euphorbia root 

exudates and fungal pathogens were present (Figure 4-3 and Figure 4-4). There are two 

reasons why the addition of pathogens to soils with exudates may have had a positive 

effect on the plants. First, the fungi may be using carbon compounds in the exudates that 

are easily metabolized (Parmeter 1971, Hunt et al. 1987, Pollierer et al. 2012), leading to 
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reduced pathogen attack on the seeds and seedlings, and if exudates are being broken 

down, they would have no negative effects on native plants. This effect may be 

temporary: if my study continued beyond 30 days, I may have observed greater impacts 

from the pathogens if exudate-derived carbon sources diminished over time. However, 

this would only be the case if Euphorbia plants were no longer present (e.g., if Euphorbia 

presence was removed via a control program). Second, Euphorbia exudates may inhibit 

some fungal pathogens. Root exudate inhibition of soilborne pathogens has been 

observed in agricultural (Park et al. 2004, Steinkellner et al. 2005, Hao et al. 2010, 

Kumar et al. 2010, Yuan et al. 2012) and invasive plants (Prithiviraj et al. 2007, Zhang et 

al. 2009). If Euphorbia exudates suppress soilborne fungal pathogens, then the plants 

growing in soils with these exudates would likely be under reduced pathogen attack, 

resulting in higher native plant germination rates and larger plant biomass, which are two 

things that I observed in some treatment combinations. This would lend support for the 

novel weapons hypothesis (NWH), especially if localized pathogen inhibition induced by 

Euphorbia exudates does not provide strong benefits for neighboring native plants in 

field settings. Further research on this topic, especially through longer-term field studies, 

would help identify if exudate/pathogen interactions benefit plant recruitment and growth 

in the wild, as I found, or if these effects are temporary. 

Benefits from exudate/pathogen interactions were not ubiquitous among all the 

isolates. In particular, R. solani 1 tended to reduce rates of germination and plant growth, 

especially in high inoculum densities. This pattern is consistent with the accumulation of 

local pathogens hypothesis (ALPH); however, without quantification of fungal 
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populations in the soil, the mechanisms behind this pattern, and the previously described 

enhancement of native plants, remain uncertain. Additional work quantifying fungal 

populations in the soil would further elucidate these mechanisms. 

My findings add to the growing body of evidence that Euphorbia interacts with 

soil microbiota to create soil microbial “legacies” that can affect native plant 

communities. Previous studies indicate that impacts from Euphorbia are largely negative 

towards natives (Jordan et al. 2008, Jordan et al. 2011). These studies focused on 

mutualistic arbuscular mycorrhizal fungi and did not explicitly involve fungal pathogens, 

which can have different impacts on plant communities than the mutualists. What these 

studies and ours have in common, however, is that soil microbial legacy effects can be 

species-specific, where some native species are negatively affected, some are unaffected, 

and some benefit from the Euphorbia-soil microbiota feedbacks. Additionally, feedback 

effects are not only specific to the plant species, but are also specific to the fungal 

pathogens involved, illustrated in particular by the opposing effects I observed from R. 

solani 1 compared to the other isolates. 

My research on Euphorbia root exudates indicates that the abundance of 

Euphorbia commonly found in field settings may be high enough to cause reductions in 

native plant germination. I further suggest that observed reductions in native plant 

recruitment and species richness in areas occupied by Euphorbia in the Great Plains 

(Lesica and Hanna 2009, Butler and Wacker 2010) may result, in part, from the direct 

action of Euphorbia root exudates. While I cannot propose that Euphorbia abundances 

greater than a given level are problematic, the fact that I found strong reductions in native 
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seed germination for many species at densities greater than 6.05 Euphorbia per m2 is 

suggestive of negative impacts occurring at even low Euphorbia densities. 

The enhancement of native plant germination and biomass of most species in my 

study when both Euphorbia root exudates and fungal pathogens were present indicates 

that native plant establishment may not be negatively impacted by exudate/pathogen 

interactions, at least in the short-term. However, my study involved a single application 

of Euphorbia root exudates and only lasted one month. Moreover, such effects are likely 

to be highly localized as a function of the exudate diffusion dynamic within the 

Euphorbia rhizosphere or in the bulk soil. Additionally, the combined presence of 

Euphorbia root exudates and R. solani 1 reduced the biomass of Echinacea and Vicia 

seedlings, indicating that some pathogens may have negative impacts on the 

establishment of particular native species when Euphorbia plants are present. If the 

continuous interaction between Euphorbia and pathogens eventually results in pathogen 

accumulation, native plant populations may be negatively impacted. For example, if 

Euphorbia exudates serve as a carbon source for soilborne pathogens, this may 

eventually increase soil pathogen populations, or Euphorbia exudates may enhance 

native plant host infection in the long run. Biocontrol organisms may also lead to 

additional pathogen accumulation, as was observed around Euphorbia roots when root-

feeding herbivorous insects were present (Caesar 2003).  If pathogen accumulation 

occurs through the application of biocontrol organisms such as flea beetles, alternative 

control methods will be required in settings where successful native plant recruitment is 

crucial to management goals.  
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Table 4-1. Supplementary information for fungal pathogens.  All 15 isolates were used in 

the pathogen assay, and isolates denoted with an asterisk in the code column were used 

for the greenhouse experiment (Fo3 below is Fo in the greenhouse experiment). Carol 

Windels (University of Minnesota, Crookston) supplied the isolates Rs1 through Rs10, 

and Jim Kurle (University of Minnesota, Twin Cities) supplied Rs11 and the four 

Fusarium spp.  

Code Fungal pathogen Isolate Origin 
Rs1* Rhizoctonia solani 87-18-2 Baited from soil, Walsh County, ND 
Rs2* Rhizoctonia solani 14-5-3 Baited from soil, Marshall County, MN 
Rs3* Rhizoctonia solani E-0-20 Isolated from wheat, Roseau County, MN 
Rs4 Rhizoctonia solani 95-3-6 Isolated from sugar beet, NW MN 
Rs5 Rhizoctonia solani 86-17-17 Isolated from sugar beet, Polk County, MN 
Rs6 Rhizoctonia solani 95-16-6A Isolated from sugar beet, Pembina County, ND 
Rs7 Rhizoctonia solani 86-34-8 Isolated from sugar beet, Traill County, ND 
Rs8 Rhizoctonia solani 88-11-3 Baited from soil, Pembina County, ND 
Rs9 Rhizoctonia solani 88-12-2 Baited from soil, Polk County, MN 
Rs10 Rhizoctonia solani 86-4-1 Isolated from sugar beet, Southern MN 
Rs11 Rhizoctonia solani 5/7 Windels 

4-58-035 
Baited from soil, MN 

Fo1 Fusarium oxysporum 452-8A Baited from soil, MN 
Fo2 Fusarium oxysporum                                       

f.sp. medicaginis 
7F3 (#9) Baited from soil, MN 

Fo3* Fusarium oxysporum 
f.sp. medicaginis 

3/F3 (#3) Baited from soil, MN 

Fs* Fusarium solani 910-4 Baited from soil, MN 
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Table 4-2. Exudate treatment effects on native plant germination for adult and immature 

Euphorbia root exudates. Degrees of freedom (DF) are displayed as 

numerator/denominator, and P-values less than 0.05 are in bold. 

   

Species Day DF F P DF F P

Artemisia 5 6,12 5.09 0.008 6,12 8.99 0.001
10 6,12 1.92 0.158 6,12 5.520.006
15 6,12 1.26 0.343 6,12 2.93 0.054

Bouteloua 5 6,13 16.2 <.001 6,12 44 <.001
10 6,13 1.45 0.268 6,12 0.69 0.665
15 6,13 0.88 0.535 6,12 0.09 0.996

Echinacea 5 6,13 1.81 0.175 3,12 3.03 0.071
10 6,13 3.93 0.019 6,12 32.8 <.001
15 6,13 1.59 0.227 6,12 48.6<.001

Helianthus 5 6,13 5.87 0.004 6,12 3.9 0.021
10 6,13 0.42 0.851 6,12 1.15 0.394
15 6,13 0.61 0.718 6,12 1.49 0.261

Koeleria 5 6,13 4.76 0.009 6,13 4.35 0.013
10 6,13 1.43 0.276 6,13 1.94 0.149
15 6,13 0.98 0.478 6,13 0.84 0.56

Linum 5 6,13 3.83 0.02 6,12 13.7 <.001
10 6,13 0.17 0.98 6,12 0.35 0.897
15 6,13 0.27 0.942 6,12 0.36 0.889

Nassella 5 5,10 0.63 0.68 4,7 37.3<.001
10 5,10 1.95 0.173 4,7 15.20.002
15 5,10 2.49 0.103 4,7 0.87 0.527

Pascopyrum 5 5,10 0.67 0.654 4,7 10.70.004
10 5,10 0.46 0.799 4,7 2.91 0.103
15 5,10 0.23 0.943 4,7 0.39 0.81

Ratibida 5 6,14 1.62 0.215 6,13 0.58 0.742
10 6,14 1.12 0.401 6,13 0.35 0.898
15 6,14 0.89 0.53 6,13 0.33 0.907

Symphyotrichum 5 6,13 5.33 0.006 6,12 9.66 0.001
10 6,13 0.61 0.718 6,12 9.230.001
15 6,13 0.33 0.907 6,12 5.180.008

Vicia 5 5,11 0.55 0.734 6,12 17 <.001
10 5,11 1.1 0.414 6,12 8.970.001
15 5,11 0.97 0.477 6,12 4.10.018

MatureImmature
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Table 4-3. Summary of effects from immature (I) and mature (M) Euphorbia exudates on 

native plant seed germination. Temporary = significant treatment effects at five or 10 

days, but not 15; Persistent = significant treatment effects by days 10 and 15. The asterisk 

indicates marginally non-significant effects on day 15 (P = 0.054). 

   

Species Temporary Persistent
Artemisia I M*
Bouteloua I, M -
Echinacea I M
Helianthus I, M -
Koeleria I, M -
Linum I, M -
Nassella M -
Pascopyrum M -
Ratibida - -
Symphyotrichum I M
Vicia - M
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Table 4-4. Inoculum density and exudate concentration effects on native plant 

germination for each fungal isolate. Germination data are combined across all species for 

each fungal isolate.  P-values less than 0.05 are in bold. 

 
  

Isolate Effect DF F P
R. solani  1 Density 1,266 777 <.0001

Exudate 2,266 8.89 0.0002
Density × Exudate 2,266 1.88 0.172

R. solani  2 Density 1,266 37.48<.0001
Exudate 2,266 2.89 0.0574
Density × Exudate 2,266 0.3 0.739

R. solani  3 Density 1,266 200 <.0001
Exudate 2,266 318.5<.0001
Density × Exudate 2,266 ∞ <.0001

F. oxysporum Density 1,266 0.68 0.4101
Exudate 2,266 15.36<.0001
Density × Exudate 2,266 ∞ <.0001

F. solani Density 1,266 17.13 <.0001
Exudate 2,266 3.21 0.0418
Density × Exudate 2,266 1.43 0.2401

Control Exudate 2,119 37.82<.0001
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Figure 4-1. Examples of Euphorbia root exudate effects on germination of Echinacea 

(A), Koeleria (B), and Ratibida (C) over 15 days. Germination is represented as the 

percent difference in germination compared to the water control [(treatment ÷ water) × 

100], and only the effects from mature Euphorbia are shown above. These three graphs 
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represent the common patterns of exudate effects: persistent effects throughout the study 

(A), temporary effects at the beginning (B) and no effects at any stage (C). Bar heights 

are least square mean estimates and error bars are 95% confidence intervals. Different 

letters above bars represent different estimates via Tukey HSD tests; separate analyses 

conducted within each day. Note: the asterisk for the 4× exudate concentration at day five 

for Echinacea indicates zero seeds germinated. Full output of all graphs is shown in 

Appendix 6.  
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Figure 4-2. Pathogen damage ratings to Euphorbia and twelve native plant species from 

15 fungal isolates. Bar heights are average damage ratings for each isolate, and error bars 

are ± one standard error. Isolates that caused significantly different damage to a given 

native plant species, as determined via Steel-Dwass nonparametric pairwise comparisons, 

are indicated with different letters. Isolates without letters did not have significantly 

different damage ratings from other isolates or the non-inoculated control. Isolates 

indicated with an asterisk were used in the pathogen/exudate glasshouse experiment. 
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Figure 4-3. Germination proportion of all species combined under pathogen and 

Euphorbia root exudate treatments for the five pathogens and the non-inoculated control. 

Exudate treatments are no exudate (open bars), and low (light gray) and high (dark gray) 

exudate concentrations, and pathogen treatments are no inoculum (no pattern), and low 

(coarse diagonal lines) and high (fine diagonal lines) inoculum densities. Bar heights are 

estimates of least square means, and error bars are 95% confidence intervals, determined 

via generalized linear mixed models. Different letters above bars represent different 

estimates via Tukey HSD tests; germination for each pathogen and the non-inoculated 

control was analyzed separately. Note: different magnitudes in confidence levels among 

pathogens results partially from different distributions and link functions used for the 

pathogens, and some error bars are not visible due to the vertical axis scale. 
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Figure 4-4. Per plant biomass of Echinacea (A), Helianthus (B), Koeleria (C), Pascopyrum (D) and Vicia (E) under pathogen and 

Euphorbia root exudate treatments for the five pathogens and the non-inoculated control. Exudate treatments are no exudate (open 

bars), and low (light gray bars) and high (dark gray bars) exudate concentrations, and pathogen treatments are no inoculum (no 

pattern), and low (coarse diagonal lines) and high (fine diagonal lines) inoculum densities. Bar heights are least square mean 

estimates, and error bars are 95% confidence intervals. Different letters above bars represent significantly different least square means; 

biomass for each pathogen was analyzed separately. Note: the differences shown between treatment combinations in the R. solani 1 

and 2 inoculations for Koeleria were marginally insignificant via Tukey’s HSD tests (P = 0.051 and 0.052, respectively).
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Chapter 5: 

Exotic and native prairie plant root exudates vary in 

their effects on soilborne fungal pathogen growth 

 
Invasive plants often have a selective advantage over native plants in their invaded 

range, which may result from plant-microbe interactions that are simultaneously 

beneficial for the invasive and detrimental for native species. Slow native plant 

recovery has occurred in areas previously dominated by leafy spurge (Euphorbia esula), 

a widespread invasive plant in the northern Great Plains, which may be caused by an 

accumulation of fungal pathogens in soils of Euphorbia spp. when exposed to root-

feeding herbivores. I investigated the relative effects of leafy spurge and eight native 

plant root exudates on in vitro growth of five fungal plant pathogens (Rhizoctonia and 

Fusarium spp.) from soils of the Great Plains. The effects of root exudate concentration 

and polar vs. nonpolar exudates on fungal growth were also evaluated. Leafy spurge 

root exudates inhibited fungal growth more than exudates from several native plant 

species, indicating that pathogen accumulation from leafy spurge may not occur for the 

fungal isolates studied. Grass species enhanced fungal pathogen growth more than 

forbs, and fungal growth varied significantly among plant species. Root exudate 

concentration influenced fungal growth, with some plant species increasing and other 

species decreasing growth with increasing exudate concentration. Concentration effects 

also varied between the fungal genera, with Rhizoctonia growth enhanced and Fusarium 
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growth reduced with increasing exudate concentration. Polar and nonpolar exudates had 

varying effects on pathogen growth among plant species, and between fungal genera. 

While leafy spurge root exudates did not enhance growth of the fungal isolates in my 

study, the variety of responses observed suggests that a broader sample of pathogens 

may yield different results.  The potential influence of herbivory on pathogen 

accumulation also should be addressed. Additional research into these topics will more 

conclusively determine if pathogens are responsible for reduced native plant recovery in 

areas formerly occupied by leafy spurge. 

 

Introduction 

Plant pathogenic fungi often play a critical role in determining plant community 

composition (Bruehl 1987, Mordecai 2011), and these pathogens can, in turn, be 

strongly influenced by plant root exudates (Schroth and Hildebrand 1964, Curl and 

Truelove 1986). Root exudates can both stimulate (Nelson 1990, Mandeel 2006) and 

inhibit (Park et al. 2004, Yokose et al. 2004, Hao et al. 2010) germination and growth of 

different pathogenic fungi, and they can influence diversity of soilborne pathogens 

(Broeckling et al. 2008). Variation in fungal responses to root exudates can depend on 

the concentration (Lagrange et al. 2001) and composition (Nelson 1990) of exudate 

compounds, which vary with plant species, plant growth stage and environmental 

conditions (Grayston et al. 1997, Neumann and Römheld 2001). Carbon-rich simple 

sugars and amino acids (polar molecules) can be a nutrient source supporting 
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saprotrophic growth of fungi (Parmeter 1971), while phenols (nonpolar) and other 

secondary metabolites can have the opposite effect, often being antibiotic in nature 

(Stevenson et al. 1995, Bais et al. 2005, Hao et al. 2010, Kumar et al. 2010). These 

antibiotics do not affect all fungal pathogens, which can vary in their ability to produce 

detoxifying enzymes or metabolize antibiotics (Bouarab et al. 2002). Despite the 

importance of these plant-pathogen relationships, the influences of root exudates and 

the polarity of their components on fungal pathogens are infrequently studied, and not 

well-known. 

Leafy spurge (Euphorbia esula), an invasive exotic plant in North America, 

often dominates areas to the exclusion of native plants. Its success as an invader, 

particularly in the northern Great Plains, may partly reflect competitive advantages the 

plant obtains through native enemy escape (Messersmith et al. 1985). One of the major 

hypotheses explaining the success of exotic plants in areas they invade is the enemy 

release hypothesis (ERH), which posits that exotics are under reduced attack from pests 

and pathogens in the introduced range compared to their native range (Keane and 

Crawley 2002). However, experimental support for the ERH is mixed (Colautti et al. 

2004, Blumenthal et al. 2009), and invasive plants can actually accumulate pathogens in 

their invaded ranges instead of escape from them. This type of pathogen accumulation 

has been implicated in the success of some invasive plant species: there may be stronger 

negative effects of generalist pathogens, which infect a broad range of hosts, on natives 

than invasives (Eppinga et al. 2006, Mangla et al. 2008).  One mechanism for this 

accumulation could be carbon-rich root exudates. For example, root exudates from 
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Chromolaena odorata, an invasive plant in the Old World tropics, increased the density 

of fungal pathogen (Fusarium spp.) spores in field soils, leading to reduced native plant 

growth (Mangla et al. 2008). In a study on Euphorbia esula/virgata and E. stepposa in 

the US, Europe and Asia, Caesar (2003) found an increased population of Fusarium 

spp. in soil adjacent to Euphorbia roots when root-feeding insects were present vs. 

when they were absent, presumably in response to root exudates.  

Euphorbia infestations in North America are frequently controlled using 

biocontrol insects such as flea beetles (Aphthona spp.), whose larvae are root 

herbivores. However, native plant recovery following Euphorbia control by flea beetles 

has been slow and incomplete, with native species diversity and abundance rarely 

returning to pre-invasion levels (Lesica and Hanna 2009, Butler and Wacker 2010). 

Herbivory has been demonstrated to stimulate root exudation in other species (Holland 

et al. 1996), which can subsequently influence the soil microbial community (Denton et 

al. 1999, Currie et al. 2006). This may contribute to the potential for Euphorbia root 

exudates to alter soil microbial communities. If Euphorbia root exudates stimulate 

fungal pathogens, high soil pathogen populations may result, leading to subsequent 

reduced native plant recruitment. It is unknown, however, if fungal pathogens respond 

differently to Euphorbia compared to native plant root exudates. 

I hypothesize that Euphorbia root exudates enhance the growth of soilborne 

fungal pathogens, and that the growth response of fungal pathogens is stronger when 

subjected to Euphorbia root exudates than to native plant root exudates. To address this 

hypothesis, I compared the responses of five fungal pathogens to multiple 
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concentrations of root exudates from leafy spurge and eight native plant species from 

the northern Great Plains. I had three objectives: 1) to examine leafy spurge and native 

plant root exudate effects on fungal pathogen growth; 2) to determine the relationship 

between root exudate concentration and fungal growth; and 3) to quantify how fungal 

growth varied with the polarity of exudate components.   

 

Methods 

Root exudate preparation 

Root exudates of Euphorbia (leafy spurge) and eight native species, including 

the grasses Bouteloua gracilis (H.B.K.) Lag. ex Griffiths, Koeleria macrantha (Ledeb.) 

Schult., Nassella viridula (Trin.) Barkworth, and Pascopyrum smithii (Rydb.) Á. Löve, 

and the perennial forbs Artemisia frigida Wiild., Echinacea angustifolia DC, Helianthus 

pauciflorus Nutt., and Linum lewisii Pursh, were studied here.  These species are native 

to the northern Great Plains and occur in areas where Euphorbia is a frequent invader.  

Seeds of the native species were acquired from the Bismarck Plant Materials Center 

(Natural Resources Conservation Service, U.S. Department of Agriculture; Bismarck, 

ND, USA), Wind River Seed (Manderson, WY, USA), and from Prairie Moon Nursery 

(Winona, MN, USA).  Native plants were reared from seed in polypropylene containers 

(6 L volume) filled with perlite in a greenhouse with 12 h/day supplemental light for a 

period of 6 months.  Euphorbia plants were reared for one year prior to the experiment 

in 20 cm pots with potting soil medium; mature Euphorbia plants were used because 
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Euphorbia-invaded areas are dominated by mature plants. Hoagland’s solution was 

applied at 100 ml/container/month for to all plant species. At the conclusion of the 

growth period, plants were harvested and roots were gently cleaned of most of the 

perlite or soil mix and rinsed with deionized water.  At least 10 g fresh weight per 

species was used for exudate collection, but plant numbers and mass used for exudate 

collection were not equal among species due to varying germination rates and plant 

size. For each species, all plants (N = 3 (Euphorbia) to 293 (Bouteloua)) were loosely 

bundled, their roots were soaked in one liter of sterile deionized water for 24 hours, and 

the liquid (hereafter, exudate solution) was removed.  Subsequently, dry root and shoot 

mass were weighed after oven drying (50°C for 4 days). 

Ethyl acetate extractions were performed on exudate solutions immediately after 

collection in order to separate polar (e.g., carbohydrates such as glucose) from nonpolar 

(e.g., phenols and polyphenols) components.  Exudate solutions were added to an equal 

volume of ethyl acetate, mixed, and the ethyl acetate was separated from the aqueous 

layer in a separation funnel.  Extractions were performed three times for each exudate 

solution. The ethyl acetate (~3 liters) and aqueous (~1 liter) portions were dried in a 

vacuum using a rotary evaporator (Heidolph Instruments GmbH & Co. KG, Schwabach 

Germany).  The resulting dried exudates were dissolved into methanol or deionized 

water for the ethyl acetate (nonpolar) and the aqueous (polar) phases, respectively, and 

the resulting solutions were placed in 30 ml glass vials and dried down in a centrifugal 

evaporator (Eppendorf, Hamburg, Germany). Ethyl acetate extractions yielded an 
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average of 6.86 (±1.34 SE) mg dried product per original liter of plant exudate solution, 

while aqueous extractions yielded an average of 119 (±17.8 SE) mg. 

Disc and plate preparation 

The paper disc diffusion method was used to determine the effects of root 

exudates on fungal growth. This method has been used to examine the effects of plant 

extracts on Rhizoctonia solani (Sehajpal et al. 2009) and bacteria (Shanab et al. 2010). 

Filter paper discs (grade 113, wet strengthened, 30 µm thick, 7.2 mm diameter; 

Whatman, Little Chalfont, UK) were sterilized by autoclaving and placed on a sterile 

plastic petri dish under a laminar flow hood for root exudate application. Dried ethyl 

acetate and aqueous extractions were put back into solution using methanol and 

deionized water, respectively, to yield the following exudate/solvent ratios: 20 mg/ml 

and 1 mg/ml for aqueous and ethyl acetate fractions, respectively. Resulting solutions 

were filter sterilized (0.2 µm) and applied to the discs. The aqueous extractions yielded 

an average of 18.6 times the mass of the ethyl acetate extractions, so a broader range of 

concentrations was explored for aqueous than for ethyl acetate extractions. For the 

aqueous extractions, three concentrations for all species were applied to discs: 0.01, 0.1, 

and 1 mg of dried exudate product per disc (aka, low, medium, and high 

concentrations). For the ethyl acetate extractions, exudate concentrations per disc 

depended on the mass of exudate extract available for each species. For smaller yields 

(Bouteloua, Echinacea, Koeleria, Nassella, and Pascopyrum), 0.01, 0.025, and 0.05 mg 

dried product per disc were used, while for the remaining species (Artemisia, 

Euphorbia, Helianthus, and Linum), 0.01, 0.05, and 0.1 mg dried product per disc were 
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used (low, medium, and high concentrations, respectively). Volumes of 0.005 to 0.01 

ml of exudate solution were applied to each disc, which were then air dried and 

applications were repeated as necessary to achieve the desired exudate concentration per 

disc. Exudate concentrations were scaled to total plant biomass for each species using 

the following conversion: plant mass (g) per disc = exudate mass (mg) per disc × [plant 

mass (g) / total exudate residue mass from extraction (mg)]. Water (polar) and ethyl 

acetate (nonpolar) extractions were analyzed separately. 

Five plant pathogenic fungi were used in this study: Rhizoctonia solani (isolates 

87-18-2, 14-5-3, and E-0-20; hereafter R. solani 1, 2, and 3, respectively) one Fusarium 

oxysporum f.sp. medicaginis (isolate 3/F3(#3)) and one F. solani (isolate 910-4) (Table 

5-1). These fungi were isolated from soils and plants in the northern Great Plains and 

are common pathogens found on many plant hosts worldwide (Carling and Sumner 

1992, Windels 1992). All of these fungi were used in a previous greenhouse experiment 

(see Chapter 4). Inoculum for each fungus was prepared by blending one water agar 

plate containing 14 days of fungal growth with 80 ml of sterilized deionized water in an 

Oster blender for 60 seconds (Sunbeam Products, Inc., Rye, NJ, USA).  This slurry was 

mixed with molten but cooled water agar solution at a ratio of 20.8 ml inoculant slurry 

per 500 ml water agar solution for all fungi but one. Fusarium oxysporum, which 

yielded higher colony forming unit (cfu) counts than the other isolates, was mixed at a 

rate of 10.4 ml slurry with 500 ml water agar. Five ml of inoculated water agar was 

poured onto the surface of previously prepared and solidified water agar in petri plates 
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(~20 ml per plate) and allowed to cool – these plates were used in the final experimental 

setup (described below). 

There were a total of 65 disc treatments in this experiment: exudates from nine 

plant species, with three concentrations from each of the two extractions (ethyl acetate 

& aqueous) for each plant species, and 11 control treatments. Four types of controls 

were used in this experiment: deionized water, methanol, dextrose, and blank (nothing 

added to discs). The deionized water and methanol were each applied to discs using the 

same volumes of water and methanol applied to discs for the aqueous (0.01, 0.1, and 1 

ml/disc; three aqueous controls) and ethyl acetate (0.01, 0.025, 0.05, and 0.1 ml/disc; 

four methanol controls) extractions, respectively. The dextrose control was composed of 

dextrose solution (1 g dextrose/100 ml deionized water) approximating the range of 

carbon in carbohydrates expected to occur in root exudates (Jalali and Suryanarayana 

1971, Aulakh et al. 2001), and applied at 0.01, 0.1, and 1 mg dextrose per disc. The 

deionized water, methanol, and dextrose solutions were filter sterilized (0.2 µm) before 

application to discs. Finally, a no-addition, disc-only control was also evaluated. The 

water and methanol controls could not be compared directly to plant root exudate 

treatments, which were on a mass basis, but were rather used to determine if volume or 

type of solvent applied had an effect on fungal growth. 

To evaluate pathogen responses to plant exudates, exudate-infused discs were 

placed on the previously-described inoculated water agar plates. Each plate received six 

discs, which were placed uniformly on each plate using a template. In the root exudate 

treatments, all six treatments (three concentrations of each of the two extractions) for an 
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individual plant species were placed on the same plate. The deionized water and 

dextrose controls were placed on the same plate, and methanol and blank controls were 

placed on a single plate. Each treatment combination was replicated on six different 

plates for each of the five fungal isolates. Plates were incubated at approximately 24 °C 

for 28 days. Mycelial growth was detected on the plates within 3 days, but enhanced 

growth surrounding the discs was not observed until ~7-10 days after inoculation, and 

growth of the fungi around the discs continued slowly until ~21-28 days after 

inoculation. 

Measurement and analysis 

Agar plates were photographed after 28 days of incubation using a black matte 

foam core background and fluorescent back lighting. Fungi grew immediately adjacent 

to every disc, perhaps caused by fungal growth on the cellulose in the paper discs, 

which is known to occur in R. solani (Garett 1962), F. oxysporum (Johnston 1962), and 

F. solani (Wood and Phillips 1969). Fungal growth diameters were measured on the 

photographs using ImageJ v. 1.46 (Rasband 1997-2012). Specifically, two 

perpendicular diameters were determined for each disc, from the edge of the disc to the 

edge of the enhanced fungal growth. All zone diameters were averaged per disc 

(replicate) prior to analysis. These diameters were used to evaluate the relative 

inhibition or enhancement of fungal growth among the root exudate treatments, with 

inhibition referring to smaller zone diameters, and enhancement referring to larger zone 

diameters, than other treatments. 
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The effects of root exudate concentrations on fungal growth could be analyzed 

as categorical variables (i.e., low, medium, and high exudate concentrations) or 

continuous variables (exudate from a given plant mass). Both approaches were used in 

this study, as using only one approach may lead to different conclusions about treatment 

impacts compared to the other approach. This may not normally be the case when 

comparing the output these types of analyses, especially when linear models are used 

for both approaches, but that was not the case with my data. Re-scaling the root 

exudates to a plant mass basis shifted species with larger plant mass:exudate ratios to 

higher ranges on the exudate axis, and species with smaller ratios to lower ranges. In 

turn, this changed species intercepts and slopes, which affected the probability of the 

regression lines being similar. 

Differences in fungal colony diameters among root exudate concentrations (low, 

medium, and high), among plant species, and between polar and non-polar root 

exudates were analyzed using generalized linear mixed models (GLMM). A full 

factorial model, with plant species, exudate concentration, and polarity as fixed effects, 

was used to determine how fungal growth varied for each fungal isolate. Reduced 

models were used to examine interactions of plant species with exudate concentration, 

and plant species with polarity, in cases where three-way interactions were non-

significant. 

The influence of plant species on the linear relationship between root exudate 

concentration and fungal growth was analyzed using analyses of covariance 

(ANCOVA). A full-factorial model similar to that used in the GLMM was used to 
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examine how fungal growth varied with the three fixed effects, except that exudate 

concentration was a continuous variable. To determine how fungal growth varied with 

exudate species and concentration, separate analyses were performed on each fungal 

isolate/polarity combination. Lastly, to determine how fungal growth varied with 

exudate concentration and polarity, analyses were performed on each fungal 

isolate/plant species combination. Multiple comparisons for this final analysis were 

created using preplanned contrasts to determine significance of differences among plant 

species in exudate concentration/fungal isolate relationships. All ANCOVA models had 

Pearson chi-square/degrees of freedom ratios of less than one and were therefore 

considered to fit the linear models. 

The GLMMs and ANCOVAs were run using the GLIMMIX procedure in 

SAS/STAT v. 9.3 (SAS Institute Inc., Cary, NC, 1989-2011), with code modified from 

Littell et al. (2006). Petri plates were used as a random blocking effect.  Most of the 

data were non-normal; normality was achieved using the lognormal conditional 

probability distribution (using a log link function), or using Johnson Sl or Su 

transformations (Johnson 1949, Chou et al. 1998) and subsequently analyzed using the 

normal probability distribution. Since exudates were applied in exponential (or close to 

exponential) concentrations, plant masses per disc were log-transformed prior to 

ANCOVAs. The Satterthwaite approximation method was used to calculate 

denominator degrees of freedom to account for missing values; this was chiefly a 

concern for F. solani, where there was little fungal growth on approximately 1/3 of the 

petri plates. Multiple least square means comparisons were adjusted using Tukey’s HSD 
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tests for the GLMMs, and using the Bonferroni method for the ANCOVA.  The values 

used in figures are estimates and 95% confidence intervals that were back-transformed 

into the scale of the original data, and P-values less than 0.05 were deemed as 

significant. 

 

Results 

Euphorbia vs. native plant root exudate effects on fungal growth 

Euphorbia root exudates did not significantly enhance the growth of any of the 

fungal isolates in my study relative to native plant species. On the contrary, Euphorbia 

root exudates significantly inhibited fungal growth more than the exudates from some 

native plant species (Figure 5-1). In general, grass species tended to enhance fungal 

growth compared to forb species, while Euphorbia and the other forbs tended to inhibit 

fungal growth (Figure 5-1).  Specifically, Bouteloua, Nassella, and Koeleria enhanced 

growth of more fungi than they inhibited, but Echinacea, Euphorbia, Artemisia and 

Helianthus inhibited more fungi than they enhanced. The remaining two plant species, 

Linum and Pascopyrum, inhibited and enhanced equal numbers of fungal isolates (two 

and one isolates, respectively). However, the total plant biomass from which root 

exudates were collected was not correlated with fungal response to root exudates for 

any plant species, eliminating plant mass as a potential confounding variable. Fungal 

growth was also not significantly impacted by dextrose mass, or by water or methanol 
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volume, applied to control discs. The disc-only control means and standard errors are 

displayed for comparative purposes on the GLMM figures. 

Plant species varied significantly in their effects on fungal growth, which is 

consistent with previous research (Table 5-2). For example, Nassella exudates induced 

more growth (greater increases in fungal diameters) than did Echinacea, Euphorbia, or 

Helianthus in R. solani 1 (t178 = -3.99, P = 0.003; t178 = -4, P = 0.003; and t178 = -6.04, P 

< 0.001, respectively), and Bouteloua exudates induced more fungal growth than 

exudates from all other plant species except Koeleria in R. solani 3 (t214 > 3.4, P < 0.02 

for all comparisons) (Figure 5-2). Similarly, fungal isolates varied in their sensitivities 

to specific exudate compounds. For example, Nassella exudates stimulated the growth 

of R. solani 1 more than other plant exudates, but did not stimulate the growth of R. 

solani 3 more than other plant species (Figure 5-2). 

Concentration had a significant effect on fungal growth for exudates from some 

plant species but not others (Figure 5-2 and Figure 5-3). For example, the growth of F. 

oxysporum among concentrations was dependent on the root exudate species. Its growth 

did not vary among concentrations for Artemisia, Echinacea, Helianthus and Nassella 

root exudates, but high concentration Euphorbia, Koeleria, Linum and Pascopyrum root 

exudates inhibited growth compared to low concentrations (Figure 5-2). Species-

specific root exudate concentration effects on fungal growth in the ANCOVA are most 

easily observed in R. solani 3, F. oxysporum and F. solani (Figure 5-3 and Figure 5-4). 

For example, Artemisia polar root exudates enhanced the growth of R. solani 3 with 
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increasing concentration more than Euphorbia (t97 = 3.53, P = 0.023) and Pascopyrum 

(t97 = 3.55, P = 0.022) polar exudates (Figure 5-3).  

There was also a trend (mostly non-significant) of opposing fungal growth 

effects between Koeleria and Echinacea root exudates (as their concentration increased) 

in the ANCOVA. For example, Koeleria exudates caused fungal growth to decrease 

with increasing concentration, while Echinacea exudates caused a positive growth 

response, for polar exudates applied to both Fusarium isolates, and for nonpolar 

exudates applied to R. solani 3 and F. oxysporum (Figure 5-3 and Figure 5-4).  

Root exudate concentration and polarity effects on fungal growth 

Root exudate concentration had a significant effect on the growth of all isolates 

except F. solani (Table 5-2). This effect varied among the fungal isolates and between 

exudate polarities. For example, the two pathogen genera had distinct growth responses 

to root exudate concentration. Rhizoctonia isolates grew more with increasing exudate 

concentration, while Fusarium isolates grew less with increasing exudate concentration 

(Figure 5-2). This pattern was not consistent between polarities for Rhizoctonia, as the 

positive relationship between exudate concentration and growth was more often found 

for polar than nonpolar exudates (Figure 5-6). The exudates of four plant species caused 

significantly less growth of F. oxysporum at high than at low concentrations: Euphorbia 

(t197 = 6.41, P < 0.001), Koeleria (t197 = 9.57, P < 0.001), Linum (t197 = 5.42, P < 0.001), 

and Pascopyrum (t197 = 5.29, P < 0.001) (Figure 5-2). Therefore, root exudates of these 

four species inhibited F. oxysporum growth with increasing concentration. 
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Polar and nonpolar root exudates also had varying effects on fungal growth for 

all isolates in the GLMM, and for three isolates in the ANCOVA (Table 5-2). The 

polarity effect varied among the fungal isolates: all Rhizoctonia isolates and F. solani 

grew more when exposed to polar than nonpolar exudates, but exposure to nonpolar 

exudates caused F. oxysporum to grow more than exposure to polar exudates (Figure 

5-5). In nine of 44 fungal isolate-plant species combinations there was a significantly 

different fungal growth response between polar and nonpolar exudates, but the 

differences were not consistent among species or fungi (Figure 5-5). For three fungal 

isolates (R. solani 2 and 3, and F. oxysporum), polar and nonpolar exudates differed 

significantly in their effects on fungal growth for certain species, leading to significant 

plant species by polarity interactions. R. solani 2 exhibited contrasting polarity effects 

among species, shown best by comparing Koeleria, which stimulated greater fungal 

growth via polar than nonpolar exudates (t224 = -4.4, P = 0.002), with Pascopyrum, 

which exhibited the opposite trend (t224 = 5.75, P < 0.001) (Figure 5-5). R. solani 3 and 

F. oxysporum growth differed between polar and nonpolar exudates for some plant 

species (Artemisia, Bouteloua, Helianthus and Linum for R. solani 3; Echinacea, 

Euphorbia, Koeleria, and Pascopyrum for F. oxysporum), while fungal growth did not 

vary between exudate polarities for any other plant species in these isolates (Figure 

5-5). 

Polar and nonpolar root exudates also vary in their effects on Fusarium spp. 

growth with plant species and exudate concentration (i.e., three-way interactions; Table 

5-2 and Figure 5-4). For example, while root exudates of Koeleria inhibited F. 
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oxysporum growth more than exudates of other species for both polar and nonpolar 

exudates with increasing concentration, only nonpolar Echinacea exudates significantly 

enhanced fungal growth with increasing concentration (Figure 5-4 and Appendix 14). 

Therefore, plant species identity, and concentration and polarity of root exudates, 

simultaneously have significant influence on the growth of some fungal isolates. 

 

Discussion 

Effect of Euphorbia vs. native plant exudates 

Euphorbia exudates did not enhance pathogen growth: instead, they inhibited 

fungal growth more than some native plant species. This suggests it is unlikely that 

fungal pathogens selectively accumulate in soils surrounding Euphorbia roots if 

exudates alone determine fungal dynamics. However, only a small subset of fungal 

pathogens with which Euphorbia and native plants may interact were considered in this 

study, and more research is needed to determine if there are broader generalizable 

patterns. 

My results are consistent with previous work showing that the effects of root 

exudates on fungal pathogens vary among plant species (Nelson 1990). For example, 

grasses tended to encourage growth of large fungal colonies more often than forbs. 

While other comparisons of grass and forb effects on soilborne fungal pathogens are 

generally unavailable, van Elsas et al. (2002) hypothesized that grasses caused stronger 

microbial suppression in grassland compared to arable land soils towards the potato 
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pathogen Rhizoctonia solani AG3. Pathogen suppression, which is usually a function of 

pathogen-inhibiting (antibiotic-producing) microbes in soil, was not addressed in my 

research. Both fungal pathogen growth and antibiotic-producing bacterial populations 

could be enhanced, or inhibited, by plant root exudates, and in vivo studies would be 

necessary to determine the positive or negative feedbacks to plants. Additional research 

is needed to determine if soil pathogen populations differ in areas dominated by distinct 

plant functional groups, and the extent to which pathogens are influenced by plant root 

exudates directly, and indirectly via antibiotic-producing microbes. 

Among the native prairie plant species considered here, Koeleria and Echinacea 

exhibited the greatest difference in exudate concentration effects on fungal growth. 

With increasing root exudate concentration, Koeleria decreased while Echinacea 

increased fungal growth, an effect which was observed in three pathogens. In field soils, 

dense stands of Koeleria might therefore reduce some soilborne fungal pathogen 

populations via root exudates, while dense Echinacea stands may increase pathogen 

densities. However, implications for these differences in the field will depend on a 

complex array of factors including plant resistance to infection, plant competitive 

ability, and soil nutrient status. Moreover, this work does not consider the potential 

effects of Koeleria exudates on other soilborne organisms, including beneficial bacteria 

and mycorrhizal fungi. In this case, the benefits of inhibiting pathogenic fungi may be 

mitigated by a reduced presence of beneficial organisms. In a field experiment on native 

prairie plant responses to mutualistic mycorrhizal presence, Koeleria seedling 

emergence was reduced in plots with suppressed mycorrhizal activity (accomplished via 
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treatment with the fungicide benomyl) compared to control plots (Hartnett et al. 1994), 

suggesting fitness costs to Koeleria when beneficial soil microorganisms are 

suppressed.  

In general, native plants are hypothesized to establish beneficial mutualisms and 

suppress pathogens in ways that increase the plant species fitness in the long term. 

Additionally, the community-wide effects of plant root exudation will depend on the 

relative sensitivity of different plant hosts to the negative impacts of pathogens versus 

the positive impacts of beneficial soil organisms. For example, in Great Plains prairies, 

experimental plant growth responses to mycorrhizal root colonization varied 

significantly with plant life history (annual vs. perennial), taxonomic group (grasses, 

forbs, legumes, and nonlegumes) and phenological guild (cool-season vs. warm-season) 

(Wilson and Hartnett 1998).  

Meanwhile, if Echinacea root exudates enhance fungal pathogen growth in soils, 

the low densities of Echinacea found in field settings (personal observation) may result 

from increased seedling survival with increasing distance from enhanced soilborne 

pathogen populations near the adults.  While this general pattern of seedling survival 

was first described by Janzen and Connell (Connell 1970, Janzen 1970) and 

demonstrated experimentally in grasslands (Petermann et al. 2008), temperate forests 

(Packer and Clay 2000), and tropical forests (Mangan et al. 2010), further information 

on the potential mechanistic links between root exudates, pathogens, and beneficial 

symbionts will improve our understanding of the drivers of plant diversity. Further 

investigation of the effects of Euphorbia on suppression or enhancement of fungal plant 
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pathogens may improve our understanding of plant community dynamics in Euphorbia-

occupied areas. 

Effects of exudate concentrations and polarity 

Growth of all of the fungal isolates except F. solani were significantly 

influenced by root exudate concentration, but the exact relationship of these 

experimental concentrations with real-world exudate concentrations in the rhizosphere 

is uncertain. Many studies have measured root exudation in sterile lab conditions (Jones 

et al. 2004), but root exudation is notoriously difficult to quantify in the field. 

Measurements of field exudation have usually used trees (Phillips et al. 2008), while 

most other studies have estimated the relative proportion of carbon allocated to root 

exudation (Uren 2007). Converting root exudates to a plant mass basis (the units used in 

the ANCOVA) allows for comparisons between my study and published field biomass 

values. For example, field estimates of Bouteloua at a mixed grass prairie site in 

Montana ranged from 50–1132 g per m2 above-ground biomass (Karl et al. 1999). Polar 

Bouteloua exudates had a comparable range of 84.2–8420 g per m2 total plant biomass 

(from lowest concentration to highest) when adjusted for diffusion disc area. Using 

similar comparisons, the exudate concentrations of some of the forbs in my study would 

likely be much higher than those found in the field unless plant populations occur at 

high densities. However, my study provides a starting point for examining root exudate 

effects on pathogens. 

The two pathogen genera had distinct responses to changes in root exudate 

concentration. For example, all three R. solani isolates responded similarly to root 
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exudate concentration, with positive exudate-growth relationships to most plant species. 

In contrast, the Fusarium spp. tended to respond negatively to exudates. These results 

are consistent with research demonstrating the stimulation of Fusarium spores (conidia) 

by root exudates (Odunfa 1978, Nelson 1990, Steinkellner et al. 2008), including 

following the application of root exudates from the exotic invasive Chromolaena 

odorata in India (Mangla et al. 2008). Future studies should consider a broader array of 

fungal pathogens, and separate root exudate effects on mycelial growth from effects on 

spore germination. 

Polar and nonpolar exudates varied significantly in their effects on growth of 

fungi. Polar exudates, which typically contain sugars and amino acids that fungi can use 

for growth (Parmeter 1971), elicited more growth than nonpolar exudates for the 

Rhizoctonia isolates and F. solani, but not for F. oxysporum, where the opposite pattern 

was found. Phenols, which tend to be nonpolar, can inhibit the germination and 

sporulation of pathogens, including F. oxysporum (Hao et al. 2010, Wu et al. 2010a, Wu 

et al. 2010b). However, in my study, the enhancement of F. oxysporum growth by 

nonpolar exudates may indicate that there are other signaling molecules that stimulate 

the isolate’s growth. Some non-polar flavonoids (Andersen and Markham 2006), for 

example, can stimulate F. solani spore germination (Ruan et al. 1995). Compounds in 

the nonpolar fraction could also be better sources of readily-metabolized carbon than 

compounds in the polar fraction. Fungi vary in their abilities to break down antibiotic 

compounds (Bouarab et al. 2002) (many of which are nonpolar), and metabolize 

different carbon sources (usually polar) in root exudates (Nelson 1990). Identifying the 
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specific compounds that elicit fungal pathogen responses and quantifying the 

concentrations of those compounds exuded by various plant species would further our 

understanding of these plant-pathogen interactions. 

Management implications 

While the present study shows little support for a root exudate-mediated 

“accumulation of local pathogens” hypothesis (Eppinga et al. 2006), there are several 

factors that were not explored. Root exudates can differ between seedling and mature 

plants (Aulakh et al. 2001), so seedling Euphorbia root exudates may be associated with 

different fungal effects than those from mature plants. However, most Euphorbia-

dominated areas are composed of mature plants rather than seedlings (personal 

observation), so this may have limited application to my study system. Root exudate 

volume (Holland et al. 1996) and chemical composition (Metlen et al. 2009) can also 

change following herbivory. This may be very important, because flea beetles are 

widely used to control Euphorbia in the Great Plains (Hodur et al. 2006), and local 

pathogen accumulation may be likely with Euphorbia in the presence of flea beetles. 

This is highlighted by two lines of evidence. First, fungal pathogen populations were 

found to be higher in soils adjacent to two Euphorbia spp. (including E. esula) when 

root herbivores were present compared to when the herbivores were absent (Caesar 

2003). And second, native plants do not always return to pre-invasion diversity or 

abundance in areas where Euphorbia has been treated with biocontrol herbivores, as 

observed in long-term studies (Lesica and Hanna 2009, Butler and Wacker 2010). 
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Scientists and managers looking for ways to reduce the competitive advantages 

of invasive species over native plants have recently been investigating the use of 

activated carbon (Kulmatiski and Beard 2006). Organic compounds released by plants, 

including allelochemicals and organic molecules that are used by soil microbes for 

growth or signaling (Bais et al. 2004), can be adsorbed by activated carbon (Inderjit and 

Callaway 2003), thereby reducing their concentration in soil. Activated carbon can also 

be modified to adsorb compounds of various polarities (Bansal and Goyal 2005). If 

Euphorbia root exudates contained a particular polar or nonpolar compound responsible 

for pathogen accumulation, activated carbon may be tailored for limiting this 

accumulation. However, activated carbon can have a wide range of effects on soil biota 

(Lehmann et al. 2011) and undesired effects such as stimulating the growth of exotic 

plants (Kulmatiski and Beard 2006). Its utility in exotic plant management and habitat 

restoration is therefore a topic of ongoing research (Beesley et al. 2011, Kulmatiski 

2011, Mitchell and Bakker 2011). 

Further research is necessary to address the root exudate-driven local pathogen 

accumulation hypothesis, including the influence of herbivory on exudate quantity and 

composition, how these altered exudates influence pathogens, and if there is 

comprehensive evidence for pathogen accumulation in field settings. If pathogen 

accumulation is occurring as a result of current management practices (i.e., if flea beetle 

root herbivory is unintentionally resulting in increased soil pathogen populations), then 

managers should consider alternative practices. For example, flea beetle species are not 

all alike in their damage to Euphorbia (Gassmann et al. 1996), and may induce varying 
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exudation responses to flea beetle species. A biocontrol species that is both effective at 

Euphorbia control, and which does not encourage pathogen accumulation, is critical for 

areas where native plant recovery is required for successful land management. 
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Table 5-1. Origin of experimental isolates. 

Fungal pathogen Isolate Origin Source 
Rhizoctonia solani 87-18-2 Baited from soil, Walsh 

County, ND 
Carol Windels, U. of 

Minnesota, Crookston 
Rhizoctonia solani 14-5-3 Baited from soil, 

Marshall County, MN 
Carol Windels, U. of 

Minnesota, Crookston 
Rhizoctonia solani E-0-20 Isolated from wheat, 

Roseau County, MN 
Carol Windels, U. of 

Minnesota, Crookston 
Fusarium oxysporum 

f.sp. medicaginis 
31F3 (#3) Baited from soil, MN Jim Kurle, U. of 

Minnesota, Twin Cities 

Fusarium solani 910-4 Baited from soil, MN Jim Kurle, U. of 
Minnesota, Twin Cities 
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Table 5-2. GLMMs and ANCOVA with full factorial effects of plant species, polarity, 

and exudate concentration on colony diameters. Degrees of freedom (DF) are displayed 

as “numerator,denominator” and P-values less than 0.05 are in bold. Isolate codes: Rs = 

R. solani, Fo = F. oxysporum, Fs = F. solani. 

 

Isolate Effect DF F P DF F P

Rs1 Species 8,178 7.3<.001 8,196 5.4 <.001
Polarity 1,178 14.5 <.001 1,196 0.7 0.409
Concentration 2,178 5.6 0.004 1,196 1.3 0.264
Species × Polarity 8,178 1.8 0.081 8,196 1.6 0.14
Concentration × Species 16,178 1.3 0.225 8,196 2 0.053
Concentration × Polarity 2,178 1.7 0.195 1,196 3.2 0.073
Concentration × Species × Polarity 16,178 0.8 0.715 8,196 0.8 0.64

Rs2 Species 8,224 5.1<.001 8,242 4.7 <.001
Polarity 1,224 5 0.027 1,242 7 0.009
Concentration 2,224 17 <.001 1,242 19.4 <.001
Species × Polarity 8,224 11.8 <.001 8,242 5.3 <.001
Concentration × Species 16,224 1.80.03 8,242 2.3 0.02
Concentration × Polarity 2,224 0.4 0.692 1,242 0 0.833
Concentration × Species × Polarity 16,224 1.2 0.306 8,242 1.2 0.288

Rs3 Species 8,214 5.4<.001 8,232 2.7 0.008
Polarity 1,214 125.8<.001 1,232 22.5 <.001
Concentration 2,214 31.5<.001 1,232 33.8 <.001
Species × Polarity 8,214 2.5 0.012 8,232 2 0.046
Concentration × Species 16,214 1.6 0.067 8,232 3.40.001
Concentration × Polarity 2,214 15.3<.001 1,232 7.8 0.006
Concentration × Species × Polarity 16,214 1.4 0.157 8,232 1.8 0.087

Fo Species 7,197 14.6<.001 7,213 8.6 <.001
Polarity 1,197 38.8 <.001 1,213 24.2 <.001
Concentration 2,197 70.6<.001 1,213 54.9 <.001
Species × Polarity 7,197 3 0.005 7,213 3.5 <.001
Concentration × Species 14,197 7.8<.001 7,213 9.4 <.001
Concentration × Polarity 2,197 2.7 0.071 1,213 2.5 0.115
Concentration × Species × Polarity 14,197 2.10.013 7,213 3.4 0.002

Fs Species 8,35 4.20.001 8,46 1.4 0.211
Polarity 1,35 23.5 <.001 1,46 0.4 0.532
Concentration 2,35 2.3 0.116 1,46 1.9 0.179
Species × Polarity 8,35 1.1 0.392 8,46 1.1 0.397
Concentration × Species 15,35 4.4<.001 8,46 2.7 0.015
Concentration × Polarity 2,35 1.2 0.318 1,46 0 0.94
Concentration × Species × Polarity 11,35 3.80.001 8,46 1.7 0.121

GLMM ANCOVA
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Figure 5-1. Number of fungal isolates exhibiting inhibition or enhancement for each 

plant species. A fungal isolate was included only if its growth was significantly less 

(inhibited) or greater (enhanced) than when exposed to other plant species exudates 

(determined via Tukey HSD tests within the GLMM). Bars represent the total number 

of fungi enhanced or inhibited.   
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Figure 5-2. Fungal colony diameters following exposure to varying plant species root 

exudate concentrations (low, medium and high exudate mass) by fungal isolate. Bars 

are least square mean estimates with confidence intervals (α = 0.05), determined via 

GLMMs. Different letters above bars represent significantly different colony diameters 

via Tukey HSD tests. Control means ± one standard error represented by gray solid and 

dashed lines, respectively. Unavailable least square mean estimates are denoted by #. 
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Figure 5-3. Linear influence of root exudate concentration and species identity on R. 

solani colony diameters by exudate polarity. Linear regressions are shown for each 

species (data points removed for clarification of lines), and the species with different 

letters have significantly different slopes, determined via Bonferroni corrected 

ANCOVA estimate comparisons. Horizontal and vertical axes are on same scale for 
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stacked plots. Horizontal axis represents the amount of exudate from a given plant mass 

on the log scale. 
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Figure 5-4. Linear influence of root exudate concentration and species identity on 

Fusarium spp. colony diameters by exudate polarity. Linear regression lines are shown 

for each species (data points removed for clarification of lines), and the species with 

different letters have significantly different slopes, determined via Bonferroni corrected 

ANCOVA estimate comparisons. Horizontal and vertical axes are on same scale for 

stacked plots. Horizontal axis represents the amount of exudate from a given plant mass 

on the log scale. 
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Figure 5-5. Fungal colony diameters following exposure to polar and nonpolar fractions 

of plant species root exudates by fungal isolate. Bars are least square mean estimates 
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with confidence intervals (α = 0.05), determined via GLMMs. Different letters above 

bars represent significantly different colony diameters via Tukey HSD tests. Control 

means ± one standard error represented by gray solid and dashed lines, respectively. 

Unavailable least square mean estimates are denoted by #. 
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Figure 5-6. Number of plant species with negative or positive root exudate 

concentration effects on fungal growth by fungal isolate and exudate polarity. All 

species were included regardless of the significance of their exudate concentration-

fungal growth relationships (determined via ANCOVA), and bars represent the number 

of species with a positive relationship minus the number with a negative relationship. 

Isolate codes: Rs = R. solani, Fo = F. oxysporum, Fs = F. solani.  
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Chapter 6: 

Summary and Synthesis  

I investigated the potential causes of reduced native plant recruitment in leafy 

spurge (Euphorbia esula) occupied areas of the northern Great Plains. Below my 

studies are summarized, and a synthesis of my findings is presented. 

Euphorbia impacts on native seed banks 

Native plant communities may have problems recovering in areas previously 

invaded by Euphorbia if the invasion reduces the presence of native seeds in the soil 

seed banks. To address this, I investigated how soil seed banks and standing vegetation 

at Theodore Roosevelt National Park vary among areas that had never been invaded by 

Euphorbia, previously invaded areas with subsequent occupation by native plants, and 

previously invaded areas with subsequent occupation by other exotic plants. The native 

seed banks were largely intact following Euphorbia invasion, while the standing 

vegetation was more impacted by invasion than the seed banks. This was the case in 

terms of abundance (seed bank density and vegetation cover), species richness, and 

species similarity among Euphorbia invasion histories. There were some detectable 

differences in seed banks among invasion histories in terms of community composition, 

but these differences were mostly due to the differential presence of a few species and 

did not indicate a depauperate native seed bank in previously invaded areas. 
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These findings support previous research on seed banks in the northern Great 

Plains which found desirable native plant seed banks in areas previously dominated by 

Euphorbia (Laufmann 2006, Cline et al. 2008, Setter and Lym 2013). This indicates 

that the slow recovery of native plant cover following Euphorbia invasion and control 

(Lesica and Hanna 2009, Butler and Wacker 2010) is probably not due to modified seed 

banks. However, areas previously invaded by Euphorbia are often occupied by other 

exotic plants, especially the grasses Bromus inermis and Poa pratensis (Larson and 

Larson 2010). Future research and management in areas where Euphorbia has been 

controlled should investigate restoration methods that can simultaneously improve the 

return of native plant species, and reduce secondary invasions of these exotic grasses.  

Euphorbia legacy and flea beetle impacts on native plants 

Native plant recovery after Euphorbia invasion and biocontrol application may 

also be hindered by changes in soil abiotic or biotic characteristics via Euphorbia soil 

occupation, or through nontarget effects from biocontrol insects. I evaluated the effects 

of historical and recent Euphorbia soil conditioning, and of flea beetle (Aphthona spp.) 

biocontrol presence, on subsequent native plant germination and growth. Native plant 

seed germination and growth were negatively affected by recent Euphorbia soil 

conditioning. These effects were predominantly not observed in individual species, but 

rather on the scale of the entire experiment when species were combined. There were 

also species-specific negative effects on native plant germination and growth in field 

soils previously invaded by Euphorbia, and these effects tended to be most negative in 

soils that had secondary invasions of exotic grasses. Euphorbia treated by flea beetles 
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had a positive, but non-significant, influence on native plant seed germination for most 

of the native species. Meanwhile, flea beetle presence on Euphorbia lead to detrimental 

effects on native plant biomass, root:shoot ratio, and height, with biomass and height 

impacts being species-specific. The two flea beetle species were not equivocal in their 

effects, however: A. nigriscutis was associated with more negative effects on plant 

species than A. lacertosa. 

My research indicates that Euphorbia soil conditioning alone can have negative 

impacts on native plant establishment, and that flea beetles may have negative nontarget 

effects on native plants as well, which are both suggestive of changes in soil abiotic or 

biotic characteristics. This lends support to field observations of slow native plant 

recovery in areas where flea beetles were used to control Euphorbia (Lesica and Hanna 

2009, Butler and Wacker 2010). The different severity of impacts between the two flea 

beetle species is compelling, especially since the most effective species at controlling 

Euphorbia (A. lacertosa) produced less negative nontarget effects on native plants. 

Equally compelling is my finding that soils from sites with secondary invasions of 

exotic grasses had the strongest negative impacts on native plants. These findings imply 

that native plant recruitment will be most successful when A. lacertosa biocontrol is 

used, and when exotic grasses can be prevented from occupying sites following 

Euphorbia control. 

Pathogen and Euphorbia root exudate effects on native plants 

Invasive plants may reduce the recruitment of co-occurring native plants by 

exuding compounds through their roots that are inhibitory to native plants (aka, novel 
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weapons) (Callaway and Ridenour 2004), or by stimulating pathogen accumulation in 

the soils they occupy (Eppinga et al. 2006). To determine if Euphorbia can exhibit these 

effects, I evaluated the relative impacts of Euphorbia root exudates, soilborne fungal 

plant pathogens, and exudates applied to the pathogens, on native plant germination and 

seedling growth. Germination rates were significantly reduced by Euphorbia root 

exudates for a majority of the native species tested. However, the combined influence of 

fungal pathogens and Euphorbia root exudates on native seed germination and seedling 

growth varied with fungal isolate and plant species, with two emergent patterns. One, 

germination rates were mostly increased by the application of both exudates and 

pathogens, but high inoculation densities and high exudate concentrations, when applied 

singly, generally reduced germination rates. This pattern was only found when all data 

were combined, not for individual species. Two, seedling biomass was either enhanced 

or reduced by a combination of exudates and pathogens, with the pattern frequently 

reversing between low and high density pathogens. This pattern depended on the plant 

species - fungal isolate combination. 

My findings revealed that while Euphorbia root exudates may directly reduce 

native seed germination, the combined influence of exudates and fungal pathogens on 

native plants is more complicated. The enhancement of germination from exposure to 

both exudates and pathogens is opposite from my expectation, and may indicate that the 

fungi were growing saprotrophically on Euphorbia root exudates (Hunt et al. 1987) 

instead of attacking seeds. The combined effects of exudates and pathogens on seedling 

biomass, meanwhile, illustrates that there may be a high degree of specificity in 



 

168 
 

Euphorbia/pathogen interactive effects on native plant species. I did find some plant 

species whose biomass was negatively impacted by combined exposure to Euphorbia 

root exudates and particular fungal isolates. While this was not a direct test of the 

hypothesis that exotic plants can accumulate local pathogens in their rhizospheres 

(Eppinga et al. 2006), it does indicate that Euphorbia root exudates may exacerbate 

pathogen impacts on native plants.  

Euphorbia vs. native plant root exudate effects on pathogens 

Euphorbia root exudates can exacerbate the negative effects of soilborne fungal 

plant pathogens on native plant growth, as described in the previous section. However, 

do Euphorbia and native plant root exudates vary in their effects on fungal pathogen 

growth, and does pathogen growth vary with root exudate concentration? To answer 

these questions, I measured fungal pathogen growth in petri dishes when exposed to 

Euphorbia and native plant root exudates of varying concentrations. I found that 

Euphorbia root exudates did not stimulate fungal pathogen growth more than other 

species – in fact, they tended to inhibit fungal growth more than some native plant 

species. Plant species, in fact, was a strong determinant of fungal growth response to 

root exudates, and root exudates from grass species tended to produce larger fungal 

colonies than forb root exudates. Root exudate concentration was also strongly related 

to fungal growth, but this effect varied with fungal isolate – Rhizoctonia spp. growth 

increased with exudate concentration, while Fusarium oxysporum growth decreased 

with increasing exudates. 
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The inhibiting effect of Euphorbia root exudates on fungal pathogen growth 

compared to root exudates from some native plant species suggests that the negative 

interactive effect of Euphorbia exudates/fungal pathogens on native seedling biomass in 

my previous research was not due to pathogen growth enhancement. However, if 

Euphorbia root exudates are inhibitory to some fungal pathogens, this may provide a 

competitive advantage to Euphorbia in the habitats it invades. The strong influence of 

exudate concentration on fungal growth, meanwhile, indicates that the effects of plants 

on soil pathogen populations may be dependent on plant biomass or density.  

Synthesis 

While there are many factors that can potentially affect native plant recruitment 

in the northern Great Plains during and after Euphorbia occupation, my research has 

revealed some illuminating patterns. I found that, while there was not a reduction in 

native plant seed banks following Euphorbia invasion, these native seeds may 

experience conditions that suppress their germination and persist after Euphorbia 

removal. Reduced native seed germination was observed in three separate experiments 

either by Euphorbia conditioning or treatment with root exudates, lending strong 

support to the direct role of Euphorbia in reduced native plant recruitment. Field soils 

with a Euphorbia legacy also negatively impacted native plant germination and growth, 

but soils that were occupied by other invasives were particularly suppressive to select 

native plant species. This pattern is perhaps best supported by the seed bank and 

vegetation surveys, where I found no differences in germinable native seed banks 
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among invasion histories, yet the invaded-exotic sites had lower native vegetation 

richness than uninvaded sites. 

Native plant responses to Euphorbia get considerably more interesting, and 

complicated, when fungal pathogens are present. The combination of Euphorbia root 

exudates and fungal pathogens, for example, actually enhanced native seed germination 

for most of the isolates. However, native seedling biomass did not follow the same 

pattern, having a broad range of responses that depended on isolate and plant species 

identity. A potential explanation is revealed by comparing seedling responses to 

exudates and fungi, against the fungal responses to Euphorbia exudates. The isolate 

Rhizoctonia solani 1, for example, exhibited more growth with increasing 

concentrations of Euphorbia and Echinacea root exudates (for both polar and nonpolar 

components). The biomass of Echinacea seedlings exposed to R. solani 1, meanwhile, 

decreased with increasing Euphorbia root exudates. This indicates that fungal pathogen 

growth can be stimulated by root exudates, and that this enhanced fungal presence can 

lead to reduced native plant seedling growth. The existence of this mechanism is further 

supported by native plants when exposed to Fusarium oxysporum. Euphorbia root 

exudates have a negative effect on F. oxysporum growth with increasing exudate 

concentrations, and increasing Euphorbia exudates were associated with higher rates of 

native seed germination, and larger Echinacea and Vicia seedling biomass, but only at 

the low pathogen density. In this case, Euphorbia exudates may have suppressed the 

growth of F. oxysporum, which allowed more growth in Echinacea seedlings. While 

these correlations between experiments did not always support the hypothesized 
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mechanism, the research I have conducted provides a baseline for more in-depth 

studies. 

Future directions 

Several lines of inquiry are needed to more fully understand the lack of native 

plant recruitment in landscapes previously occupied by Euphorbia. First, field 

experiments would help determine if native plant recruitment limitation in areas 

previously dominated by Euphorbia is a result of seed limitation. The fact that native 

seed banks in previously invaded areas are relatively intact does not necessarily mean 

that these habitats are not seed limited: many habitats are seed limited, including 

grasslands (Turnbull et al. 2000, Myers and Harms 2009). If these areas are seed 

limited, then seed addition may be an effective native plant restoration technique, as 

well as simultaneously reducing secondary invasions of exotic grasses. If seed 

limitation is not detected, then establishment limitation may be indicated instead, which 

would be informative towards other lines of inquiry (such as those below). This 

research could be accomplished by conducting a combination of seed rain, seed bank, 

and seed addition experiments in field settings with a variety of Euphorbia histories and 

standing vegetation types (similar to the seed bank study above). 

Second, additional work is required to determine if Euphorbia is a successful 

invader due, in part, to novel weapons (for example, allelopathy), whether or not 

biocontrol organisms enhance this effect, and whether or not these weapons impact 

communities after Euphorbia has been controlled. I found that Euphorbia root exudates 

reduce native seed germination, but the mechanism behind this finding is unknown. To 
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determine the identity of a putative allelochemical, the various components of 

Euphorbia root exudates could be separated and identified via high-performance liquid 

chromatography, and the effect of the individual components could be tested on native 

seed germination and growth. A similar technique could also be used to determine if 

any components of dead Euphorbia tissue (or “cane”) has an allelopathic effect on 

native plant germination and growth. Previous research on Centaurea maculosa, an 

invasive plant in North America, found that insect herbivory can enhance its production 

of the allelochemical (±)-catechin (Thelen et al. 2005). The potential effect of flea 

beetle herbivory on the production of allelochemicals could be examined by subjecting 

Euphorbia to flea beetles before and during the collection of root exudates. Euphorbia 

plants could also be subjected to artificial herbivory via removal of leaf tissue 

(simulating beetle herbivory) and puncturing roots (simulating larval herbivory) as a 

comparison against living beetle herbivory. However, allelopathic compounds may be 

broken down quickly by microbial action (Kaur et al. 2009), or microbes may be the 

target of allelochemicals, with indirect effects on native plants (Cipollini et al. 2012). 

Therefore, the persistence of potential allelochemicals should be examined when 

subjected to native soil microbial communities over time, and the effects of these 

compounds on the soil microbiota should be monitored along with their effects on 

native plants, as suggested by Bais et al. (2006). 

Third, the accumulation of local pathogens hypothesis should be examined in 

more detail. Euphorbia rhizospheres can be occupied by enhanced fungal pathogen 

populations, and this effect appears to be greater when root-feeding herbivores are 
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present (Caesar 2003). However, the prevalence of this pattern, its mechanistic 

connection with herbivores, and whether or not this has a negative impact on native 

plant communities, is unclear. Field surveys of soilborne pathogen populations in areas 

with and without Euphorbia and flea beetles could be used to evaluate the first question, 

and whether or not it is linked to herbivory. If there are strong signatures of Euphorbia-

pathogen connections in field settings, the mechanisms behind these interactions, and 

the effect they have on native plant communities, could be explored in more detail using 

mesocosms and lab analyses. For example, an outdoor mesocosm with Euphorbia 

planted into sterile and non-sterile field soils could be subjected to various flea beetle 

and soilborne fungal pathogen treatments, with native seeds sown into adjacent soils. 

Testing the accumulation of local pathogens hypothesis would require monitoring 

native plant germination, growth and signs of infection, using Koch’s postulates to 

confirm pathogen identity in infected plants, and assaying soils for change in pathogen 

populations. 

Fourth, the association of Euphorbia with arbuscular mycorrhizal fungi (AMF), 

and the potential for AMF-derived protection from fungal pathogens (Vierheilig et al. 

2008) could also be an interesting area for future research. Despite the low proportions 

of AMF associations with plants in my research, other studies indicate that Euphorbia is 

a good host for AMF, and that interactions of native and exotic plants with AMF are 

very important in Euphorbia-invaded areas (Jordan et al. 2011, Jordan et al. 2012). 

Euphorbia is also easily infected with a range of native fungal plant pathogens (Caesar 

1994, 1996), some of which are also harmful to native plants (Caesar et al. 1999). If 
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Euphorbia hosts AMF that provides protection from fungal pathogens, then it may have 

a competitive advantage against native species that do not have this protection. To test 

this hypothesis, soils of potted Euphorbia and native plants could be inoculated with 

several AMF species, and subsequently inoculated with fungal pathogens. If Euphorbia 

plants show fewer signs of pathogen infection and have reduced rates of mortality and 

biomass loss, then the hypothesis would be supported. 

Conclusion 

My research has not only revealed some potential explanations for reduced 

native plant recovery following the control of Euphorbia, but it has also provided some 

interesting insights into invasive plant ecology. Future research should further explore 

the interactions of Euphorbia and the soil biotic community, including the potential 

direct and indirect effects of biocontrol agents on soil organisms, and how these factors 

influence subsequent native plant recruitment. In addition, placing the research in a 

restoration context will help improve management of affected wildlands in the Great 

Plains. 
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Appendix 1. Statistical analysis details. 

 

Assessment of normality and transformations applied. To determine the appropriate 

distributions and transformations for all data sets, I examined distributions using 

histograms and box-cox plots and, before and after transformations, normality was 

assessed using goodness-of-fit tests (Pearson’s chi-square test or Shapiro-Wilk W test); 

normality and equal variance were further assessed by examining residuals. I compared 

model fits using likelihood ratio tests and Akaike information criterion values corrected 

for small sample sizes (AICc). Square root and Anscombe (Anscombe 1948) 

transformations helped in correcting unequal variance in count data, and log and 

Johnson Sl, Sb and Su  power transformations (Johnson 1949, Chou et al. 1998) were 

used for improving normality and variance in continuous data. In the linear mixed 

models and generalized liner mixed models, I used the Tukey-Kramer multiple 

comparison procedure to examine differences among treatment levels, and degrees of 

freedom were approximated using the Kenward-Roger method (Kenward and Roger 

1997) to account for the unbalanced experimental design. P-values lower than 0.05 are 

considered significant for all statistical tests in this study. 
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Appendix 1 (continued).  

 
Statistical models 
 

Zero-inflated Poisson nonlinear mixed model (for seed bank density) 

 !"#~ % 0, with probability )!"#
Poisson+,!"#-, with probability +1 . )!"#-/ 

logit +)!"#- 1 23_"# 5 63_! log +,!"#- 1 27_"# 5 67_! 8+ !"#- 1 ,!"# � +1 . )!"#- 
 

Generalized linear mixed model (for native seed density, species diversity, and soil 
comparisons among invasion histories) 

 !"# 1 9:;+µ 5 2"# 5 6!- 
 

Linear mixed model (for vegetation cover)  !"# 1 µ 5 2"# 5 6! 5 =!"# 
 
Zero-inflated gamma nonlinear mixed model (for seed bank and seed bank–vegetation 

Sørensen values)  

 !"#~ % 0, with probability )!"#
Gamma�?, @�, with probability +1 . )!"#-/ 

logit +)!"#- 1 23_"# 5 63_! ,!"# 1 ? � @ 
log +,!"#- 1 27_"# 5 67_! 8+ !"#- 1 ,!"# � +1 . )!"#- 

 
Generalized linear mixed model (for correlations of soils with seed banks and 

vegetation) 
 !"# 1 9:;+µ 5 A# 5 �A2�"# 5 6!- 

 
 
Model variables 

i =  1, 2, 3 = sites 
j = 1, 2, 3 = invasion histories 
k = 1, 2, 3, … 94 = plots  !"# is the response variable for invasion history j, within site i plot k 
)!"# is the probability of the response variable being zero for invasion history j , 

within site i plot k ,!"# is the mean response variable for invasion history j within site i plot k 
2"# is the fixed effect of invasion history j on the response variable in plot k 
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6! is the random effect of site i on the response variable 8+ !"#- is the expected value of the response variable for invasion history j within 
site i plot k 9 is the link function µ is the mean response variable value =!"# is the random error for invasion history j in site i plot k. 

? is the shape parameter for the gamma distribution of the response variable @ is the scale parameter for the gamma distribution of the response variable A# is the linear combination of soil characteristic fixed effects on the response 
variable in plot k �A2�"# is the linear combination of each soil characteristic’s interaction with 
invasion history 

In the subscripts for these models, z indicates zero values and p indicates positive non-
zero values.  
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Appendix 1 (continued).  
 
Species similarity calculation method. 
 

The vegdist function of the ‘vegan’ package (Oksanen et al. 2011) in R v. 2.14.1 

(R Development Core Team 2011) was used to obtain a matrix of Bray-Curtis 

dissimilarity (BC) values (Bray and Curtis 1957) for all possible plot-plot comparisons, 

calculated as BC!" 1 2C!" +E! 5 E"-⁄ , where C!" is the number of species common 

between plots i and j, and E! and E" are the total number of species at the two plots. 

Sørensen similarity index (GE) values were then obtained as follows: GE!" 1 1 . BC!". 

The vegdist function was used on three data sets: seed bank data only (for comparisons 

within the seed bank), vegetation data only (for comparisons within the vegetation), and 

combined seed bank and vegetation data (for comparisons between the seed bank and 

vegetation). Each of the three resulting matrices of Sørensen values were limited to 

values derived by comparing plots within the same invasion histories. 
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Appendix 2. Standardized canonical coefficients for seed bank and vegetation species. Bold values indicate relatively large 
coefficients for the given canonical functions (Can1 and Can2), determined as greater than one standard deviation from the mean, and 
dashes indicate that the species was not encountered in the given year. The second canonical functions for seed banks are not shown 
due to non-significant canonical correlation tests. 

 
Seed Bank Vegetation 

 
2006 2007 2007 2008 

Functional group Species Can1 Can1 Can1 Can2 Can1 Can2 

exotic cool- Agropyron sp. – – – – 0.03 -0.15 
     season grass Bromus inermis 0.39 0.46 -0.2 -0.44 1.03 -0.11 

Bromus japonicus – – 0.27 0.41 -0.03 0.21 
Poa compressa – – -0.1 0.13 – – 
Poa pratensis – 0.61 0.22 -0.13 0.39 -0.07 

exotic forb Alyssum desertorum – – -1.19 0.34 0.14 0.15 
Brassica sp. – – -0.7 -0.2 – – 
Descurania sophia – 0.36 -0.38 0.15 – – 
Euphorbia esula -0.36 0.32 -0.58 0.01 0.35 0.2 
Medicago sativa – – 0.66 -0.24 – – 
Melilotus officinalis – – 0.54 -0.02 – – 
Portulaca oleracea -0.02 – – – – – 
Taraxacum officinale -0.5 -0.26 0.14 0.09 -0.15 0.26 
Tragopogon dubius – – 0.23 0.2 0.05 0.12 

native cool- Hesperostipa comata – – -0.47 0.32 0.53 0.2 
     season grass Hesperostipa spartea – – 0.07 0.48 -0.06 0.02 

Koeleria macrantha – – – – -0.11 -0.14 
Nassella viridula -0.12 -0.15 0.65 -0.71 -0.32 0.72 
Pascopyron smithii -0.1 – 0.12 -0.38 0.02 -0.1 
Vulpia octoflora – – 0.44 -0.3 – – 

native warm- Aristida purpurea – – – – -0.32 -0.07 
     season grass Bouteloua gracilis – – 0.28 0.34 -0.2 -0.35 

Calamovilfa longifolia – – -0.1 -0.01 0.01 0.15 
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Seed Bank Vegetation 

 
2006 2007 2007 2008 

Functional group Species Can1 Can1 Can1 Can2 Can1 Can2 

Echinochloa muricata – -0.04 – – – – 
Eragrostis pectinacea -0.19 0.3 – – – – 
Muhlenbergia cuspidata – – – – -0.18 0.57 
Schizachyrium scoparium – – – – 0.09 0.3 
Sporobolus cryptandrus -0.16 – – – – – 

native sedge Carex sp. 0.41 0.57 0.31 -0.47 0.38 0.29 
Carex filifolia – – -0.6 -0.39 0.27 0.8 

native forb Achillea millefolium – -0.07 0.47 -0.21 -0.22 0.31 
Allium textile – – 0.24 -0.28 – – 
Ambrosia psilostachya – – 0.05 0.01 – – 
Androsace occidentalis – 0.15 – – – – 
Artemisia campestris – – -0.23 -0.41 – – 
Artemisia frigida – -0.04 0.31 0.23 -0.26 -0.26 
Asclepias sp. – – -0.38 0.19 – – 
Asclepias verticillata – – 0.01 0.06 -0.08 0.65 
Astragalus sp. – – 0.16 0.04 – – 
Chamaesyce sp. – – – – -0.24 -0.28 
Chenopodium album – -0.04 – – 0.12 -0.06 
Conyza canadensis – -0.04 – – 0.52 0.15 
Draba sp. – – 0.43 0.47 – – 
Draba nemorosa – 0.04 – – – – 
Draba reptans 0.49 0.3 – – – – 
Echinacea angustifolia – – -0.09 -0.07 0.04 -0.18 
E. spathulata or Chamaesyce sp. – – 0.43 0.25 – – 
Euphorbia spathulata – 0.1 -0.06 -0.31 – – 
Gaura coccinea – – 0.4 0.57 – – 
Hedeoma hispida – 0.15 -0.32 0 – – 
Helianthus sp. – – 0.19 -0.14 – – 
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Seed Bank Vegetation 

 
2006 2007 2007 2008 

Functional group Species Can1 Can1 Can1 Can2 Can1 Can2 

Helianthus pauciflorus – – – – 0.16 0.12 
Heterotheca villosa 0.07 – -0.15 -0.28 – – 
Lactuca oblongifolia -0.29 – 0.27 -0.23 0.19 -0.09 
Lappula occidentalis 0.02 – 0.84 0.07 – – 
Liatris sp. – – 0.2 -0.42 – – 
Linum lewisii – -0.17 -0.05 1 0.09 -0.18 
Lygodesmia juncea – – – – -0.05 0.03 
Packera plattensis – – -0.04 0.45 – – 
Pediomelum esculentum – – 0.13 -0.1 – – 
Phlox hoodii – – -0.17 -0.06 -0.23 -0.44 
Plantago patagonica – 0.26 – – – – 
Polygala alba – – -0.13 -0.51 0.2 -0.12 
Potentilla sp. 0.38 0.41 – – – – 
Ratibida columnifera – – -0.01 0.27 – – 
Senecio sp. – – 0.56 0.17 – – 
Solidago sp. – – -0.45 -0.33 – – 
Sphaeralcea coccinea – – 0.43 -0.31 -0.38 -0.06 
Symphyotrichum ericoides – – 0.41 0.01 0.06 -0.05 
Tradescantia occidentalis – – -0.53 -0.04 – – 
Verbena bracteata 0.48 0.32 – – – – 
Vicia americana – – -0.65 0.08 – – 
Viola nuttallii – – 0.54 -0.95 – – 

native shrub Artemisia cana – – 0 0.06 0.04 0.29 
Atriplex gardneri – – – – 0.03 -0.23 
Escobaria sp. – – 0.33 0.05 -0.17 0.41 
Krascheninnikovia lanata – – 0.21 -0.65 -0.32 -0.35 
Opuntia polyacantha – – -0.03 -0.03 – – 
Symphoricarpos occidentalis – – -0.29 -0.21 0.16 0.16 
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Appendix 3. Structure coefficients for seed bank and vegetation species. Dashes indicate that the species was not encountered in the 
given year. The second canonical functions for seed banks are not shown due to non-significant canonical correlation tests. 

Seed bank Vegetation 
2006 2007 2007 2008 

Functional group Species Can1 Can1 Can1 Can2 Can1 Can2 

exotic cool- Agropyron sp. – – – – 0.14 0.14 
      season grass Bromus inermis 0.47 0.24 -0.47 0.03 0.47 -0.03 
  Bromus japonicus – – 0.16 0.22 -0.09 0.1 
  Poa compressa – – 0 0.29 – – 
  Poa pratensis – 0.55 -0.5 0.18 0.44 0.08 
exotic forb Alyssum desertorum – – -0.33 0.1 0.28 0.05 
  Brassica sp. – – -0.37 -0.18 – – 
  Descurania sophia – 0.34 0.35 0.03 – – 
  Euphorbia esula -0.23 0.44 -0.32 -0.03 0.41 0.03 
  Medicago sativa – – 0.003 -0.01 – – 
  Melilotus officinalis – – -0.3 0.1 – – 
  Portulaca oleracea -0.11 – – – – – 
  Taraxacum officinale -0.5 -0.17 0.19 -0.41 0.11 0.16 
  Tragopogon dubius – – 0.44 0.33 -0.33 -0.08 

native cool- Hesperostipa comata – – -0.24 0.12 0.13 0.14 
      season grass Hesperostipa spartea – – -0.02 0.07 -0.03 -0.03 
  Koeleria macrantha – – – – 0.03 -0.06 
  Nassella viridula -0.21 -0.21 0.7 -0.25 -0.69 0.17 
  Pascopyron smithii -0.18 – 0.27 -0.31 -0.41 -0.13 
  Vulpia octoflora – – 0.19 -0.08 – – 
native warm- Aristida purpurea – – – – -0.09 0.29 
      season grass Bouteloua gracilis – – 0.47 -0.2 -0.38 -0.25 
  Calamovilfa longifolia – – -0.2 0.16 0.5 0.16 
  Echinochloa muricata – -0.09 – – – – 
  Eragrostis pectinacea -0.1 0.13 – – – – 
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Seed bank Vegetation 
2006 2007 2007 2008 

Functional group Species Can1 Can1 Can1 Can2 Can1 Can2 

  Muhlenbergia cuspidata – – – – -0.36 0.33 
  Schizachyrium scoparium – – – – 0.1 0.14 
  Sporobolus cryptandrus -0.08 – – – – – 
native sedge Carex sp. 0.17 0.27 0.31 0.1 0.35 -0.03 

  Carex filifolia – – -0.29 0.05 -0.22 0.39 

native forb Achillea millefolium – -0.09 0.34 -0.1 -0.25 0.09 
  Allium textile – – 0.39 -0.07 – – 
  Ambrosia psilostachya – – -0.29 0.09 – – 
  Androsace occidentalis – 0.42 – – – – 
  Artemisia campestris – – -0.05 0.03 – – 
  Artemisia frigida – -0.13 0.33 0.14 -0.28 0.14 
  Asclepias sp. – – -0.14 0.06 – – 
  Asclepias verticillata – – -0.24 0.07 -0.09 0.39 
  Astragalus sp. – – 0.18 0.15 – – 
  Chamaesyce sp. – – – – -0.1 -0.3 
  Chenopodium album – -0.19 – – 0.2 -0.03 
  Conyza canadensis – -0.04 – – 0.34 0.06 

 
Draba sp. – – 0.49 0.53 – – 

 
Draba nemorosa – 0.12 – – – – 

 
Draba reptans 0.35 0.33 – – – – 

  Echinacea angustifolia – – 0.3 0.29 0.15 0.05 
  E. spathulata or Chamaesyce sp. – – 0.36 0.27 – – 
  Euphorbia spathulata – -0.03 0.14 -0.16 – – 
  Gaura coccinea – – 0.29 0.37 – – 
  Hedeoma hispida – 0.02 0.29 0.24 – – 
  Helianthus sp. – – 0.04 -0.27 – – 
  Helianthus pauciflorus – – – – 0.2 -0.01 
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Seed bank Vegetation 
2006 2007 2007 2008 

Functional group Species Can1 Can1 Can1 Can2 Can1 Can2 

  Heterotheca villosa -0.02 – -0.04 -0.1 – – 
  Lactuca oblongifolia -0.3 – -0.08 0.12 0.3 0.06 
  Lappula occidentalis 0.09 – 0.42 -0.01 – – 
  Liatris sp. – – 0.13 -0.28 – – 
  Linum lewisii – -0.14 0.31 0.15 0.07 -0.06 
  Lygodesmia juncea – – – – 0.17 0.21 
  Packera plattensis – – 0.32 0.33 – – 
  Pediomelum esculentum – – -0.13 0.17 – – 
  Phlox hoodii – – 0.32 -0.08 -0.33 0.09 
  Plantago patagonica – 0.18 – – – – 
  Polygala alba – – 0.16 -0.06 0.05 -0.08 
  Potentilla sp. 0.31 0.32 – – – – 
  Ratibida columnifera – – 0.28 -0.04 – – 
  Senecio sp. – – 0.21 0.11 – – 
  Solidago sp. – – -0.06 -0.1 – – 
  Sphaeralcea coccinea – – 0.49 -0.23 -0.58 -0.02 
  Symphyotrichum ericoides – – 0.31 0.4 0.14 -0.01 
  Tradescantia occidentalis – – -0.21 -0.01 – – 
  Verbena bracteata 0.54 0.14 – – – – 
  Vicia americana – – -0.42 0.13 – – 
  Viola nuttallii – – 0.35 -0.64 – – 
native shrub Artemisia cana – – -0.11 0.04 0.41 0.05 
  Atriplex gardneri – – – – -0.17 -0.19 
  Escobaria sp. – – 0.18 0.07 -0.06 0.2 
  Krascheninnikovia lanata – – 0.49 -0.39 -0.57 -0.14 
  Opuntia polyacantha – – -0.18 -0.02 – – 
  Symphoricarpos occidentalis – – -0.29 0.13 0.32 0.24 



 

204 
 

Appendix 4. Statistical models. 

The generalized linear mixed model used for the effect of Euphorbia & soil 
treatments on seed germination is 
  !"# 1 9:;�µ5 A! 5 2" 5 �A2�!" 5 H#� 
where  !"# is the germination within pots that received Euphorbia treatment i, 

soil treatment j, and species combination k 9 is the link function 
µ is the intercept A! is the fixed effect of the ith level of Euphorbia 2" is the fixed effect of the jth level of Soil 
�A2�!" is the ijth Euphorbia*Soil interaction fixed effect, and 
H# is the random effect of the kth combination of Species per pot. 

A log link function was used in this model for both Poisson and negative binomial 
distributions. The model for the beetle & soil treatment combination is identical to the 
above model, with the following differences in variable identities: A! is the fixed effect of the ith level of Beetle 2" is the fixed effect of the jth level of Soil 

�A2�!" is the ijth Beetle*Soil interaction fixed effect. 
These substitutions were also made for the beetle & soil treatment combination models 
for biomass and height analyses (below). 
 

The linear mixed model used for the effect of Euphorbia & soil treatments on 
plant biomass is  !"# 1 µ 5 A! 5 2" 5 �A2�!" 5 H# 
where  !"# is the total biomass within pots that received Euphorbia treatment i, 

soil treatment j, and species combination k 
µ is the intercept A! is the fixed effect of the ith level of Euphorbia 2" is the fixed effect of the jth level of Soil 
�A2�!" is the ijth Euphorbia*Soil interaction fixed effect, and 
H# is the random effect of the kth combination of Species per pot. 
 

The nonlinear zero-inflated mixed model used for species with unusually high 
numbers of zero values is 

 !"# 1 0 % I+ !"# 1 0- 1 1 �1 5 =:JK_LMN�⁄
O3_!"# 1 , 5 A! 5 2" 5 �A2�!" 5 H#

/ 
 !"# P 0 % ,7_!"# 1 =JQ_LMN

O7_!"# 1 , 5 A! 5 2" 5 �A2�!" 5 H#
/ 

8+R!"#- 1 ,7_!"# � S1 . I+ !"# 1 0-T 
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where  !"# is the total biomass within pots that received Euphorbia treatment i, 
soil treatment j, and species combination k 

I+ !"# 1 0- is the probability that the biomass of the ijkth sample is zero  
O3_!"# is the linear combination of zero-inflation fixed-effect and random-

effect parameters  
µ is the intercept A! is the fixed effect of the ith level of Euphorbia 2" is the fixed effect of the jth level of Soil 
�A2�!" is the ijth Euphorbia*Soil interaction fixed effect 
H# is the random effect of the kth combination of Species per pot ,7_!"# is the mean for the positive biomass 
O7_!"# is the linear combination of positive biomass fixed-effect and 

random-effect parameters 
8+R!"#- is the mean biomass for Euphorbia treatment i, soil treatment j,  

species combination k. 
 

The linear mixed model used for the effect of Euphorbia & soil treatments on 
plant height is  !"#U 1 µ5 A! 5 2" 5 �A2�!" 5 H# 5 IU 
where  !"# is the total biomass within pots that received Euphorbia treatment i, 

soil treatment j, species combination k, pot l 
µ is the intercept A! is the fixed effect of the ith level of Euphorbia 2" is the fixed effect of the jth level of Soil 
�A2�!" is the ijth Euphorbia*Soil interaction fixed effect 
H# is the random effect of the kth combination of Species per pot, and IU is the random effect of the lth pot. 

In this model, height was used as a random blocking effect as there were multiple height 
measurements per species per pot, and pots were randomly arranged on glasshouse 
benches. Pot was not used as a random effect in the other models because there was only 
one value per pot within each individual analysis, and variance cannot be determined 
using one value.
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Appendix 5. Type III tests of fixed effects by species for germination, biomass, root:shoot and height. Degrees of freedom (DF) are 
listed as numerator,denominator. P-values < 0.05 are shown in bold, and values that are significant after Bonferroni corrections for 
multiple comparisons among all species for a given test (P < 0.00625) are followed by an asterisk (*). The genus Symphyotrichum is 
abbreviated as Symph. 

Species 
Variable Pots Treatment Stats Artemisia Bouteloua Linum Nassella Pascopyrum Ratibida Symph. Vicia 
Germination No beetle Euphorbia DF 1,1 1,24 1,1 1,19.7 1,24 1,1 1,24 1,1 

F 1.89 2.38 0.01 1.4 3.11 3.37 0.58 0.04 
P 0.400 0.136 0.941 0.251 0.090 0.317 0.455 0.872 

Soil DF 3,1 3,24 3,1 3,22.7 3,24 3,1 3,24 3,1 
F 0.28 5.8 0.58 0.52 0.47 0.98 0.1 0.08 
P 0.847 0.004* 0.719 0.675 0.708 0.614 0.960 0.960 

Euphorbia × DF 3,1 3,24 3,1 3,19.2 3,24 3,1 3,24 3,1 
     Soil F 0.26 2.57 0.13 0.43 3.86 0.07 1.25 0.06 

P 0.856 0.078 0.934 0.734 0.022 0.970 0.315 0.973 
Euphorbia Beetle DF 3,48 3,1 3,43.6 3,48 3,48 3,48 3,1 3,48 

F 0.7 0.08 1.67 0.12 0.42 2.34 1.9 1.36 
P 0.558 0.961 0.188 0.946 0.741 0.085 0.480 0.266 

Soil DF 3,48 3,1 3,41.6 3,48 3,48 3,48 3,1 3,48 
F 2.23 0.18 4.3 0.38 1.33 0.09 0.52 3.25 
P 0.097 0.899 0.010 0.771 0.274 0.966 0.739 0.030 

Beetle × Soil DF 9,48 9,1 9,41 9,48 9,48 9,48 9,1 9,48 
F 0.87 0.08 2.2 3.65 1.73 1.09 0.68 1.75 
P 0.554 0.994 0.042 0.002* 0.108 0.390 0.744 0.103 

All Soil DF 3,1 3,1 3,76 3,76 3,76 3,76 3,1 3,1 
F 1.3 0.16 1.54 0.03 1.63 0.16 0.71 0.23 
P 0.555 0.915 0.212 0.994 0.190 0.922 0.680 0.874 

Biomass No beetle Euphorbia DF 1,19 1,19 1,24 1,12.4 1,22.5 1,19 1,21 1,20.2 
F 0.39 0.02 2.57 0.2 1.02 0 0 0.04 
P 0.540 0.888 0.122 0.663 0.324 0.978 0.959 0.850 

Soil DF 3,19 3,19 3,24 3,17.2 3,20.2 3,19 3,21 3,18.7 
F 0.2 1.96 1.17 0.55 0.69 3.88 0.14 1.89 
P 0.894 0.154 0.341 0.655 0.571 0.025 0.937 0.166 

Euphorbia ×  DF 3,19 3,19 3,24 3,13.2 3,19.6 2,19 3,21 3,20.9 
     Soil F 0.06 0.53 0.13 1.11 0.61 0.65 0.01 2.05 
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Species 
Variable Pots Treatment Stats Artemisia Bouteloua Linum Nassella Pascopyrum Ratibida Symph. Vicia 

P 0.979 0.668 0.939 0.380 0.616 0.533 0.999 0.137 
Euphorbia Beetle DF 3,29 3,29 3,42.4 3,32.3 3,41.9 3,30 3,29 3,48 

F 1.49 0.69 2.94 7.04 2.84 0.6 0.98 0.44 
P 0.239 0.564 0.044 <.001* 0.050 0.620 0.414 0.727 

Soil DF 3,29 3,29 3,39.6 3,31.7 3,40.1 3,30 3,29 3,48 
F 2.84 0.36 0.97 0.55 0.97 3.07 0.6 0.79 
P 0.055 0.782 0.415 0.653 0.415 0.043 0.619 0.506 

Beetle × Soil DF 3,29 3,29 9,40.1 9,32.2 9,40.9 3,30 3,29 9,48 
F 0.3 0.14 2.74 1.96 1.24 0.5 0.31 0.99 
P 0.825 0.935 0.014 0.078 0.297 0.687 0.818 0.463 

All Soil DF 3,33 3,32 3,31 3,73 3,74.1 3,31 3,32 3,75.6 
F 2.09 0.46 0.25 0.82 0.23 3.94 0.6 2.18 
P 0.121 0.714 0.864 0.486 0.877 0.017 0.617 0.098 

Root:shoot No beetle Euphorbia DF 1,22.6 1,19 1,16.9 1,14.3 1,19.9 1,14 1,6.08 1,17.6 
F 4.21 2.28 2.75 0.06 14.93 0.93 0.53 4.13 
P 0.052 0.147 0.115 0.806 0.001* 0.351 0.493 0.058 

Soil DF 3,18.6 3,19 3,15.1 3,20 3,18.1 3,14 3,3.38 3,7.37 
F 0.35 1.58 0.71 0.15 0.44 0.42 2.8 4.93 
P 0.786 0.228 0.560 0.927 0.724 0.744 0.194 0.035 

Euphorbia ×  DF 3,21.6 3,19 3,14.6 3,16.4 3,18.6 3,14 2,3.69 3,7.09 
     Soil F 0.84 2.28 0.97 0.27 1.27 0.86 1.25 4.43 

P 0.485 0.112 0.431 0.844 0.315 0.487 0.385 0.047 
Euphorbia Beetle DF 3,39.8 3,24.8 3,47 3,34.1 3,41.3 3,25.6 3,22.2 3,44.9 

F 0.49 4.37 3.03 0.39 1.62 0.81 2.2 1.9 
P 0.692 0.013 0.039 0.760 0.199 0.501 0.117 0.144 

Soil DF 3,39.6 3,23.4 3,47 3,35.2 3,35.6 3,26.5 3,23.3 3,44.2 
F 0.64 2.59 1.27 0.54 1.12 2.45 0.55 0.43 
P 0.596 0.077 0.295 0.657 0.356 0.085 0.654 0.731 

Beetle × Soil DF 9,39.8 9,26.3 9,47 9,34.7 9,40.6 9,24.6 8,22.8 9,44.4 
F 1.54 4.91 0.14 0.76 1.54 .66 0.83 1.76 
P 0.169 0.001* 0.998 0.652 0.166 0.733 0.588 0.103 

All Soil DF 3,69 3,67 3,73.5 3,72.8 3,72.2 3,50.4 3,43 3,76 
F 0.12 1.02 0.79 0.4 1.22 1.93 1.49 0.76 
P 0.948 0.390 0.501 0.756 0.308 0.137 0.230 0.521 
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Species 
Variable Pots Treatment Stats Artemisia Bouteloua Linum Nassella Pascopyrum Ratibida Symph. Vicia 
Height No beetle Euphorbia DF 1,13.7 1,11.9 1,22.1 1,20.3 1,22.5 1,10.9 1,27 1,22.3 
   F 3.29 0.33 0.09 0.94 1.29 0.94 0.32 0.99 
   P 0.092 0.5748 0.763 0.344 0.2679 0.354 0.5778 0.3294 
  Soil DF 3,13.8 3,12.2 3,22.2 3,20 3,22.3 3,9.76 3,27 3,22.2 
   F 0.5 14.72 3.57 0.18 3.45 0.77 0.31 0.95 
   P 0.688 0.0002* 0.03 0.906 0.0336 0.538 0.8211 0.4356 
  Euphorbia ×  DF 3,13.7 3,12 3,22 3,20 3,22.3 3,10.1 2,27 3,22.2 
       Soil F 0.7 3.83 1.14 0.17 2.62 0.47 0.04 0.25 
   P 0.571 0.0389 0.356 0.917 0.0757 0.712 0.963 0.8589 
 Euphorbia Beetle DF 3,33.2 3,30.2 3,45.5 3,38.8 3,38.6 3,28.3 3,25.8 3,45.7 
   F 1.25 1.57 2.4 2.5 2.58 2.47 2.19 1.65 
   P 0.307 0.2169 0.08 0.074 0.0675 0.083 0.1134 0.1914 
  Soil DF 3,33.5 3,29.6 3,46 3,39 3,37.6 3,27.9 3,24.9 3,45.5 
   F 1.14 0.96 0.63 1.26 2.02 2.83 1.14 0.35 
   P 0.347 0.4242 0.601 0.301 0.128 0.057 0.3505 0.7858 
  Beetle × Soil DF 9,32.5 9,32 9,44.9 9,38.6 9,38.4 9,27.3 8,22.3 9,45.4 
   F 0.65 1.54 3.19 1.98 2.26 1.04 1.42 0.61 
   P 0.75 0.1775 0.005* 0.068 0.0389 0.438 0.2439 0.7786 
 All Soil DF 3,52.3 3,52.1 3,65.2 3,67 3,74.4 3,42.7 3,42.4 3,68.7 
   F 0.84 1.85 0.58 0.64 0.91 3.16 0.47 0.65 
   P 0.481 0.1489 0.628 0.595 0.4427 0.034 0.7022 0.5846 
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Appendix 6.  Graphs for Euphorbia exudate effects on germination for immature and 
mature exudates and all plant species. Germination is represented as the percent 
difference in germination compared to the water control [(treatment ÷ water) × 100]. 
Different letters above bars represent different estimates for each day, determined via 
Tukey HSD tests. Absence of letters indicates no difference among means. Missing bars 
either represent non-calculable estimates, or zero germination for the given day/treatment 
(the latter identified by *). 
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Appendix 6 (continued) 
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Appendix 6 (continued) 
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Appendix 7. Mean damage ratings by fungal isolate (A) and by plant species (B). Bars 
represent means, and error bars are ± one standard error. Different letters represent 
different means, determined through Steel-Dwass adjustments of Wilcoxon 
nonparametric pairwise comparisons; bars without letters indicate no difference in 
damage ratings. Isolates marked with an asterisk were used in the greenhouse 
experiment; isolate code explanations are found in Table 4-1.
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Appendix 8. Effects of fungal isolate identity on damage ratings by plant species in 
pathogen assay, determined via Wilcoxon nonparametric tests. P-values < 0.05 are in 
bold. Species marked with an asterisk were used in the greenhouse experiment. DF = 
degrees of freedom. 
 
Species χ

2 DF P 
Artemisia 38.79 15 0.0007 
Bouteloua 57.57 15 <.0001 
Echinacea* 24.7 15 0.0542 
Euphorbia 24.14 15 0.0627 
Gallium 44.52 15 <.0001 
Helianthus* 30.33 15 0.0108 
Koeleria* 45.65 15 <.0001 
Linum 41.04 15 0.0003 
Nassella 30.03 15 0.0118 
Pascopyrum* 24.01 15 0.0649 
Ratibida 33.28 15 0.0043 
Symphyotrichum 14.15 15 0.5139 
Vicia* 51.35 15 <.0001 
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Appendix 9. Multiple comparisons of 15 fungal isolate effects on damage ratings for Euphorbia and all 12 native plant species. C 
is the non-inoculated control, and codes for the isolates are found in Table 4-1. Comparisons performed via Steel-Dwass 
nonparametric tests. P-values less than 0.05 are in bold.  
 

Artemisia Bouteloua Echinacea Euphorbia Galium Helianthus Koeleria 
Comparison Z P Z P Z P Z P Z P Z P Z P 
C vs. Rs1 -1.19 0.998 -0.56 1 -2.68 0.342 -2.48 0.487 -3.01 0.163 -0.94 1 -0.84 1 
C vs. Rs2 -0.09 1 1.05 1 -2.49 0.479 0.85 1 -1.42 0.99 -0.89 1 -1.64 0.962 
C vs. Rs3 -1.03 1 2.07 0.782 -2.38 0.561 -0.61 1 -2.12 0.751 0 1 -0.84 1 
C vs. Rs4 -2.14 0.737 2.47 0.497 -2.24 0.667 0.04 1 -0.05 1 -1.95 0.854 -1.72 0.941 
C vs. Rs5 -0.09 1 1.75 0.934 -1.39 0.992 0.85 1 -0.56 1 -0.5 1 -0.5 1 
C vs. Rs6 1.7 0.947 1.33 0.995 -1.66 0.956 -0.55 1 -0.38 1 -1.03 1 1.38 0.993 
C vs. Rs7 -2.14 0.737 1.01 1 -0.32 1 0.77 1 0.21 1 -0.22 1 0.49 1 
C vs. Rs8 0.54 1 1.33 0.995 -1.21 0.998 1.17 0.999 0.89 1 -1.16 0.999 0.55 1 
C vs. Rs9 1.7 0.947 -0.58 1 -0.37 1 -0.43 1 0.75 1 -2.01 0.819 -0.4 1 
C vs. Rs10 1.81 0.914 0 1 -1.43 0.989 0.28 1 0.27 1 -1.26 0.997 1.38 0.993 
C vs. Rs11 0 1 2.47 0.497 -2.63 0.377 -0.04 1 -1.69 0.95 -2.76 0.295 0.61 1 
C vs. Fo1 0.35 1 -1.05 1 -1.86 0.893 -0.83 1 -0.57 1 0.32 1 0.61 1 
C vs. Fo2 1.98 0.837 1.22 0.998 -1.61 0.967 -1.54 0.978 -1.16 0.999 -2.75 0.297 0.61 1 
C vs. Fo3 -0.45 1 2.07 0.782 -1.11 0.999 0.12 1 0.66 1 -1.88 0.884 0.55 1 
C vs. Fs -1.39 0.992 0.16 1 -1.68 0.953 -0.21 1 0.2 1 -1.03 1 -2.44 0.515 
Fs vs. Rs1 1.23 0.998 -1.53 0.98 -0.91 1 -2.35 0.588 -2.86 0.237 0.13 1 1.94 0.857 
Fs vs. Rs2 1.43 0.989 1.31 0.996 -0.46 1 1.5 0.983 -1.42 0.99 0 1 1.39 0.992 
Fs vs. Rs3 0.73 1 2.45 0.513 -0.75 1 -0.12 1 -2.17 0.717 1.21 0.998 2.1 0.768 
Fs vs. Rs4 0.62 1 3.08 0.138 -0.29 1 0.34 1 -0.38 1 -1.09 1 0.69 1 
Fs vs. Rs7 0.62 1 0.92 1 1.38 0.992 1.34 0.995 0 1 0.78 1 2.59 0.406 
Fs vs. Rs8 1.58 0.973 1.63 0.964 0.47 1 1.5 0.983 0.56 1 -0.68 1 3.01 0.164 
Fs vs. Rs9 1.71 0.944 -1.57 0.974 1.5 0.983 0.12 1 0.6 1 -1.23 0.998 2.31 0.613 
Fs vs. Rs10 1.77 0.927 -0.51 1 0.41 1 0.9 1 0 1 -0.17 1 3.46 0.044 
Fs vs. Rs11 1.39 0.992 3.08 0.138 -1.09 0.999 0.3 1 -1.74 0.935 -2.26 0.656 3.27 0.081 
Fs vs. Fo1 0.92 1 -1.48 0.984 -0.19 1 -0.36 1 -0.7 1 0.98 1 3.27 0.081 
Fs vs. Fo3 1.33 0.995 2.45 0.513 0.73 1 0.5 1 0.37 1 -1.19 0.999 3.01 0.164 
Fo3 vs. Rs7 -1.9 0.879 -1.44 0.988 0.7 1 0.45 1 -0.38 1 1.84 0.902 0 1 
Fo3 vs. Rs8 0.99 1 -0.67 1 -0.04 1 0.85 1 0.22 1 0.28 1 0 1 
Fo3 vs. Rs9 2.15 0.735 -3.1 0.129 0.69 1 -0.12 1 0.13 1 0.2 1 -0.97 1 
Fo3 vs. Rs10 2.17 0.715 -2.37 0.572 -0.38 1 0.29 1 -0.41 1 1.18 0.999 0.9 1 
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Artemisia Bouteloua Echinacea Euphorbia Galium Helianthus Koeleria 
Comparison Z P Z P Z P Z P Z P Z P Z P 
Fo3 vs. Fo1 0.75 1 -3.18 0.103 -0.8 1 -0.62 1 -1.27 0.997 1.68 0.952 0 1 
Fo2 vs. Rs1 -2.48 0.483 -3.03 0.155 -1.29 0.996 -1.17 0.999 -2.78 0.281 2.7 0.33 -1.54 0.977 
Fo2 vs. Rs2 -1.74 0.936 0.04 1 -0.82 1 2.06 0.789 -0.56 1 1.96 0.847 -2.42 0.531 
Fo2 vs. Rs3 -2.1 0.766 1.25 0.997 -0.97 1 0.98 1 -1.51 0.982 3.05 0.149 -1.59 0.97 
Fo2 vs. Rs4 -2.91 0.21 2.12 0.749 -0.65 1 1.44 0.989 1.34 0.994 2.01 0.817 -2.46 0.498 
Fo2 vs. Rs7 -2.91 0.21 -0.47 1 1.35 0.994 1.85 0.897 1.45 0.987 2.89 0.22 0 1 
Fo2 vs. Rs8 -1.53 0.979 0.52 1 0.32 1 2.14 0.737 2.27 0.644 1.37 0.993 0 1 
Fo2 vs. Rs9 -1.24 0.998 -2.81 0.262 1.47 0.986 0.74 1 1.92 0.867 1.7 0.946 -1.08 1 
Fo2 vs. Rs10 -1.24 0.998 -1.75 0.933 0.21 1 1.46 0.986 1.68 0.952 2.56 0.424 0.9 1 
Fo2 vs. Rs11 -1.98 0.837 2.12 0.749 -1.3 0.996 1.07 1 -0.7 1 0.84 1 0 1 
Fo2 vs. Fo1 -1.23 0.998 -2.53 0.451 -0.35 1 0.52 1 0.37 1 2.45 0.513 0 1 
Fo2 vs. Fo3 -2.21 0.687 1.25 0.997 0.53 1 1.17 0.999 2.01 0.822 1.22 0.998 0 1 
Fo2 vs. Fs -2.36 0.581 -1.68 0.951 -0.12 1 1.27 0.997 1.38 0.993 2.4 0.551 -3.27 0.081 
Rs11 vs. Rs7 -2.14 0.737 -2.11 0.759 2.38 0.561 0.89 1 1.93 0.865 2.89 0.22 0 1 
Rs11 vs. Rs8 0.54 1 -1.38 0.992 1.77 0.926 1.2 0.998 2.74 0.302 0.76 1 0 1 
Rs11 vs. Rs9 1.7 0.947 -3.41 0.053 2.52 0.455 0.12 1 2.3 0.623 1.19 0.998 -1.08 1 
Rs11 vs. Rs10 1.81 0.914 -2.77 0.288 1.55 0.977 0.69 1 2.34 0.596 2.43 0.525 0.9 1 
Rs11 vs. Fo1 0.35 1 -3.46 0.044 1.06 1 -0.38 1 0.83 1 2.05 0.795 0 1 
Rs11 vs. Fo3 -0.45 1 -0.9 1 1.8 0.917 0.27 1 2.54 0.44 0.69 1 0 1 
Rs10 vs. Rs7 -3.08 0.136 1.27 0.997 1.04 1 0.13 1 0 1 1.03 1 -0.9 1 
Rs10 vs. Rs8 -1.06 1 1.52 0.981 0.12 1 0.64 1 0.7 1 -0.75 1 -0.9 1 
Rs10 vs. Rs9 -0.3 1 -0.69 1 1.12 0.999 -0.35 1 0.52 1 -1.22 0.998 -1.76 0.929 
Rs10 vs. Fo1 -1.54 0.978 -1.14 0.999 -0.59 1 -0.97 1 -0.96 1 0.95 1 -0.9 1 
Rs9 vs. Rs7 -3.19 0.103 2.16 0.728 0 1 0.6 1 -0.58 1 1.97 0.841 0.92 1 
Rs9 vs. Rs8 -0.94 1 2.2 0.699 -1.22 0.998 1.09 1 0 1 0 1 0.97 1 
Rs9 vs. Fo1 -1.13 0.999 -0.52 1 -1.97 0.841 -0.39 1 -1.32 0.995 1.49 0.984 1.08 1 
Rs8 vs. Rs7 -2.38 0.56 -0.61 1 1.09 1 -0.42 1 -0.62 1 1.23 0.998 0 1 
Rs8 vs. Fo1 -0.04 1 -2.43 0.524 -0.67 1 -1.62 0.966 -1.45 0.988 0.82 1 0 1 
Rs7 vs. Fo1 1.79 0.922 -2.27 0.65 -1.78 0.922 -1.25 0.997 -0.76 1 0.27 1 0 1 
Rs6 vs. Rs1 -2.89 0.218 -2.38 0.565 -1.49 0.984 -2.17 0.72 -2.42 0.534 0.13 1 -2.11 0.759 
Rs6 vs. Rs2 -1.9 0.874 -0.35 1 -0.89 1 1.78 0.924 -0.81 1 0 1 -2.78 0.28 
Rs6 vs. Rs3 -1.76 0.93 0.67 1 -1 1 0.04 1 -1.63 0.964 1.21 0.998 -2.12 0.756 
Rs6 vs. Rs4 -3.19 0.103 1.38 0.992 -0.75 1 0.71 1 0.31 1 -1.09 1 -2.78 0.28 
Rs6 vs. Rs5 -1.96 0.847 0.16 1 0.08 1 1.64 0.961 -0.04 1 0.12 1 -1.76 0.929 
Rs6 vs. Rs7 -3.19 0.103 -0.61 1 1.32 0.995 1.64 0.961 0.61 1 0.78 1 -0.9 1 
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Artemisia Bouteloua Echinacea Euphorbia Galium Helianthus Koeleria 
Comparison Z P Z P Z P Z P Z P Z P Z P 
Rs6 vs. Rs8 -0.94 1 0 1 0.57 1 1.78 0.924 1.27 0.997 -0.68 1 -0.9 1 
Rs6 vs. Rs9 0 1 -2.2 0.699 1.37 0.993 0.28 1 1.18 0.999 -1.23 0.998 -1.76 0.929 
Rs6 vs. Rs10 0.3 1 -1.52 0.981 0.12 1 1.13 0.999 0.69 1 -0.17 1 . . 
Rs6 vs. Rs11 -1.7 0.947 1.38 0.992 -1.34 0.995 0.59 1 -1.11 0.999 -2.26 0.656 -0.9 1 
Rs6 vs. Fo1 -1.13 0.999 -2.43 0.524 -0.12 1 -0.16 1 -0.08 1 0.98 1 -0.9 1 
Rs6 vs. Fo2 1.24 0.998 -0.52 1 0 1 -1.11 0.999 -0.64 1 -2.4 0.551 -0.9 1 
Rs6 vs. Fo3 -2.15 0.735 0.67 1 0.5 1 0.74 1 1.05 1 -1.19 0.999 -0.9 1 
Rs6 vs. Fs -1.71 0.944 -1.63 0.964 -0.16 1 0.33 1 0.63 1 0 1 -3.46 0.044 
Rs5 vs. Rs1 -1.14 0.999 -3.39 0.055 -1.29 0.996 -2.97 0.184 -3.19 0.103 0 1 -0.22 1 
Rs5 vs. Rs2 0 1 -0.7 1 -0.77 1 0.25 1 -1.05 1 -0.25 1 -0.92 1 
Rs5 vs. Rs3 -1.03 1 0.43 1 -1.05 1 -1.08 1 -1.96 0.848 0.58 1 -0.18 1 
Rs5 vs. Rs4 -2.14 0.74 1.38 0.993 -0.65 1 -1.03 1 0.7 1 -0.71 1 -1.05 1 
Rs5 vs. Rs7 -2.14 0.74 -1.21 0.998 1.18 0.999 0 1 0.79 1 0.45 1 0.98 1 
Rs5 vs. Rs8 0.67 1 -0.16 1 0.15 1 0.42 1 1.56 0.976 -0.43 1 1.08 1 
Rs5 vs. Rs9 1.96 0.847 -3.06 0.144 1.34 0.995 -0.6 1 1.29 0.996 -0.87 1 0.09 1 
Rs5 vs. Rs10 2.1 0.768 -2.19 0.706 0.2 1 -0.13 1 1.03 1 -0.16 1 1.76 0.929 
Rs5 vs. Rs11 0.09 1 1.38 0.993 -1.43 0.989 -0.89 1 -1.12 0.999 -1.58 0.972 1.14 0.999 
Rs5 vs. Fo1 0.55 1 -2.94 0.196 -0.5 1 -1.25 0.997 -0.12 1 0.62 1 1.14 0.999 
Rs5 vs. Fo2 1.98 0.838 -1.08 1 -0.04 1 -1.85 0.897 -0.49 1 -1.93 0.863 1.14 0.999 
Rs5 vs. Fo3 -0.35 1 0.43 1 0.47 1 -0.45 1 1.35 0.994 -1 1 1.08 1 
Rs5 vs. Fs -1.35 0.994 -2.46 0.498 -0.19 1 -1.34 0.995 0.68 1 -0.12 1 -1.66 0.956 
Rs4 vs. Rs1 1.64 0.961 -3.71 0.019 -0.87 1 -2.54 0.442 -3.64 0.025 1.41 0.991 1.11 0.999 
Rs4 vs. Rs2 2.14 0.74 -1.76 0.929 -0.05 1 1.23 0.998 -1.83 0.907 0.86 1 0.42 1 
Rs4 vs. Rs3 0.22 1 -0.9 1 -0.4 1 -0.36 1 -2.45 0.506 2.26 0.651 1.17 0.999 
Rs4 vs. Rs7 0 1 -2.11 0.759 1.79 0.922 1.03 1 0.4 1 1.88 0.886 1.97 0.841 
Rs4 vs. Rs8 2.38 0.56 -1.38 0.992 1.41 0.99 1.23 0.998 1.22 0.998 -0.2 1 2.26 0.655 
Rs4 vs. Rs9 3.19 0.103 -3.41 0.053 1.8 0.919 0 1 0.92 1 -0.25 1 1.5 0.982 
Rs4 vs. Rs10 3.08 0.136 -2.77 0.288 0.69 1 0.67 1 0.45 1 1.03 1 2.78 0.28 
Rs4 vs. Rs11 2.14 0.737 . . -0.77 1 0 1 -2.14 0.74 -1.59 0.97 2.46 0.498 
Rs4 vs. Fo1 1.79 0.922 -3.46 0.044 0.6 1 -0.57 1 -0.64 1 1.35 0.994 2.46 0.498 
Rs4 vs. Fo3 1.9 0.879 -0.9 1 1.17 0.999 0.26 1 0.9 1 -0.44 1 2.26 0.655 
Rs3 vs. Rs1 0.65 1 -3.3 0.074 -0.22 1 -2.01 0.822 -0.8 1 -1.13 0.999 0 1 
Rs3 vs. Rs2 1.11 0.999 -1.08 1 0.31 1 1.38 0.993 1.26 0.997 -1.03 1 -0.88 1 
Rs3 vs. Rs7 -0.22 1 -1.44 0.988 2.1 0.763 1.08 1 2.25 0.662 -0.31 1 1.25 0.998 
Rs3 vs. Rs8 1.29 0.996 -0.67 1 1.43 0.989 1.45 0.987 2.88 0.227 -1.32 0.995 1.4 0.991 



 

 
 

218 

Artemisia Bouteloua Echinacea Euphorbia Galium Helianthus Koeleria 
Comparison Z P Z P Z P Z P Z P Z P Z P 
Rs3 vs. Rs9 1.76 0.93 -3.1 0.129 2.22 0.684 0.04 1 2.7 0.33 -2.32 0.609 0.49 1 
Rs3 vs. Rs10 1.75 0.934 -2.37 0.572 1.18 0.999 0.67 1 2.6 0.397 -1.49 0.984 2.12 0.756 
Rs3 vs. Rs11 1.03 1 0.9 1 -0.28 1 0.12 1 1.15 0.999 -3.13 0.12 1.59 0.97 
Rs3 vs. Fo1 0.94 1 -3.18 0.103 0.72 1 -0.35 1 1.64 0.961 0.36 1 1.59 0.97 
Rs3 vs. Fo3 0.85 1 0 1 1.48 0.985 0.36 1 2.76 0.294 -2.13 0.746 1.4 0.991 
Rs2 vs. Rs1 -1.08 1 -2.23 0.679 -0.81 1 -3.01 0.164 -2.56 0.429 0.04 1 0.9 1 
Rs2 vs. Rs7 -2.14 0.74 -0.27 1 2.09 0.769 -0.29 1 1.58 0.971 0.67 1 1.93 0.864 
Rs2 vs. Rs8 0.62 1 0.35 1 1.5 0.983 0.16 1 2.37 0.573 -0.37 1 2.17 0.72 
Rs2 vs. Rs9 1.9 0.874 -2.07 0.783 2.17 0.715 -0.97 1 2.06 0.791 -0.99 1 1.38 0.992 
Rs2 vs. Rs10 2.02 0.813 -1.3 0.996 0.92 1 -0.56 1 2.02 0.815 -0.17 1 2.78 0.28 
Rs2 vs. Rs11 0.09 1 1.76 0.929 -0.73 1 -1.2 0.998 0 1 -1.77 0.926 2.42 0.531 
Rs2 vs. Fo1 0.67 1 -2.21 0.688 0.64 1 -1.58 0.973 0.68 1 1.19 0.999 2.42 0.531 
Rs2 vs. Fo3 -0.35 1 1.08 1 1.4 0.991 -0.77 1 2.22 0.685 -0.98 1 2.17 0.72 
Rs1 vs. Rs7 -1.64 0.961 2.16 0.724 2.21 0.688 2.97 0.184 3.03 0.157 0.66 1 1.29 0.996 
Rs1 vs. Rs8 1.64 0.96 2.38 0.565 2.1 0.767 3.01 0.164 3.64 0.024 -0.92 1 1.39 0.992 
Rs1 vs. Rs9 2.89 0.218 -0.32 1 2.22 0.684 1.82 0.909 3.46 0.045 -1.55 0.977 0.45 1 
Rs1 vs. Rs10 2.85 0.24 0.52 1 1.34 0.995 2.56 0.425 3.63 0.026 -0.39 1 2.11 0.759 
Rs1 vs. Rs11 1.19 0.998 3.71 0.019 -0.04 1 2.33 0.599 2.56 0.43 -2.65 0.364 1.54 0.977 
Rs1 vs. Fo1 1.37 0.993 -0.62 1 1.33 0.995 1.75 0.934 2.61 0.393 0.83 1 1.54 0.977 
Rs1 vs. Fo3 0.67 1 3.3 0.074 1.78 0.922 2.34 0.59 3.63 0.025 -1.44 0.988 1.39 0.992 
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Appendix 9, continued. 

Linum Nassella Pascopyrum Ratibida Symphyotrichum Vicia 
Comparison Z P Z P Z P Z P Z P Z P 
C vs. Rs1 0 1 -0.9 1 -0.9 1 -0.69 1 0.78 1 -0.73 1 
C vs. Rs2 1.74 0.936 -0.4 1 -1.38 0.992 0.08 1 -0.85 1 0.17 1 
C vs. Rs3 0.72 1 -0.12 1 -2.11 0.758 -1.2 0.998 -0.37 1 0.17 1 
C vs. Rs4 0.88 1 2.07 0.784 -1.38 0.992 -0.88 1 0.2 1 -0.59 1 
C vs. Rs5 -0.92 1 0.04 1 -0.9 1 0.73 1 -0.12 1 -1.03 1 
C vs. Rs6 -0.52 1 1.7 0.948 -0.9 1 0 1 -0.13 1 -0.67 1 
C vs. Rs7 -0.34 1 -1.09 1 -0.9 1 0.85 1 -0.13 1 -1.46 0.987 
C vs. Rs8 -0.92 1 0.34 1 . . 1.62 0.965 0.33 1 -1.44 0.988 
C vs. Rs9 -1.57 0.974 -0.44 1 . . 1.69 0.949 0.53 1 -1.44 0.988 
C vs. Rs10 -1.36 0.994 0.41 1 . . -0.21 1 0.53 1 -1.82 0.908 
C vs. Rs11 -1.1 0.999 -0.77 1 . . -1.2 0.998 -0.4 1 -0.9 1 
C vs. Fo1 1.17 0.999 0.28 1 -1.77 0.927 -1.29 0.996 0.38 1 1.68 0.952 
C vs. Fo2 -0.92 1 -1.47 0.986 . . -0.41 1 -0.12 1 -0.04 1 
C vs. Fo3 -1.1 0.999 2.19 0.701 -0.9 1 2.54 0.441 -0.4 1 -1.44 0.988 
C vs. Fs -1.1 0.999 0.88 1 -1.77 0.927 -0.21 1 -0.08 1 -1.82 0.908 
Fs vs. Rs1 1.1 0.999 -1.92 0.866 1.04 1 -0.41 1 0.69 1 1.2 0.998 
Fs vs. Rs2 2.98 0.177 -1.26 0.997 0.45 1 0.29 1 -1.34 0.994 2.65 0.367 
Fs vs. Rs3 1.98 0.835 -1.14 0.999 -0.93 1 -0.9 1 0.25 1 2.65 0.367 
Fs vs. Rs4 2.2 0.696 0.83 1 0.45 1 -0.66 1 0.98 1 1.54 0.977 
Fs vs. Rs7 0.92 1 -1.36 0.993 1.19 0.998 1.07 1 0.43 1 0.35 1 
Fs vs. Rs8 0.31 1 -0.48 1 1.77 0.927 1.77 0.928 1.19 0.998 1.38 0.992 
Fs vs. Rs9 -0.14 1 -0.85 1 1.77 0.927 1.74 0.936 1.45 0.987 1.38 0.992 
Fs vs. Rs10 0 1 -0.2 1 1.77 0.927 0 1 1.45 0.987 0 1 
Fs vs. Rs11 0 1 -1.64 0.961 1.77 0.927 -0.9 1 0 1 1.25 0.998 
Fs vs. Fo1 2.22 0.684 -0.82 1 0 1 -0.89 1 0.2 1 4.15 0.003 
Fs vs. Fo3 0 1 1.29 0.996 0.87 1 2.81 0.265 0 1 1.38 0.992 
Fo3 vs. Rs7 1.03 1 -2.47 0.491 0 1 -2.12 0.756 0.9 1 -0.55 1 
Fo3 vs. Rs8 0.35 1 -1.8 0.918 0.9 1 -2.12 0.756 1.76 0.929 . . 
Fo3 vs. Rs9 -0.11 1 -2.02 0.812 0.9 1 -1.76 0.929 2.12 0.749 . . 
Fo3 vs. Rs10 0 1 -1.48 0.985 0.9 1 -2.81 0.265 2.12 0.749 -1.38 0.992 
Fo3 vs. Fo1 2.22 0.681 -2.24 0.672 -0.87 1 -3.31 0.071 0.37 1 4.32 0.002 
Fo2 vs. Rs1 0.92 1 0.76 1 -0.9 1 -0.09 1 0.4 1 -0.89 1 
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Linum Nassella Pascopyrum Ratibida Symphyotrichum Vicia 
Comparison Z P Z P Z P Z P Z P Z P 
Fo2 vs. Rs2 3.15 0.115 0.88 1 -1.38 0.992 0.49 1 -1.93 0.865 0.39 1 
Fo2 vs. Rs3 2.02 0.813 1.15 0.999 -2.11 0.758 -0.5 1 -0.82 1 0.39 1 
Fo2 vs. Rs4 2.31 0.619 2.62 0.387 -1.38 0.992 -0.3 1 0.37 1 -0.66 1 
Fo2 vs. Rs7 0.8 1 0.38 1 -0.9 1 1.17 0.999 -0.75 1 -1.84 0.903 
Fo2 vs. Rs8 0 1 1.67 0.955 . . 1.75 0.932 0.13 1 -2.12 0.749 
Fo2 vs. Rs9 -0.67 1 0.86 1 . . 1.77 0.928 0.87 1 -2.12 0.749 
Fo2 vs. Rs10 -0.55 1 1.61 0.968 . . 0.22 1 0.87 1 -2.39 0.554 
Fo2 vs. Rs11 -0.35 1 0.68 1 . . -0.5 1 -1.44 0.988 -1.13 0.999 
Fo2 vs. Fo1 2.17 0.715 1.34 0.994 -1.77 0.927 -0.49 1 0.12 1 2.81 0.265 
Fo2 vs. Fo3 -0.35 1 2.83 0.249 -0.9 1 2.78 0.28 -1.44 0.988 -2.12 0.749 
Fo2 vs. Fs -0.31 1 1.76 0.93 -1.77 0.927 0.22 1 -0.93 1 -2.39 0.554 
Rs11 vs. Rs7 1.03 1 -0.28 1 -0.9 1 2.02 0.813 0.9 1 -0.75 1 
Rs11 vs. Rs8 0.35 1 1.12 0.999 . . 2.88 0.227 1.76 0.929 -0.55 1 
Rs11 vs. Rs9 -0.11 1 0.28 1 . . 2.72 0.321 2.12 0.749 -0.55 1 
Rs11 vs. Rs10 0 1 1.18 0.999 . . 0.9 1 2.12 0.749 -1.25 0.998 
Rs11 vs. Fo1 2.22 0.681 1.13 0.999 -1.77 0.927 0 1 0.37 1 3.46 0.044 
Rs11 vs. Fo3 0 1 2.86 0.235 -0.9 1 3.51 0.038 . . -0.55 1 
Rs10 vs. Rs7 1.4 0.991 -1.21 0.998 -0.9 1 1.07 1 -1.46 0.987 0.35 1 
Rs10 vs. Rs8 0.55 1 -0.08 1 . . 1.77 0.928 -0.4 1 1.38 0.992 
Rs10 vs. Rs9 0 1 -0.69 1 . . 1.74 0.936 0 1 1.38 0.992 
Rs10 vs. Fo1 2.56 0.428 -0.43 1 -1.77 0.927 -0.89 1 -0.35 1 4.15 0.003 
Rs9 vs. Rs7 1.59 0.97 -0.45 1 -0.9 1 -0.71 1 -1.46 0.987 -0.55 1 
Rs9 vs. Rs8 0.67 1 0.69 1 . . -0.49 1 -0.4 1 . . 
Rs9 vs. Fo1 2.85 0.24 0.27 1 -1.77 0.927 -2.8 0.268 -0.35 1 4.32 0.002 
Rs8 vs. Rs7 0.8 1 -1.28 0.997 -0.9 1 -0.52 1 -1.03 1 -0.55 1 
Rs8 vs. Fo1 2.17 0.715 -0.12 1 -1.77 0.927 -3.02 0.159 -0.2 1 4.32 0.002 
Rs7 vs. Fo1 1.74 0.936 0.9 1 -1.19 0.998 -2.02 0.815 0.16 1 3.78 0.015 
Rs6 vs. Rs1 0.52 1 -2.81 0.263 0 1 -0.52 1 0.67 1 -0.22 1 
Rs6 vs. Rs2 2.68 0.346 -2.12 0.753 -0.55 1 0.16 1 -1.95 0.854 1.33 0.995 
Rs6 vs. Rs3 1.54 0.979 -2.04 0.802 -1.64 0.961 -0.92 1 0 1 1.33 0.995 
Rs6 vs. Rs4 1.8 0.918 -0.18 1 -0.55 1 -0.67 1 0.89 1 0.05 1 
Rs6 vs. Rs5 -0.45 1 -1.38 0.992 0 1 0.75 1 0.4 1 -0.55 1 
Rs6 vs. Rs7 0.27 1 -2.01 0.819 0 1 0.72 1 0 1 -1.25 0.998 
Rs6 vs. Rs8 -0.45 1 -1.3 0.996 0.9 1 1.21 0.998 1.03 1 -1.38 0.992 
Rs6 vs. Rs9 -1.19 0.998 -1.55 0.977 0.9 1 1.29 0.996 1.46 0.987 -1.38 0.992 
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Linum Nassella Pascopyrum Ratibida Symphyotrichum Vicia 
Comparison Z P Z P Z P Z P Z P Z P 
Rs6 vs. Rs10 -1.04 1 -0.99 1 0.9 1 -0.13 1 1.46 0.987 -1.9 0.879 
Rs6 vs. Rs11 -0.75 1 -2.49 0.478 0.9 1 -0.92 1 -0.9 1 -0.35 1 
Rs6 vs. Fo1 1.81 0.914 -1.91 0.871 -1.04 1 -0.9 1 0.16 1 3.51 0.038 
Rs6 vs. Fo2 -0.45 1 -2.44 0.52 0.9 1 -0.33 1 0.75 1 0.9 1 
Rs6 vs. Fo3 -0.75 1 0.45 1 0 1 2.45 0.509 -0.9 1 -1.38 0.992 
Rs6 vs. Fs -0.69 1 -0.9 1 -1.04 1 -0.13 1 -0.43 1 -1.9 0.879 
Rs5 vs. Rs1 0.92 1 -0.94 1 0 1 -1.38 0.993 0.57 1 0.05 1 
Rs5 vs. Rs2 3.15 0.115 -0.51 1 -0.43 1 -0.49 1 -1.69 0.95 1.85 0.896 
Rs5 vs. Rs3 2.02 0.813 -0.28 1 -1.35 0.994 -1.8 0.918 -0.45 1 1.85 0.896 
Rs5 vs. Rs4 2.31 0.619 1.59 0.97 -0.43 1 -1.51 0.982 0.54 1 0.5 1 
Rs5 vs. Rs7 0.8 1 -1 1 0 1 -0.04 1 -0.4 1 -0.92 1 
Rs5 vs. Rs8 0 1 0.21 1 0.9 1 0.37 1 0.44 1 -0.9 1 
Rs5 vs. Rs9 -0.67 1 -0.44 1 0.9 1 0.43 1 0.99 1 -0.9 1 
Rs5 vs. Rs10 -0.55 1 0.29 1 0.9 1 -0.98 1 0.99 1 -1.64 0.961 
Rs5 vs. Rs11 -0.35 1 -0.83 1 0.9 1 -1.8 0.918 -1.03 1 0 1 
Rs5 vs. Fo1 2.17 0.715 0 1 -0.87 1 -1.72 0.941 0.23 1 3.9 0.01 
Rs5 vs. Fo2 0 1 -1.4 0.991 0.9 1 -1.13 0.999 0.25 1 1.46 0.987 
Rs5 vs. Fo3 -0.35 1 1.87 0.891 0 1 1.45 0.988 -1.03 1 -0.9 1 
Rs5 vs. Fs -0.31 1 0.6 1 -0.87 1 -0.98 1 -0.61 1 -1.64 0.961 
Rs4 vs. Rs1 -0.88 1 -3.33 0.067 0.55 1 0.27 1 0.24 1 -0.17 1 
Rs4 vs. Rs2 1.08 1 -2.36 0.58 0 1 0.79 1 -1.92 0.866 1.03 1 
Rs4 vs. Rs3 -0.13 1 -2.33 0.605 -1.26 0.997 -0.05 1 -0.98 1 1.03 1 
Rs4 vs. Rs7 -1.6 0.968 -2.2 0.696 0.67 1 1.63 0.964 -0.89 1 -1.07 1 
Rs4 vs. Rs8 -2.31 0.619 -1.56 0.975 1.38 0.992 2.3 0.627 -0.04 1 -1.03 1 
Rs4 vs. Rs9 -3.16 0.111 -1.67 0.955 1.38 0.992 2.24 0.671 0.38 1 -1.03 1 
Rs4 vs. Rs10 -2.85 0.243 -1.08 1 1.38 0.992 0.66 1 0.38 1 -1.54 0.977 
Rs4 vs. Rs11 -2.34 0.592 -2.85 0.242 1.38 0.992 -0.05 1 -1.44 0.988 -0.36 1 
Rs4 vs. Fo1 0.61 1 -2 0.825 -0.45 1 -0.05 1 -0.08 1 3.12 0.124 
Rs4 vs. Fo3 -2.34 0.592 0.61 1 0.43 1 3.12 0.124 -1.44 0.988 -1.03 1 
Rs3 vs. Rs1 -0.72 1 -0.77 1 1.64 0.961 0.45 1 0.75 1 -1.22 0.998 
Rs3 vs. Rs2 1.17 0.999 -0.2 1 1.26 0.997 1 1 -1.45 0.988 0 1 
Rs3 vs. Rs7 -1.34 0.995 -0.75 1 1.64 0.961 2.02 0.813 0 1 -2.13 0.748 
Rs3 vs. Rs8 -2.02 0.813 0.52 1 2.11 0.758 2.88 0.227 0.93 1 -2.47 0.497 
Rs3 vs. Rs9 -2.82 0.256 -0.12 1 2.11 0.758 2.72 0.321 1.47 0.986 -2.47 0.497 
Rs3 vs. Rs10 -2.54 0.439 0.67 1 2.11 0.758 0.9 1 1.47 0.986 -2.65 0.367 
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Linum Nassella Pascopyrum Ratibida Symphyotrichum Vicia 
Comparison Z P Z P Z P Z P Z P Z P 
Rs3 vs. Rs11 -2.1 0.768 -0.59 1 2.11 0.758 0 1 -0.55 1 -1.49 0.984 
Rs3 vs. Fo1 0.66 1 0.51 1 0.93 1 0 1 0.43 1 2.47 0.497 
Rs3 vs. Fo3 -2.1 0.768 2.42 0.531 1.35 0.994 3.51 0.038 -0.55 1 -2.47 0.497 
Rs2 vs. Rs1 -1.74 0.936 -0.44 1 0.55 1 -0.64 1 1.5 0.983 -1.22 0.998 
Rs2 vs. Rs7 -2.57 0.42 -0.48 1 0.67 1 0.46 1 1.95 0.854 -2.13 0.748 
Rs2 vs. Rs8 -3.15 0.115 0.76 1 1.38 0.992 0.93 1 2.33 0.6 -2.47 0.497 
Rs2 vs. Rs9 -3.99 0.007 0.04 1 1.38 0.992 0.96 1 2.54 0.44 -2.47 0.497 
Rs2 vs. Rs10 -3.63 0.025 0.87 1 1.38 0.992 -0.29 1 2.54 0.44 -2.65 0.367 
Rs2 vs. Rs11 -3.11 0.128 -0.32 1 1.38 0.992 -1 1 1.76 0.929 -1.49 0.984 
Rs2 vs. Fo1 -0.16 1 0.66 1 -0.45 1 -0.94 1 0.99 1 2.47 0.497 
Rs2 vs. Fo3 -3.11 0.128 2.49 0.479 0.43 1 1.83 0.907 1.76 0.929 -2.47 0.497 
Rs1 vs. Rs7 -0.34 1 -0.36 1 0 1 1.54 0.979 -0.67 1 -0.81 1 
Rs1 vs. Rs8 -0.92 1 1.29 0.996 0.9 1 2.32 0.611 -0.13 1 -0.45 1 
Rs1 vs. Rs9 -1.57 0.974 0.28 1 0.9 1 2.22 0.681 -0.12 1 -0.45 1 
Rs1 vs. Rs10 -1.36 0.994 1.32 0.995 0.9 1 0.41 1 -0.12 1 -1.2 0.998 
Rs1 vs. Rs11 -1.1 0.999 0.04 1 0.9 1 -0.45 1 -0.89 1 -0.09 1 
Rs1 vs. Fo1 1.17 0.999 1.46 0.986 -1.04 1 -0.45 1 -0.35 1 3.09 0.133 
Rs1 vs. Fo3 -1.1 0.999 3.2 0.1 0 1 3.15 0.113 -0.89 1 -0.45 1 
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Appendix 10. Multiple comparisons for analysis of pathogen and exudate treatment 
effects on germination by fungal isolate. These comparisons were used for determining 
differences among treatment levels in Figure 4-3. In the comparison column, treatment 
combinations are displayed as “inoculum-exudate”. P-values <0.05 are in bold. 
 
Isolate Comparison DF t P 
R. solani 1 Low-Control vs. Low-Low 266 ∞ <.0001 
  Low-Control vs. Low-High 266 -0.01 1 
  Low-High vs. Low-Low 266 4.08 0.0008 
  High-Control vs. Low-Control 266 -8.2 <.0001 
  High-Control vs. Low-Low 266 -7.2 <.0001 
  High-Control vs. Low-High 266 -8.21 <.0001 
  High-Control vs. High-Low 266 2.37 0.1721 
  High-Control vs. High-High 266 1.92 0.3941 
  High-Low vs. Low-Control 266 -∞ <.0001 
  High-Low vs. Low-Low 266 -∞ <.0001 
  High-Low vs. Low-High 266 -43.2 <.0001 
  High-High vs. Low-Control 266 -41.3 <.0001 
  High-High vs. Low-Low 266 -37.2 <.0001 
  High-High vs. Low-High 266 -∞ <.0001 
  High-High vs. High-Low 266 1.85 0.4345 
R. solani 2 Low-Control vs. Low-Low 266 -0.66 0.986 
  Low-Control vs. Low-High 266 -1.4 0.7265 
  Low-High vs. Low-Low 266 0.75 0.9758 
  High-Control vs. Low-Control 266 -3.57 0.0057 
  High-Control vs. Low-Low 266 -4.18 0.0006 
  High-Control vs. Low-High 266 -4.87 <.0001 
  High-Control vs. High-Low 266 -0.35 0.9993 
  High-Control vs. High-High 266 -1.83 0.4485 
  High-Low vs. Low-Control 266 -3.23 0.0172 
  High-Low vs. Low-Low 266 -3.86 0.002 
  High-Low vs. Low-High 266 -4.56 0.0001 
  High-High vs. Low-Control 266 -1.81 0.463 
  High-High vs. Low-Low 266 -2.46 0.1414 
  High-High vs. Low-High 266 -3.18 0.02 
  High-High vs. High-Low 266 1.48 0.6766 
R. solani 3 Low-Control vs. Low-Low 266 12.09 <.0001 
  Low-Control vs. Low-High 266 -40.8 <.0001 
  Low-High vs. Low-Low 266 ∞ <.0001 
  High-Control vs. Low-Control 266 33.36 <.0001 
  High-Control vs. Low-Low 266 35.25 <.0001 
  High-Control vs. Low-High 266 -17 <.0001 
  High-Control vs. High-Low 266 23.6 <.0001 
  High-Control vs. High-High 266 -11.5 <.0001 
  High-Low vs. Low-Control 266 -0.01 1 
  High-Low vs. Low-Low 266 17.08 <.0001 
  High-Low vs. Low-High 266 -57.7 <.0001 
  High-High vs. Low-Control 266 24.97 <.0001 
  High-High vs. Low-Low 266 66.74 <.0001 
  High-High vs. Low-High 266 -8.01 <.0001 
  High-High vs. High-Low 266 ∞ <.0001 
F. oxysporum Low-Control vs. Low-Low 266 -2.53 0.1198 
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Isolate Comparison DF t P 
  Low-Control vs. Low-High 266 -16.9 <.0001 
  Low-High vs. Low-Low 266 ∞ <.0001 
  High-Control vs. Low-Control 266 20.39 <.0001 
  High-Control vs. Low-Low 266 10.18 <.0001 
  High-Control vs. Low-High 266 -5.63 <.0001 
  High-Control vs. High-Low 266 10.36 <.0001 
  High-Control vs. High-High 266 4.08 0.0008 
  High-Low vs. Low-Control 266 1.02 0.9108 
  High-Low vs. Low-Low 266 -1.98 0.3551 
  High-Low vs. Low-High 266 -26.9 <.0001 
  High-High vs. Low-Control 266 5.65 <.0001 
  High-High vs. Low-Low 266 8.93 <.0001 
  High-High vs. Low-High 266 -15.9 <.0001 
  High-High vs. High-Low 266 ∞ <.0001 
F. solani Low-Control vs. Low-Low 266 0.61 0.9904 
  Low-Control vs. Low-High 266 -0.55 0.9939 
  Low-High vs. Low-Low 266 1.16 0.8545 
  High-Control vs. Low-Control 266 -3.56 0.0059 
  High-Control vs. Low-Low 266 -2.97 0.038 
  High-Control vs. Low-High 266 -4.07 0.0009 
  High-Control vs. High-Low 266 -1.08 0.8879 
  High-Control vs. High-High 266 -2.58 0.1067 
  High-Low vs. Low-Control 266 -2.52 0.1217 
  High-Low vs. Low-Low 266 -1.93 0.3884 
  High-Low vs. Low-High 266 -3.06 0.0291 
  High-High vs. Low-Control 266 -1.01 0.9133 
  High-High vs. Low-Low 266 -0.41 0.9985 
  High-High vs. Low-High 266 -1.57 0.621 
  High-High vs. High-Low 266 1.52 0.6494 
Control Control vs. Low 119 6.15 <.0001 
  Control vs. High 119 6.79 <.0001 
  High vs. Low 119 -∞ <.0001 
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Appendix 11. Effects of inoculum density and exudate concentration on germination 
proportion by plant species and isolate. Degrees of freedom (DF) are displayed as 
numerator/ denominator, and P-values <0.05 are in bold. 
 
Species Isolate Effect DF F P 
Echinacea Rs1 Inoculum density 1/54 20.86 <.001 
    Exudate concentration 2/54 0.44 0.647 
    Inoculum × Exudate 2/54 0.03 0.971 
  Rs2 Inoculum density 1/1 10.05 0.195 
    Exudate concentration 2/1 4.72 0.31 
    Inoculum × Exudate 2/1 1.84 0.462 
  Rs3 Inoculum density 1/1 1.39 0.448 
    Exudate concentration 2/1 0.21 0.837 
    Inoculum × Exudate 2/1 0.43 0.735 
  Fo Inoculum density 1/1 0.67 0.564 
    Exudate concentration 2/1 0.37 0.756 
    Inoculum × Exudate 2/1 0.46 0.721 
  Fs Inoculum density 1/1 9.78 0.197 
    Exudate concentration 2/1 1.45 0.507 
    Inoculum × Exudate 2/1 1.74 0.472 
  Control Exudate concentration 2/1 0.34 0.769 
Helianthus Rs1 Inoculum density 1/54 0.49 0.489 
    Exudate concentration 2/54 0.33 0.723 
    Inoculum × Exudate 2/54 1.37 0.263 
  Rs2 Inoculum density 1/1 0.3 0.682 
    Exudate concentration 2/1 1.41 0.511 
    Inoculum × Exudate 2/1 0.24 0.821 
  Rs3 Inoculum density 1/1 0.02 0.902 
    Exudate concentration 2/1 0.78 0.626 
    Inoculum × Exudate 2/1 0 0.998 
  Fo Inoculum density 1/1 0 0.96 
    Exudate concentration 2/1 0.01 0.988 
    Inoculum × Exudate 2/1 1.15 0.55 
  Fs Inoculum density 1/1 2.58 0.354 
    Exudate concentration 2/1 0.4 0.745 
    Inoculum × Exudate 2/1 1.73 0.474 
  Control Exudate concentration 2/27 0.55 0.585 
Koeleria Rs1 Inoculum density 1/1 11.35 0.184 
    Exudate concentration 2/1 0.2 0.844 
    Inoculum × Exudate 2/1 1.11 0.557 
  Rs2 Inoculum density 1/1 18.36 0.146 
    Exudate concentration 2/1 0.13 0.892 
    Inoculum × Exudate 2/1 0.25 0.819 
  Rs3 Inoculum density 1/1 0 0.957 
    Exudate concentration 2/1 0.02 0.982 
    Inoculum × Exudate 2/1 0.14 0.883 
  Fo Inoculum density 1/1 0.23 0.714 
    Exudate concentration 2/1 0 0.996 
    Inoculum × Exudate 2/1 0.66 0.656 
  Fs Inoculum density 1/1 6.86 0.232 
    Exudate concentration 2/1 0.22 0.831 
    Inoculum × Exudate 2/1 0.07 0.935 
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Species Isolate Effect DF F P 
  Control Exudate concentration 2/1 0.29 0.797 
Pascopyrum Rs1 Inoculum density 1/1 1.2 0.471 
    Exudate concentration 2/1 0.09 0.921 
    Inoculum × Exudate 2/1 0.38 0.754 
  Rs2 Inoculum density 1/1 1.01 0.499 
    Exudate concentration 2/1 0.55 0.69 
    Inoculum × Exudate 2/1 0.07 0.933 
  Rs3 Inoculum density 1/1 0.01 0.948 
    Exudate concentration 2/1 0.11 0.907 
    Inoculum × Exudate 2/1 1.45 0.507 
  Fo Inoculum density 1/1 0.32 0.672 
    Exudate concentration 2/1 1.07 0.564 
    Inoculum × Exudate 2/1 1.12 0.556 
  Fs Inoculum density 1/1 0.1 0.808 
    Exudate concentration 2/1 0.45 0.725 
    Inoculum × Exudate 2/1 0.3 0.792 
  Control Exudate concentration 2/27 0.21 0.811 
Vicia Rs1 Inoculum density 1/1 19.2 0.143 
    Exudate concentration 2/1 0.93 0.592 
    Inoculum × Exudate 2/1 0.39 0.748 
  Rs2 Inoculum density 1/1 7.54 0.222 
    Exudate concentration 2/1 1.32 0.524 
    Inoculum × Exudate 2/1 0.75 0.633 
  Rs3 Inoculum density 1/1 1.08 0.487 
    Exudate concentration 2/1 0.12 0.895 
    Inoculum × Exudate 2/1 0.22 0.832 
  Fo Inoculum density 1/1 7.54 0.222 
    Exudate concentration 2/1 1.32 0.524 
    Inoculum × Exudate 2/1 0.75 0.633 
  Fs Inoculum density 1/1 3.86 0.3 
    Exudate concentration 2/1 4.4 0.319 
    Inoculum × Exudate 2/1 0.99 0.58 
  Control Exudate concentration 2/1 0.67 0.655 
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Appendix 12. Multiple comparisons of inoculum density and exudate concentration 
effects on per plant biomass. These comparisons were used for determining differences 
among treatment levels in Figure 4-3. In the comparison column, treatment 
combinations are displayed as “inoculum-exudate”. P-values <0.05 are in bold. 
 
Species Isolate Comparison DF t P 
Echinacea R. solani 1 Low-Control vs. Low-Low 22.1 -2.58 0.145 
    Low-Control vs. Low-High 23 1.11 0.873 
    Low-High vs. Low-Low 22.1 -3.72 0.013 
    High-Control vs. Low-Control 16.6 1.23 0.815 
    High-Control vs. Low-Low 19.5 -0.21 1 
    High-Control vs. Low-High 17.2 1.79 0.494 
    High-Control vs. High-Low 18.9 1.84 0.464 
    High-Control vs. High-High 19.7 2.26 0.257 
    High-Low vs. Low-Control 22.7 -1.2 0.831 
    High-Low vs. Low-Low 20.8 -3.42 0.027 
    High-Low vs. Low-High 14.2 -0.34 0.999 
    High-High vs. Low-Control 22.9 -1.88 0.44 
    High-High vs. Low-Low 22.6 -3.82 0.01 
    High-High vs. Low-High 19 -1.14 0.861 
    High-High vs. High-Low 18.5 -0.74 0.975 
  R. solani 2 Low-Control vs. Low-Low 17 -1.29 0.784 
    Low-Control vs. Low-High 26.9 -1.68 0.554 
    Low-High vs. Low-Low 21.5 0.75 0.973 
    High-Control vs. Low-Control 27 0.25 1 
    High-Control vs. Low-Low 26 -0.91 0.941 
    High-Control vs. Low-High 26.7 -1.38 0.741 
    High-Control vs. High-Low 26.8 -0.3 1 
    High-Control vs. High-High 26.7 -1.81 0.478 
    High-Low vs. Low-Control 26.9 0.6 0.99 
    High-Low vs. Low-Low 25.8 -0.81 0.962 
    High-Low vs. Low-High 23.3 -1.48 0.678 
    High-High vs. Low-Control 26.9 2.12 0.31 
    High-High vs. Low-Low 25.8 1.46 0.692 
    High-High vs. Low-High 27 0.82 0.962 
    High-High vs. High-Low 26.2 2.01 0.361 
  R. solani 3 Low-Control vs. Low-Low 46 -1.54 0.641 
    Low-Control vs. Low-High 46 -0.05 1 
    Low-High vs. Low-Low 46 -1.49 0.673 
    High-Control vs. Low-Control 46 -0.25 1 
    High-Control vs. Low-Low 46 -1.75 0.509 
    High-Control vs. Low-High 46 -0.3 1 
    High-Control vs. High-Low 46 -1.94 0.39 
    High-Control vs. High-High 46 -2.13 0.289 
    High-Low vs. Low-Control 46 1.78 0.489 
    High-Low vs. Low-Low 46 0.57 0.992 
    High-Low vs. Low-High 46 1.74 0.514 
    High-High vs. Low-Control 46 1.93 0.397 
    High-High vs. Low-Low 46 0.34 0.999 
    High-High vs. Low-High 46 1.88 0.427 
    High-High vs. High-Low 46 -0.32 1 
  F. oxysporum Low-Control vs. Low-Low 39.3 -2.34 0.204 
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Species Isolate Comparison DF t P 
    Low-Control vs. Low-High 34.7 -3.15 0.036 
    Low-High vs. Low-Low 39.9 0.77 0.97 
    High-Control vs. Low-Control 36.5 3.11 0.039 
    High-Control vs. Low-Low 41 0.67 0.984 
    High-Control vs. Low-High 36.9 -0.1 1 
    High-Control vs. High-Low 39.5 0.8 0.966 
    High-Control vs. High-High 41 1.46 0.692 
    High-Low vs. Low-Control 38.2 2.14 0.288 
    High-Low vs. Low-Low 34.7 -0.14 1 
    High-Low vs. Low-High 39.3 -0.88 0.949 
    High-High vs. Low-Control 38 1.59 0.612 
    High-High vs. Low-Low 40.5 -0.78 0.97 
    High-High vs. Low-High 39.3 -1.55 0.633 
    High-High vs. High-Low 41 -0.61 0.99 
  F. solani Low-Control vs. Low-Low 33 -2.3 0.222 
    Low-Control vs. Low-High 33 -0.51 0.996 
    Low-High vs. Low-Low 33 -1.88 0.434 
    High-Control vs. Low-Control 33 -0.48 0.997 
    High-Control vs. Low-Low 33 -1.59 0.609 
    High-Control vs. Low-High 33 -0.72 0.978 
    High-Control vs. High-Low 33 -0.98 0.922 
    High-Control vs. High-High 33 -1.01 0.91 
    High-Low vs. Low-Control 33 1.01 0.912 
    High-Low vs. Low-Low 33 -1.16 0.851 
    High-Low vs. Low-High 33 0.57 0.993 
    High-High vs. Low-Control 33 1.13 0.866 
    High-High vs. Low-Low 33 -1.21 0.828 
    High-High vs. Low-High 33 0.66 0.986 
    High-High vs. High-Low 33 0.04 1 
  Control Control vs. Low 21 0.53 0.86 
    Control vs. High 21 1.19 0.473 
    High vs. Low 21 -0.74 0.743 
Helianthus R. solani 1 Low-Control vs. Low-Low 5 0.62 0.965 
    High-Control vs. Low-Control 5 -1.56 0.571 
    High-Control vs. Low-Low 5 -1.06 0.822 
    High-Control vs. High-Low 5 -2.02 0.373 
    High-Control vs. High-High 5 -2.51 0.225 
    High-Low vs. Low-Control 5 0.45 0.989 
    High-Low vs. Low-Low 5 1.14 0.784 
    High-High vs. Low-Control 5 1.16 0.773 
    High-High vs. Low-Low 5 1.78 0.469 
    High-High vs. High-Low 5 0.82 0.915 
  R. solani 2 Low-Control vs. Low-Low 16.6 0.38 0.999 
    Low-Control vs. Low-High 16.7 1.05 0.893 
    Low-High vs. Low-Low 16.2 -0.68 0.982 
    High-Control vs. Low-Control 19 -1.56 0.634 
    High-Control vs. Low-Low 17.6 -1.14 0.858 
    High-Control vs. Low-High 18.9 -0.34 0.999 
    High-Control vs. High-Low 17.9 -1.02 0.907 
    High-Control vs. High-High 18.9 -2.79 0.103 
    High-Low vs. Low-Control 19 -0.47 0.997 
    High-Low vs. Low-Low 18.9 -0.1 1 
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Species Isolate Comparison DF t P 
    High-Low vs. Low-High 15.8 0.57 0.991 
    High-High vs. Low-Control 17.1 0.68 0.982 
    High-High vs. Low-Low 17.9 1.1 0.875 
    High-High vs. Low-High 17.6 1.85 0.462 
    High-High vs. High-Low 17.6 1.22 0.824 
  R. solani 3 Low-Control vs. Low-Low 9 0.73 0.973 
    Low-Control vs. Low-High 8.76 -0.46 0.996 
    Low-High vs. Low-Low 8.98 1.15 0.848 
    High-Control vs. Low-Control 9 0.85 0.95 
    High-Control vs. Low-Low 8.93 1.36 0.747 
    High-Control vs. Low-High 8.98 0.57 0.991 
    High-Control vs. High-Low 8.98 0.37 0.999 
    High-Control vs. High-High 8.98 1.02 0.899 
    High-Low vs. Low-Control 4.41 0.7 0.972 
    High-Low vs. Low-Low 8.98 1.3 0.78 
    High-Low vs. Low-High 8.96 0.28 1 
    High-High vs. Low-Control 8.76 -0.13 1 
    High-High vs. Low-Low 8.98 0.7 0.977 
    High-High vs. Low-High 6.5 -0.74 0.969 
    High-High vs. High-Low 8.96 -0.94 0.926 
  F. oxysporum Low-High vs. Low-Low 3 -0.67 0.901 
    High-Control vs. Low-Low 3 -1 0.76 
    High-Control vs. Low-High 3 -0.37 0.98 
    High-Control vs. High-Low 3 0.32 0.987 
    High-Low vs. Low-Low 3 -1.07 0.728 
    High-Low vs. Low-High 3 -0.56 0.938 
  F. solani Low-Control vs. Low-Low 8 -0.86 0.947 
    Low-Control vs. Low-High 8 1.07 0.879 
    Low-High vs. Low-Low 8 -1.93 0.448 
    High-Control vs. Low-Control 8 -1.19 0.829 
    High-Control vs. Low-Low 8 -1.8 0.514 
    High-Control vs. Low-High 8 -0.43 0.997 
    High-Control vs. High-Low 8 0.32 0.999 
    High-Control vs. High-High 8 -0.62 0.986 
    High-Low vs. Low-Control 8 -1.58 0.628 
    High-Low vs. Low-Low 8 -2.19 0.335 
    High-Low vs. Low-High 8 -0.82 0.954 
    High-High vs. Low-Control 8 -0.81 0.957 
    High-High vs. Low-Low 8 -1.67 0.581 
    High-High vs. Low-High 8 0.26 1 
    High-High vs. High-Low 8 1.01 0.903 
  Control Control vs. Low 5 -60211 <.001 
    Control vs. High 5 -54291 <.001 
    High vs. Low 5 -5920 <.001 
Koeleria R. solani 1 Low-Control vs. Low-Low 45.9 -1.3 0.785 
    Low-Control vs. Low-High 42.5 -2.97 0.051 
    Low-High vs. Low-Low 44.6 1.62 0.587 
    High-Control vs. Low-Control 46.2 0.76 0.972 
    High-Control vs. Low-Low 46.4 -0.53 0.995 
    High-Control vs. Low-High 46.4 -2.09 0.311 
    High-Control vs. High-Low 46.3 -0.32 1 
    High-Control vs. High-High 47 0.87 0.952 
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Species Isolate Comparison DF t P 
    High-Low vs. Low-Control 45 0.98 0.923 
    High-Low vs. Low-Low 41.7 -0.14 1 
    High-Low vs. Low-High 40.8 -1.57 0.621 
    High-High vs. Low-Control 43.9 -0.24 1 
    High-High vs. Low-Low 46.1 -1.37 0.744 
    High-High vs. Low-High 44.1 -2.79 0.078 
    High-High vs. High-Low 36.6 -1.19 0.84 
  R. solani 2 Low-Control vs. Low-Low 38.6 -2.12 0.298 
    Low-Control vs. Low-High 43.1 -1.1 0.879 
    Low-High vs. Low-Low 38 -1.09 0.881 
    High-Control vs. Low-Control 39.8 -0.42 0.998 
    High-Control vs. Low-Low 42 -2.52 0.14 
    High-Control vs. Low-High 43 -1.54 0.641 
    High-Control vs. High-Low 44 -1.77 0.498 
    High-Control vs. High-High 43.6 0.61 0.99 
    High-Low vs. Low-Control 41.5 1.37 0.746 
    High-Low vs. Low-Low 42.6 -0.76 0.973 
    High-Low vs. Low-High 43.7 0.3 1 
    High-High vs. Low-Control 43.9 -0.99 0.918 
    High-High vs. Low-Low 41.2 -2.97 0.052 
    High-High vs. Low-High 38.8 -2.09 0.314 
    High-High vs. High-Low 44 -2.25 0.238 
  R. solani 3 Low-Control vs. Low-Low 51 -1.24 0.814 
    Low-Control vs. Low-High 49.3 -1.52 0.654 
    Low-High vs. Low-Low 49.7 0.25 1 
    High-Control vs. Low-Control 48.7 0.16 1 
    High-Control vs. Low-Low 48.1 -1.11 0.876 
    High-Control vs. Low-High 47.3 -1.37 0.743 
    High-Control vs. High-Low 47.8 -1.95 0.388 
    High-Control vs. High-High 44.8 -0.77 0.971 
    High-Low vs. Low-Control 52 1.99 0.362 
    High-Low vs. Low-Low 49.1 0.85 0.955 
    High-Low vs. Low-High 50.6 0.59 0.991 
    High-High vs. Low-Control 50.6 0.9 0.944 
    High-High vs. Low-Low 45.4 -0.37 0.999 
    High-High vs. Low-High 49.3 -0.61 0.99 
    High-High vs. High-Low 47.2 -1.23 0.822 
  F. oxysporum Low-Control vs. Low-Low 53.9 -0.77 0.971 
    Low-Control vs. Low-High 51.3 -1.72 0.528 
    Low-High vs. Low-Low 53.6 0.89 0.947 
    High-Control vs. Low-Control 47.6 1.05 0.899 
    High-Control vs. Low-Low 52.7 0.23 1 
    High-Control vs. Low-High 52.8 -0.68 0.983 
    High-Control vs. High-Low 53.9 0.69 0.983 
    High-Control vs. High-High 53.5 -0.32 1 
    High-Low vs. Low-Control 48.8 0.32 1 
    High-Low vs. Low-Low 51.5 -0.47 0.997 
    High-Low vs. Low-High 52.2 -1.4 0.729 
    High-High vs. Low-Control 51.6 1.36 0.75 
    High-High vs. Low-Low 52.9 0.56 0.993 
    High-High vs. Low-High 53.6 -0.36 0.999 
    High-High vs. High-Low 51.1 1.05 0.899 
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Species Isolate Comparison DF t P 
  F. solani Low-Control vs. Low-Low 37.8 -2.44 0.167 
    Low-Control vs. Low-High 45.7 -2.47 0.156 
    Low-High vs. Low-Low 41.3 0.21 1 
    High-Control vs. Low-Control 40 0.8 0.965 
    High-Control vs. Low-Low 42 -1.44 0.702 
    High-Control vs. Low-High 42.9 -1.66 0.566 
    High-Control vs. High-Low 36.3 -1.68 0.553 
    High-Control vs. High-High 46.1 0.29 1 
    High-Low vs. Low-Control 35 2.62 0.119 
    High-Low vs. Low-Low 42.9 0.16 1 
    High-Low vs. Low-High 46.7 -0.05 1 
    High-High vs. Low-Control 47 0.48 0.997 
    High-High vs. Low-Low 45 -1.8 0.475 
    High-High vs. Low-High 47.3 -1.94 0.389 
    High-High vs. High-Low 47.6 -1.86 0.44 
  Control Control vs. Low 23 -0.83 0.688 
    Control vs. High 23.3 -0.9 0.645 
    High vs. Low 25.8 0.09 0.996 
Pascopyrum R. solani 1 Low-Control vs. Low-Low 44 0.03 1 
    Low-Control vs. Low-High 44 0.85 0.956 
    Low-High vs. Low-Low 44 -0.87 0.952 
    High-Control vs. Low-Control 44 0.11 1 
    High-Control vs. Low-Low 44 0.15 1 
    High-Control vs. Low-High 44 0.94 0.934 
    High-Control vs. High-Low 44 2.04 0.339 
    High-Control vs. High-High 44 1.59 0.612 
    High-Low vs. Low-Control 44 -1.99 0.364 
    High-Low vs. Low-Low 44 -2.07 0.324 
    High-Low vs. Low-High 44 -1.25 0.811 
    High-High vs. Low-Control 44 -1.52 0.652 
    High-High vs. Low-Low 44 -1.57 0.623 
    High-High vs. Low-High 44 -0.78 0.969 
    High-High vs. High-Low 44 0.4 0.999 
  R. solani 2 Low-Control vs. Low-Low 53 0.73 0.977 
    Low-Control vs. Low-High 53 0.78 0.97 
    Low-High vs. Low-Low 53 -0.04 1 
    High-Control vs. Low-Control 53 0.67 0.984 
    High-Control vs. Low-Low 53 1.4 0.724 
    High-Control vs. Low-High 53 1.45 0.697 
    High-Control vs. High-Low 53 0.89 0.948 
    High-Control vs. High-High 53 1.88 0.424 
    High-Low vs. Low-Control 53 -0.22 1 
    High-Low vs. Low-Low 53 0.52 0.995 
    High-Low vs. Low-High 53 0.56 0.993 
    High-High vs. Low-Control 53 -1.23 0.822 
    High-High vs. Low-Low 53 -0.52 0.995 
    High-High vs. Low-High 53 -0.47 0.997 
    High-High vs. High-Low 53 -1.02 0.91 
  R. solani 3 Low-Control vs. Low-Low 47 1.26 0.804 
    Low-Control vs. Low-High 43.7 0.21 1 
    Low-High vs. Low-Low 44.9 1.07 0.89 
    High-Control vs. Low-Control 46.3 -0.52 0.995 
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    High-Control vs. Low-Low 44.4 0.76 0.973 
    High-Control vs. Low-High 48.4 -0.31 1 
    High-Control vs. High-Low 46.1 -1.32 0.772 
    High-Control vs. High-High 41.2 -0.25 1 
    High-Low vs. Low-Control 47 0.79 0.967 
    High-Low vs. Low-Low 48.1 2.02 0.345 
    High-Low vs. Low-High 47.8 1 0.917 
    High-High vs. Low-Control 45.6 -0.27 1 
    High-High vs. Low-Low 41.5 1.01 0.91 
    High-High vs. Low-High 44.8 -0.07 1 
    High-High vs. High-Low 41.5 -1.09 0.882 
  F. oxysporum Low-Control vs. Low-Low 44.2 -0.01 1 
    Low-Control vs. Low-High 47.8 -1.03 0.905 
    Low-High vs. Low-Low 46.8 1.03 0.904 
    High-Control vs. Low-Control 42.2 0.07 1 
    High-Control vs. Low-Low 49 0.06 1 
    High-Control vs. Low-High 45.5 -0.98 0.921 
    High-Control vs. High-Low 44.3 1.12 0.872 
    High-Control vs. High-High 47.4 -0.47 0.997 
    High-Low vs. Low-Control 43.5 -1.06 0.896 
    High-Low vs. Low-Low 47.5 -1.03 0.904 
    High-Low vs. Low-High 43.8 -2.15 0.28 
    High-High vs. Low-Control 47.1 0.54 0.994 
    High-High vs. Low-Low 44.2 0.54 0.994 
    High-High vs. Low-High 36 -0.53 0.995 
    High-High vs. High-Low 38.8 1.68 0.556 
  F. solani Low-Control vs. Low-Low 47 1.15 0.857 
    Low-Control vs. Low-High 40.8 -0.29 1 
    Low-High vs. Low-Low 42.6 1.48 0.678 
    High-Control vs. Low-Control 39.9 0.19 1 
    High-Control vs. Low-Low 43 1.37 0.742 
    High-Control vs. Low-High 47.8 -0.09 1 
    High-Control vs. High-Low 49.6 0.97 0.926 
    High-Control vs. High-High 52.7 0.16 1 
    High-Low vs. Low-Control 47.5 -0.81 0.965 
    High-Low vs. Low-Low 43.8 0.33 1 
    High-Low vs. Low-High 43.3 -1.11 0.875 
    High-High vs. Low-Control 53 0.01 1 
    High-High vs. Low-Low 44.7 1.19 0.84 
    High-High vs. Low-High 51.6 -0.26 1 
    High-High vs. High-Low 51.7 0.79 0.968 
  Control Control vs. Low 25 0.08 0.996 
    Control vs. High 25 0.36 0.932 
    High vs. Low 25 -0.28 0.959 
Vicia R. solani 1 Low-Control vs. Low-Low 27.8 2.29 0.231 
    Low-Control vs. Low-High 29.5 0.67 0.984 
    Low-High vs. Low-Low 30.7 1.58 0.615 
    High-Control vs. Low-Control 29.2 -3.08 0.047 
    High-Control vs. Low-Low 29.8 -1.35 0.755 
    High-Control vs. Low-High 25.8 -2.55 0.146 
    High-Control vs. High-Low 28.7 1.36 0.747 
    High-Control vs. High-High 30.3 -0.17 1 
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    High-Low vs. Low-Control 29.4 -3.22 0.034 
    High-Low vs. Low-Low 29.5 -2.23 0.254 
    High-Low vs. Low-High 29.3 -2.93 0.064 
    High-High vs. Low-Control 29.6 -2.65 0.118 
    High-High vs. Low-Low 27.3 -1.06 0.893 
    High-High vs. Low-High 30.2 -2.18 0.274 
    High-High vs. High-Low 30.3 1.45 0.699 
  R. solani 2 Low-Control vs. Low-Low 39.6 -0.28 1 
    Low-Control vs. Low-High 43.7 -1.92 0.403 
    Low-High vs. Low-Low 43.5 1.67 0.56 
    High-Control vs. Low-Control 44 -0.96 0.929 
    High-Control vs. Low-Low 43.5 -1.16 0.853 
    High-Control vs. Low-High 44 -2.42 0.172 
    High-Control vs. High-Low 42 -0.18 1 
    High-Control vs. High-High 43.2 -1.41 0.723 
    High-Low vs. Low-Control 43.1 -0.95 0.931 
    High-Low vs. Low-Low 41.6 -1.2 0.835 
    High-Low vs. Low-High 43 -2.75 0.086 
    High-High vs. Low-Control 43.4 0.64 0.987 
    High-High vs. Low-Low 44 0.37 0.999 
    High-High vs. Low-High 42.7 -1.18 0.846 
    High-High vs. High-Low 43.8 1.5 0.664 
  R. solani 3 Low-Control vs. Low-Low 39.1 1.01 0.913 
    Low-Control vs. Low-High 41.7 -0.3 1 
    Low-High vs. Low-Low 42.4 1.45 0.698 
    High-Control vs. Low-Control 40.1 -0.63 0.988 
    High-Control vs. Low-Low 36.6 0.43 0.998 
    High-Control vs. Low-High 44.3 -0.99 0.918 
    High-Control vs. High-Low 42.7 -0.53 0.995 
    High-Control vs. High-High 46.2 -0.15 1 
    High-Low vs. Low-Control 41.4 -0.13 1 
    High-Low vs. Low-Low 38.4 0.99 0.92 
    High-Low vs. Low-High 41.5 -0.49 0.996 
    High-High vs. Low-Control 39 -0.5 0.996 
    High-High vs. Low-Low 42.3 0.57 0.992 
    High-High vs. Low-High 43.7 -0.87 0.951 
    High-High vs. High-Low 41 -0.39 0.999 
  F. oxysporum Low-Control vs. Low-Low 51.1 1.58 0.613 
    Low-Control vs. Low-High 52.1 -1.48 0.676 
    Low-High vs. Low-Low 49.4 3.11 0.034 
    High-Control vs. Low-Control 50.5 -1.13 0.869 
    High-Control vs. Low-Low 46.1 0.48 0.997 
    High-Control vs. Low-High 48.5 -2.66 0.101 
    High-Control vs. High-Low 53 -1.15 0.856 
    High-Control vs. High-High 49.3 -0.71 0.98 
    High-Low vs. Low-Control 52.3 0.08 1 
    High-Low vs. Low-Low 53 1.59 0.609 
    High-Low vs. Low-High 52.6 -1.36 0.753 
    High-High vs. Low-Control 49.6 -0.43 0.998 
    High-High vs. Low-Low 48.3 1.18 0.842 
    High-High vs. Low-High 50.5 -1.93 0.398 
    High-High vs. High-Low 51.9 -0.5 0.996 
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  F. solani Low-Control vs. Low-Low 46 -1.67 0.557 
    Low-Control vs. Low-High 46 -1.74 0.51 
    Low-High vs. Low-Low 46 0.03 1 
    High-Control vs. Low-Control 46 0.25 1 
    High-Control vs. Low-Low 46 -1.25 0.81 
    High-Control vs. Low-High 46 -1.3 0.783 
    High-Control vs. High-Low 46 -0.17 1 
    High-Control vs. High-High 46 0.65 0.986 
    High-Low vs. Low-Control 46 0.46 0.997 
    High-Low vs. Low-Low 46 -1.21 0.83 
    High-Low vs. Low-High 46 -1.27 0.799 
    High-High vs. Low-Control 46 -0.45 0.998 
    High-High vs. Low-Low 46 -2.12 0.293 
    High-High vs. Low-High 46 -2.21 0.254 
    High-High vs. High-Low 46 -0.91 0.941 
  Control Control vs. Low 20.2 -0.62 0.811 
    Control vs. High 21.8 -0.83 0.692 
    High vs. Low 26 0.18 0.983 
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Appendix 13. Effects of inoculum density and exudate concentration on per plant 
biomass and root:shoot ratios by plant species and isolate. Degrees of freedom (DF) are 
displayed as numerator/ denominator, and P-values <0.05 are in bold.   
      Biomass Root:shoot 
Species Isolate Effect DF F P DF F P 
Echinacea Rs1 Inoculum density 1/18 1.55 0.23 1/10.2 8.16 0.017 
    Exudate concentration 2/21.2 5.2 0.015 2/11.9 0.76 0.488 
    Inoculum × Exudate 2/18.5 4.38 0.028 2/8.7 0.34 0.72 
  Rs2 Inoculum density 1/26.6 0.04 0.846 1/27 1.28 0.267 
    Exudate concentration 2/25.8 3.86 0.034 2/27 2.91 0.072 
    Inoculum × Exudate 2/23.8 0.7 0.509 2/27 1.16 0.328 
  Rs3 Inoculum density 1/46 1.48 0.23 1/44.5 0.41 0.528 
    Exudate concentration 2/46 3.22 0.049 2/44.1 0.43 0.654 
    Inoculum × Exudate 2/46 1.11 0.337 2/41.2 0.01 0.993 
  Fo Inoculum density 1/35.5 0.66 0.423 1/35.6 0.59 0.447 
    Exudate concentration 2/39.3 0.89 0.418 2/38.8 2.49 0.096 
    Inoculum × Exudate 2/37.3 5.65 0.007 2/37.7 3.21 0.052 
  Fs Inoculum density 1/33 0.42 0.521 1/33 0.75 0.393 
    Exudate concentration 2/33 1.96 0.156 2/33 2.98 0.065 
    Inoculum × Exudate 2/33 0.92 0.408 2/33 0.23 0.797 
  Control Exudate concentration 2/21 0.73 0.493 2/17.5 1.08 0.36 
Helianthus Rs1 Inoculum density 1/5 0.33 0.59 1/5 1.34 0.3 
    Exudate concentration 2/5 2.39 0.187 2/5 0.12 0.888 
    Inoculum × Exudate 1/5 3.74 0.111 1/5 0.68 0.447 
  Rs2 Inoculum density 1/16.8 0.02 0.896 1/19 0.02 0.902 
    Exudate concentration 2/17.1 0.28 0.76 2/19 0.57 0.576 
    Inoculum × Exudate 2/18.5 3.05 0.072 2/19 1.08 0.358 
  Rs3 Inoculum density 1/8.38 1.28 0.289 1/9 0.77 0.404 
    Exudate concentration 2/8.67 0.32 0.735 2/9 2.13 0.174 
    Inoculum × Exudate 2/8.36 1.42 0.294 2/9 2.02 0.189 
  Fo Inoculum density 1/3 1.15 0.362 1/3 1.89 0.263 
    Exudate concentration 2/3 0.28 0.775 2/3 1.32 0.388 
    Inoculum × Exudate . . . . . . 
  Fs Inoculum density 1/8 4.1 0.078 1/8 0.02 0.901 
    Exudate concentration 2/8 0.04 0.958 2/8 0.06 0.943 
    Inoculum × Exudate 2/8 2.01 0.196 2/8 0.2 0.826 
  Control Exudate concentration 2/1 2×109 <.001 2/5 2.23 0.203 
Koeleria Rs1 Inoculum density 1/44.4 1.83 0.183 1/47 5.18 0.027 
    Exudate concentration 2/45.4 0.91 0.411 2/47 0.11 0.893 
    Inoculum × Exudate 2/43 3.53 0.038 2/47 2.82 0.069 
  Rs2 Inoculum density 1/39.4 3.68 0.062 1/37 4.37 0.044 
    Exudate concentration 2/43 4.63 0.015 2/41.8 1.22 0.306 
    Inoculum × Exudate 2/40.7 0.83 0.444 2/38.8 1.02 0.369 
  Rs3 Inoculum density 1/50.9 0.05 0.819 1/51.3 0.19 0.662 
    Exudate concentration 2/48.7 2.54 0.089 2/48.3 1.3 0.282 
    Inoculum × Exudate 2/47.8 0.54 0.589 2/47.1 1 0.375 
  Fo Inoculum density 1/48.1 0.01 0.913 1/46.8 1.56 0.218 
    Exudate concentration 2/53 1.35 0.269 2/52.7 0.18 0.838 
    Inoculum × Exudate 2/52.5 0.71 0.496 2/51.3 1.93 0.155 
  Fs Inoculum density 1/44.5 0.33 0.57 1/49 0.18 0.675 
    Exudate concentration 2/41.6 4.46 0.018 2/49 0.09 0.916 
    Inoculum × Exudate 2/43.1 2 0.147 2/49 2.66 0.08 
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      Biomass Root:shoot 
Species Isolate Effect DF F P DF F P 
  Control Exudate concentration 2/24 0.52 0.603 2/24.9 1.38 0.27 
Pascopyrum Rs1 Inoculum density 1/44 2.32 0.135 1/42.8 0.71 0.405 
    Exudate concentration 2/44 1.77 0.182 2/41.4 0.75 0.48 
    Inoculum × Exudate 2/44 1.12 0.337 2/42.1 0.24 0.789 
  Rs2 Inoculum density 1/53 0.16 0.689 1/53 0.05 0.827 
    Exudate concentration 2/53 1.82 0.173 2/53 4.5 0.016 
    Inoculum × Exudate 2/53 0.38 0.685 2/53 0.46 0.631 
  Rs3 Inoculum density 1/49.2 0.71 0.402 1/50.3 0.21 0.647 
    Exudate concentration 2/43.5 0 1 2/43.5 1.18 0.317 
    Inoculum × Exudate 2/44.1 1.85 0.169 2/44.2 0.37 0.691 
  Fo Inoculum density 1/44 0.73 0.399 1/45.7 0.65 0.425 
    Exudate concentration 2/45.7 1.77 0.181 2/46.1 0.11 0.898 
    Inoculum × Exudate 2/41.8 0.32 0.728 2/43 0.08 0.924 
  Fs Inoculum density 1/44.1 0.02 0.888 1/53 0.18 0.674 
    Exudate concentration 2/48.6 1.64 0.204 2/53 0.66 0.52 
    Inoculum × Exudate 2/45.3 0.09 0.912 2/53 0.15 0.859 
  Control Exudate concentration 2/25 0.07 0.931 2/25 0.1 0.903 
Vicia Rs1 Inoculum density 1/30.5 16.7 <.001 1/30.8 11.17 0.002 
    Exudate concentration 2/30.4 2.4 0.108 2/30.4 3.74 0.035 
    Inoculum × Exudate 2/30.2 0.31 0.739 2/30.7 3.06 0.061 
  Rs2 Inoculum density 1/43.2 3.58 0.065 1/42.4 0.22 0.641 
    Exudate concentration 2/44 3.58 0.036 2/44 0.97 0.388 
    Inoculum × Exudate 2/42.8 0 1 2/42.1 0.43 0.653 
  Rs3 Inoculum density 1/37.9 0.12 0.726 1/45.3 1.68 0.202 
    Exudate concentration 2/42.3 0.28 0.759 2/49.4 0.83 0.443 
    Inoculum × Exudate 2/41.7 1.05 0.358 2/48.5 0.22 0.805 
  Fo Inoculum density 1/48.9 0.63 0.433 1/53 0 0.947 
    Exudate concentration 2/49.4 1.98 0.15 2/53 0.41 0.666 
    Inoculum × Exudate 2/52.4 3.32 0.044 2/53 0.85 0.433 
  Fs Inoculum density 1/46 2.98 0.091 1/46 0.35 0.555 
    Exudate concentration 2/46 0.77 0.469 2/46 0.05 0.951 
    Inoculum × Exudate 2/46 1.34 0.271 2/46 0.01 0.986 
  Control Exudate concentration 2/22.9 0.38 0.687 2/19.7 1.59 0.229 
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Appendix 14. ANCOVA multiple comparisons of species’ relationships between 
exudate concentration and colony diameter for polar and nonpolar exudates. Species are 
abbreviated using first three letters of genus. Estimates (Est.) indicate sign and 
magnitude of differences between slopes of the given species. P-values are Bonferroni 
adjusted, and values less than 0.05 are in bold. Rs = R. solani, Fo = F. oxysporum, Fs = 
F. solani. 
    Polar Nonpolar 
Isolate Label Est. DF t P Est. DF t P 
Rs1 Art. vs. Bou. -0.44 81 -0.61 1 0.39 78 0.5 1 
  Art. vs. Ech. -0.81 81 -1.25 1 0.89 78 1.15 1 
  Art. vs. Eup. -0.68 81 -1.21 1 -0.34 78 -0.63 1 
  Art. vs. Hel. -1.60 81 -2.04 1 -0.46 78 -0.57 1 
  Art. vs. Koe. -0.99 81 -1.61 1 -0.60 78 -0.97 1 
  Art. vs. Lin. -1.35 81 -1.83 1 -0.63 78 -1 1 
  Art. vs. Nas. -1.05 81 -1.77 1 -0.37 78 -0.6 1 
  Art. vs. Pas. -0.72 81 -1.27 1 0.20 78 0.37 1 
  Bou. vs. Ech. -0.37 81 -0.61 1 0.50 78 0.62 1 
  Bou. vs. Eup. -0.24 81 -0.47 1 -0.73 78 -1.25 1 
  Bou. vs. Hel. -1.15 81 -1.54 1 -0.86 78 -1.01 1 
  Bou. vs. Koe. -0.55 81 -0.97 1 -0.99 78 -1.52 1 
  Bou. vs. Lin. -0.90 81 -1.29 1 -1.02 78 -1.53 1 
  Bou. vs. Nas. -0.61 81 -1.12 1 -0.76 78 -1.16 1 
  Bou. vs. Pas. -0.27 81 -0.53 1 -0.19 78 -0.32 1 
  Ech. vs. Eup. 0.13 81 0.34 1 -1.23 78 -2.12 1 
  Ech. vs. Hel. -0.79 81 -1.19 1 -1.36 78 -1.61 1 
  Ech. vs. Koe. -0.18 81 -0.41 1 -1.49 78 -2.3 0.871 
  Ech. vs. Lin. -0.54 81 -0.89 1 -1.52 78 -2.29 0.894 
  Ech. vs. Nas. -0.24 81 -0.58 1 -1.26 78 -1.94 1 
  Ech. vs. Pas. 0.09 81 0.25 1 -0.69 78 -1.16 1 
  Eup. vs. Hel. -0.91 81 -1.57 1 -0.12 78 -0.2 1 
  Eup. vs. Koe. -0.31 81 -0.97 1 -0.26 78 -0.77 1 
  Eup. vs. Lin. -0.66 81 -1.29 1 -0.29 78 -0.79 1 
  Eup. vs. Nas. -0.37 81 -1.32 1 -0.03 78 -0.09 1 
  Eup. vs. Pas. -0.03 81 -0.16 1 0.54 78 2.63 0.366 
  Hel. vs. Koe. 0.61 81 0.96 1 -0.13 78 -0.19 1 
  Hel. vs. Lin. 0.25 81 0.34 1 -0.16 78 -0.23 1 
  Hel. vs. Nas. 0.54 81 0.89 1 0.09 78 0.13 1 
  Hel. vs. Pas. 0.88 81 1.52 1 0.67 78 1.04 1 
  Koe. vs. Lin. -0.35 81 -0.62 1 -0.03 78 -0.07 1 
  Koe. vs. Nas. -0.06 81 -0.17 1 0.23 78 0.51 1 
  Koe. vs. Pas. 0.28 81 0.88 1 0.80 78 2.27 0.927 
  Lin. vs. Nas. 0.29 81 0.53 1 0.26 78 0.55 1 
  Lin. vs. Pas. 0.63 81 1.23 1 0.83 78 2.17 1 
  Nas. vs. Pas. 0.34 81 1.22 1 0.57 78 1.59 1 
Rs2 Art. vs. Bou. 1.05 98 0.89 1 1.04 99 0.58 1 
  Art. vs. Ech. 0.47 98 0.38 1 3.83 99 1.74 1 
  Art. vs. Eup. 1.02 98 0.95 1 0.98 99 0.65 1 
  Art. vs. Hel. -0.44 98 -0.3 1 -1.41 99 -0.65 1 
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    Polar Nonpolar 
Isolate Label Est. DF t P Est. DF t P 
  Art. vs. Koe. 0.04 98 0.03 1 -1.62 99 -0.95 1 
  Art. vs. Lin. -0.30 98 -0.21 1 1.17 99 0.65 1 
  Art. vs. Nas. 1.80 98 1.61 1 0.49 99 0.28 1 
  Art. vs. Pas. 0.85 98 0.79 1 1.14 99 0.73 1 
  Bou. vs. Ech. -0.58 98 -0.68 1 2.79 99 1.45 1 
  Bou. vs. Eup. -0.03 98 -0.05 1 -0.06 99 -0.05 1 
  Bou. vs. Hel. -1.50 98 -1.27 1 -2.45 99 -1.29 1 
  Bou. vs. Koe. -1.01 98 -1.3 1 -2.66 99 -2.01 1 
  Bou. vs. Lin. -1.35 98 -1.21 1 0.13 99 0.09 1 
  Bou. vs. Nas. 0.75 98 1.07 1 -0.55 99 -0.41 1 
  Bou. vs. Pas. -0.20 98 -0.33 1 0.10 99 0.08 1 
  Ech. vs. Eup. 0.56 98 0.77 1 -2.84 99 -1.71 1 
  Ech. vs. Hel. -0.91 98 -0.74 1 -5.24 99 -2.28 0.883 
  Ech. vs. Koe. -0.43 98 -0.5 1 -5.45 99 -2.96 0.14 
  Ech. vs. Lin. -0.77 98 -0.66 1 -2.65 99 -1.37 1 
  Ech. vs. Nas. 1.33 98 1.69 1 -3.34 99 -1.8 1 
  Ech. vs. Pas. 0.38 98 0.54 1 -2.69 99 -1.57 1 
  Eup. vs. Hel. -1.47 98 -1.37 1 -2.39 99 -1.45 1 
  Eup. vs. Koe. -0.98 98 -1.59 1 -2.61 99 -2.81 0.216 
  Eup. vs. Lin. -1.32 98 -1.32 1 0.19 99 0.17 1 
  Eup. vs. Nas. 0.78 98 1.53 1 -0.50 99 -0.52 1 
  Eup. vs. Pas. -0.17 98 -0.45 1 0.15 99 0.25 1 
  Hel. vs. Koe. 0.48 98 0.41 1 -0.21 99 -0.12 1 
  Hel. vs. Lin. 0.14 98 0.1 1 2.59 99 1.34 1 
  Hel. vs. Nas. 2.25 98 2.01 1 1.90 99 1.03 1 
  Hel. vs. Pas. 1.30 98 1.21 1 2.55 99 1.51 1 
  Koe. vs. Lin. -0.34 98 -0.3 1 2.80 99 2.06 1 
  Koe. vs. Nas. 1.76 98 2.52 0.479 2.11 99 1.7 1 
  Koe. vs. Pas. 0.81 98 1.33 1 2.76 99 2.75 0.252 
  Lin. vs. Nas. 2.10 98 1.99 1 -0.69 99 -0.5 1 
  Lin. vs. Pas. 1.15 98 1.15 1 -0.04 99 -0.03 1 
  Nas. vs. Pas. -0.95 98 -1.89 1 0.65 99 0.63 1 
Rs3 Art. vs. Bou. 3.10 97 2.29 0.87 0.03 90 0.04 1 
  Art. vs. Ech. 2.46 97 1.77 1 -0.64 90 -0.58 1 
  Art. vs. Eup. 4.36 97 3.53 0.023 1.12 90 1.58 1 
  Art. vs. Hel. 1.37 97 0.81 1 1.84 90 1.74 1 
  Art. vs. Koe. 3.41 97 2.52 0.485 1.86 90 2.32 0.813 
  Art. vs. Lin. 2.58 97 1.58 1 1.45 90 1.68 1 
  Art. vs. Nas. 4.10 97 3.17 0.073 1.37 90 1.7 1 
  Art. vs. Pas. 4.39 97 3.55 0.022 1.22 90 1.65 1 
  Bou. vs. Ech. -0.64 97 -0.68 1 -0.67 90 -0.68 1 
  Bou. vs. Eup. 1.26 97 1.78 1 1.09 90 2.09 1 
  Bou. vs. Hel. -1.73 97 -1.28 1 1.81 90 1.93 1 
  Bou. vs. Koe. 0.31 97 0.35 1 1.83 90 2.86 0.19 
  Bou. vs. Lin. -0.52 97 -0.4 1 1.42 90 1.98 1 
  Bou. vs. Nas. 1.00 97 1.24 1 1.34 90 2.07 1 
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    Polar Nonpolar 
Isolate Label Est. DF t P Est. DF t P 
  Bou. vs. Pas. 1.29 97 1.8 1 1.18 90 2.13 1 
  Ech. vs. Eup. 1.91 97 2.48 0.54 1.75 90 2.03 1 
  Ech. vs. Hel. -1.09 97 -0.78 1 2.47 90 2.12 1 
  Ech. vs. Koe. 0.96 97 1.01 1 2.49 90 2.65 0.343 
  Ech. vs. Lin. 0.13 97 0.1 1 2.08 90 2.1 1 
  Ech. vs. Nas. 1.64 97 1.91 1 2.01 90 2.12 1 
  Ech. vs. Pas. 1.94 97 2.5 0.51 1.85 90 2.09 1 
  Eup. vs. Hel. -2.99 97 -2.43 0.613 0.72 90 0.89 1 
  Eup. vs. Koe. -0.95 97 -1.32 1 0.74 90 1.7 1 
  Eup. vs. Lin. -1.78 97 -1.54 1 0.33 90 0.61 1 
  Eup. vs. Nas. -0.27 97 -0.45 1 0.25 90 0.57 1 
  Eup. vs. Pas. 0.03 97 0.06 1 0.10 90 0.33 1 
  Hel. vs. Koe. 2.04 97 1.51 1 0.02 90 0.02 1 
  Hel. vs. Lin. 1.21 97 0.74 1 -0.39 90 -0.41 1 
  Hel. vs. Nas. 2.73 97 2.12 1 -0.47 90 -0.52 1 
  Hel. vs. Pas. 3.02 97 2.45 0.586 -0.62 90 -0.75 1 
  Koe. vs. Lin. -0.83 97 -0.65 1 -0.41 90 -0.62 1 
  Koe. vs. Nas. 0.68 97 0.84 1 -0.49 90 -0.84 1 
  Koe. vs. Pas. 0.98 97 1.35 1 -0.64 90 -1.35 1 
  Lin. vs. Nas. 1.52 97 1.25 1 -0.08 90 -0.12 1 
  Lin. vs. Pas. 1.81 97 1.56 1 -0.23 90 -0.41 1 
  Nas. vs. Pas. 0.29 97 0.5 1 -0.15 90 -0.32 1 
Fo Art. vs. Ech. -0.57 85 -0.5 1 -6.12 88 -4.22 0.002 
  Art. vs. Eup. -0.01 85 -0.01 1 -1.04 88 -1.04 1 
  Art. vs. Hel. -0.14 85 -0.1 1 0.91 88 0.63 1 
  Art. vs. Koe. 2.15 85 1.93 1 1.59 88 1.41 1 
  Art. vs. Lin. 2.58 85 1.92 1 -0.10 88 -0.08 1 
  Art. vs. Nas. 0.51 85 0.48 1 -1.55 88 -1.36 1 
  Art. vs. Pas. -0.23 85 -0.22 1 -0.51 88 -0.5 1 
  Ech. vs. Eup. 0.55 85 0.86 1 5.09 88 4.63 <.001 
  Ech. vs. Hel. 0.43 85 0.36 1 7.03 88 4.65 <.001 
  Ech. vs. Koe. 2.72 85 3.49 0.022 7.72 88 6.34 <.001 
  Ech. vs. Lin. 3.15 85 2.91 0.129 6.02 88 4.71 <.001 
  Ech. vs. Nas. 1.08 85 1.52 1 4.58 88 3.74 0.009 
  Ech. vs. Pas. 0.34 85 0.54 1 5.61 88 4.98 <.001 
  Eup. vs. Hel. -0.13 85 -0.12 1 1.95 88 1.79 1 
  Eup. vs. Koe. 2.17 85 3.65 0.013 2.63 88 4.3 0.001 
  Eup. vs. Lin. 2.59 85 2.71 0.226 0.94 88 1.28 1 
  Eup. vs. Nas. 0.52 85 1.06 1 -0.51 88 -0.81 1 
  Eup. vs. Pas. -0.21 85 -0.56 1 0.53 88 1.3 1 
  Hel. vs. Koe. 2.29 85 1.95 1 0.68 88 0.57 1 
  Hel. vs. Lin. 2.72 85 1.95 1 -1.01 88 -0.79 1 
  Hel. vs. Nas. 0.65 85 0.57 1 -2.46 88 -2.02 1 
  Hel. vs. Pas. -0.09 85 -0.08 1 -1.42 88 -1.27 1 
  Koe. vs. Lin. 0.43 85 0.41 1 -1.69 88 -1.89 1 
  Koe. vs. Nas. -1.64 85 -2.48 0.423 -3.14 88 -3.85 0.006 
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    Polar Nonpolar 
Isolate Label Est. DF t P Est. DF t P 
  Koe. vs. Pas. -2.38 85 -4.08 0.003 -2.10 88 -3.18 0.057 
  Lin. vs. Nas. -2.07 85 -2.07 1 -1.45 88 -1.59 1 
  Lin. vs. Pas. -2.81 85 -2.96 0.112 -0.41 88 -0.53 1 
  Nas. vs. Pas. -0.74 85 -1.53 1 1.04 88 1.53 1 
Fs Art. vs. Bou. -22.19 14 -0.46 1 8.08 12 0.52 1 
  Art. vs. Ech. -22.77 14 -0.47 1 7.26 12 0.73 1 
  Art. vs. Eup. -19.64 14 -0.41 1 8.15 12 1.38 1 
  Art. vs. Hel. -3.70 14 -0.07 1 39.14 12 2.29 1 
  Art. vs. Koe. -9.54 14 -0.19 1 17.15 12 1.01 1 
  Art. vs. Lin. -15.63 14 -0.32 1 1.54 12 0.15 1 
  Art. vs. Nas. -37.48 14 -0.78 1 6.17 12 0.81 1 
  Art. vs. Pas. -17.59 14 -0.36 1 2.03 12 0.32 1 
  Bou. vs. Ech. -0.58 14 -0.1 1 -0.82 12 -0.05 1 
  Bou. vs. Eup. 2.56 14 0.61 1 0.07 12 0.01 1 
  Bou. vs. Hel. 18.49 14 1.6 1 31.06 12 1.44 1 
  Bou. vs. Koe. 12.65 14 1.4 1 9.07 12 0.42 1 
  Bou. vs. Lin. 6.56 14 0.67 1 -6.54 12 -0.39 1 
  Bou. vs. Nas. -15.29 14 -3.13 0.268 -1.92 12 -0.13 1 
  Bou. vs. Pas. 4.60 14 1.1 1 -6.05 12 -0.41 1 
  Ech. vs. Eup. 3.13 14 0.63 1 0.89 12 0.11 1 
  Ech. vs. Hel. 19.07 14 1.61 1 31.88 12 1.77 1 
  Ech. vs. Koe. 13.23 14 1.41 1 9.89 12 0.55 1 
  Ech. vs. Lin. 7.14 14 0.71 1 -5.72 12 -0.47 1 
  Ech. vs. Nas. -14.71 14 -2.66 0.678 -1.10 12 -0.12 1 
  Ech. vs. Pas. 5.18 14 1.07 1 -5.24 12 -0.59 1 
  Eup. vs. Hel. 15.93 14 1.44 1 30.99 12 1.92 1 
  Eup. vs. Koe. 10.10 14 1.2 1 9.00 12 0.56 1 
  Eup. vs. Lin. 4.00 14 0.44 1 -6.62 12 -0.74 1 
  Eup. vs. Nas. -17.85 14 -5.01 0.007 -1.99 12 -0.39 1 
  Eup. vs. Pas. 2.04 14 0.85 1 -6.13 12 -2.01 1 
  Hel. vs. Koe. -5.83 14 -0.43 1 -21.99 12 -0.97 1 
  Hel. vs. Lin. -11.93 14 -0.84 1 -37.60 12 -2.05 1 
  Hel. vs. Nas. -33.78 14 -2.98 0.357 -32.98 12 -1.96 1 
  Hel. vs. Pas. -13.89 14 -1.26 1 -37.11 12 -2.28 1 
  Koe. vs. Lin. -6.10 14 -0.5 1 -15.61 12 -0.85 1 
  Koe. vs. Nas. -27.95 14 -3.19 0.235 -10.98 12 -0.66 1 
  Koe. vs. Pas. -8.05 14 -0.97 1 -15.12 12 -0.93 1 
  Lin. vs. Nas. -21.85 14 -2.29 1 4.63 12 0.46 1 
  Lin. vs. Pas. -1.96 14 -0.21 1 0.49 12 0.05 1 
  Nas. vs. Pas. 19.89 14 5.72 0.002 -4.14 12 -0.72 1 

 

 
 
 


