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ABSTRACT 

Understanding belowground regulation in plant communities 
invaded by Sapium sebiferum

by

Somereet Nijjer

Soil organisms have the potential to strongly influence plant species performance 

and survival and are in turn influenced by interactions with plants. These interactions can 

cause changes in the soil biota that influence the performance and survival of plant 

species and affect plant species composition, biodiversity, and exotic invasion potential. 

These plant-soil feedbacks are especially important in plant communities because plants 

are immobile. Yet, little is known about plant species feedbacks in temperate forest 

communities or the differences between native and non-native plant species in their soil 

feedbacks. These differences in soil feedbacks between non-natives and natives are 

important because they may influence successful invasions into plant communities.

I utilized laboratory and field experiments in Big Thicket National Preserve to 

evaluate the role of plant-soil feedbacks on the community structure and invasion 

potential of temperate forests. Sapium sebiferum (Chinese Tallow tree) experiences 

unusual benefits from interactions with belowground biota in fertilized environments, 

particularly mycorrhizae, when establishing in newly invaded areas. This may provide 

Sapium with a performance advantage over natives in the forest understory and facilitate 

its invasion into temperate forest communities currently experiencing increased 

anthropogenic nutrient inputs.
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Fertilization also causes changes in mycorrhizal investment patterns, favoring 

internal fungal growth and storage instead of nutrient gathering and exchange. These 

belowground shifts in mycorrhizal composition may be one factor favoring the success of 

woody dominants, including Sapium, over obligately mycorrhizal grassland species in 

coastal prairies.

However, Sapium, unlike native trees, experiences extremely negative plant-soil 

feedbacks in just one generation beneath Sapium adults from the accumulation of host- 

specific pathogenic soil fungi. This negative soil feedback may reduce Sapium seedling 

recruitment and will likely reduce Sapium persistence in heavily invaded areas and allow 

for replacement by native species. These results suggest that feedbacks exerted by native 

soil communities on non-native species can have important consequences for the 

establishment and persistence of invading species.
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Chapter 1 

Introduction

Interspecific competition plays a critical role in mediating plant coexistence, 

maintaining local biodiversity and in advancing community succession (Connell 1961, 

Tilman 1982, Grace and Tilman 1990, van der Putten et al. 1993). However, soil 

organisms provide essential nutrients to many plants through mutualisms, soil pathogens 

can be a significant source of plant mortality, and saprophytic soil organisms play a key 

role in decomposition and nutrient cycling. Therefore the composition and diversity of 

the soil community likely play a crucial role in mediating interspecific interactions 

(Smith and Read 1997, Landeweert et al. 2001, van der Heijden and Sanders 2002, 

Wardle 2002). If plant species interact with different species of soil organisms, then the 

composition of the soil community can be a factor in determining plant species 

composition, local biodiversity, and exotic invasion potential. However, our 

understanding of how soil organisms affect plant community structure is rudimentary, as 

most studies to date have incorporated only one or very few plant species.

Feedback theory. A soil feedback is defined as how a plant changes the 

composition of the soil community and how this in turn affects the growth rate and/or 

survival of that plant species (Bever 1994). A positive soil feedback occurs when a plant 

promotes an associated soil assemblage that in turn positively influences conspecifics 

future growth and/or survival compared to heterospecifics (Bever 1994, Bever 2002a, 

Bever et al. 2002b). If this plant species is dominant in the community and a positive soil 

feedback increases that species’ abundance then it may outcompete other plant species 

and decrease plant diversity (Bever 1994). A negative soil feedback occurs when a plant
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promotes an associated soil assemblage that in turn negatively affects conspecifics’ future 

growth and/or survival compared to heterospecifics. This negative feedback mechanism 

can maintain local plant diversity by limiting the success of an otherwise competitively 

dominant plant (Bever 1994, Bever et al. 1997, Bever 2002a, Bever et al. 2002b). 

Feedbacks are likely to be particularly important in plant communities because plants are 

immobile (Bever et al. 1997).

Very little is known about plant-soil organism feedbacks in woody plant 

communities and this literature is dominated by single species studies (Florence 1965, 

Augspurger 1983, Augspurger and Kelly 1984, Gilbert et al. 1994, Packer and Clay 2000, 

Packer and Clay 2003, Packer and Clay 2004). This omission is peculiar considering the 

large role forest communities play in carbon sequestration and ecosystem functioning 

(Bazzaz 1998, Myneni et al. 2001, Barr et al. 2002). By contrast, there have been 

considerably more empirical tests for feedbacks with soil organisms in herbaceous and 

grassland plant communities (Alcock et al. 1930, Mytton 1975, Shipton 1977, Cook 

1981, Grime et al. 1987, Johnson et al. 1992, Olsson and Gerhardson 1992, Johnson 

1993, van der Putten et al. 1993, Mills and Bever 1998, van der Heijden et al. 1998, 

Hartnett and Wilson 1998, Holah and Alexander 1999, Eom et al. 2000, Westover and 

Bever 2001, Bever 2002c, Klironomos 2002, Bever 2003). Experiments have shown 

that the survival and growth of herbaceous plant species depend on the details of the 

plant-soil community feedback (Bever 1994).

In addition, very few studies have tested how natives and non-natives may differ 

in their plant-soil organism feedbacks. A pot study demonstrated net positive soil 

feedbacks for abundant invasive herbaceous plants via accumulation of beneficial

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3

mycorrhizal fungi combined with low pathogen accumulation (Klironomos 2002). In this 

same study, they found net negative soil feedbacks for rare native herbaceous species as 

the result of relatively rapid accumulation of species-specific pathogens overwhelming an 

otherwise strong positive mycorrhizal effect (Klironomos 2002). Differences in soil 

feedbacks between non-natives and natives are important because they imply the 

potential for non-natives to modify existing microbial communities. Thus, successful 

invasions into plant communities maybe affected by the effects of local soil feedbacks in 

their non-native range (Callaway et al. 2004a, Callaway et al. 2004b).

The experiments described in this thesis are aimed to test hypotheses that predict 

the role of plant-soil feedbacks in forest ecosystems*. Particularly, I examine how soil 

organisms affect native and non-native plant performance, survival, and community 

structure in temperate forests. The feedback experiment described in Chapter 2 examines 

how the growth and survival of multiple woody plant species are affected by feedbacks 

and tests if the soil feedbacks experienced by an invading species differ from multiple 

native plant species in the introduced range. Finally, parallel field and pot rescue 

experiments are utilized to address through what mechanisms the observed plant-soil 

feedbacks are generated.

Chapter 2 provides striking evidence of the influence of negative soil feedbacks 

for the persistence of the invader Sapium sebiferum in temperate forests. Chapters 3 and 

4 investigate whether soil feedbacks also influence initial Sapium invasion into temperate 

forest communities. The pot experiment described in Chapter 3 and the parallel pot and 

field studies in Chapter 4 address the following questions: 1) Does the belowground soil

* exception is Chapter 5 which addresses the costs and benefits o f soil biota in a grassland community 
experiencing anthropogenic nutrient inputs.
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community influence the survival and growth of woody native seedlings, and the exotic 

Sapium sebiferum? 2) Are mycorrhizae important for the survival and growth of natives 

and the exotic Sapium? 3) Are the interactions between seedlings and their mycorrhizal 

partners altered with fertility? 4) Is Sapium able to utilize soil biota, particularly 

mycorrhizae, in a different fashion from natives that aids in its invasion?

The results of this work suggest that Sapium is able to utilize belowground soil 

biota in a unique fashion in fertilized environments. This may provide Sapium with a 

performance advantage over natives in the forest understory and facilitate its invasion 

into temperate forest communities currently experiencing increased anthropogenic 

nutrient inputs. Together, Chapters 2-4 provide empirical tests to understand how 

interactions between aboveground plant communities and belowground soil assemblages 

affect plant community structure, plant performance, and the invasion and persistence of 

exotic species.

Finally, Chapter 5 examines how multiple years of anthropogenic fertilization 

alter mycorrhizal abundance and investment patterns at the plant-root interface. 

Fertilization has been predicted to favor plants with lower rates of mycorrhizal 

association. In addition, fertilization has been predicted to favor mycorrhizae with higher 

investment in storage structures relative to uptake and exchange structures. Although this 

work does not occur in temperate forests, it is still focused on how belowground changes 

could have important consequences for aboveground plant communities, including the 

invasion of woody plant species into coastal prairies.
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Chapter 2 

The impact of plant-soil feedbacks on the success of the woody 
invader, Sapium sebiferum

Abstract

Soil organisms have the potential to strongly influence plant species coexistence, local 

biodiversity, and invasion potential. Plant-soil feedbacks are defined as how a plant 

changes the soil community and how this in turn affects the performance of that plant 

species. We investigated whether the plant-soil feedbacks experienced by a non-native 

woody invader differ from that of native species by examining plant species performance 

in conspecific and heterospecific soils. Feedbacks have been predicted to differ between 

tree species and to differ between the invading Sapium sebiferum and the native species 

used in this study. The survival and aboveground biomass of species in con- versus 

heterospecific soils varied. Sapium had lower survival and biomass in conspecific soils. 

Autoclaving soil restored Sapium survival in conspecific soils. None of the native 

species investigated displayed such a negative feedback. Two additional experiments 

addressed potential mechanisms whereby the soil community generates feedbacks. A 

follow-up pot experiment with Sapium in conspecific soil showed seedlings in a soil 

fungicide treatment had survival and aboveground biomass comparable to that in 

autoclaved soil. Field applications of soil fungicide increased survival of Sapium 

seedlings under conspecific adults as well. The negative feedbacks experienced by 

Sapium suggest that pathogenic soil fungi hinder Sapium’s growth and survival in the 

introduced range, contrary to the positive or weakly negative feedback response predicted 

from other studies on plant invaders. In sum, negative feedbacks mediated by soil fungi
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could have important effects on the long-term persistence of the woody invader, Sapium 

sebiferum.
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Introduction

Interspecific interactions play an important role in mediating plant species 

coexistence and maintaining local biodiversity (Connell 1961, Tilman 1982, Grace and 

Tilman 1990). Soil organisms have the potential to strongly influence plant species 

because they are directly and indirectly involved in processes crucial to plant survival and 

performance (Bever et al. 1997, Brinkman et al 2005). Saprophytic, mutualistic, and 

pathogenic soil organisms influence nutrient availability in the soil, a plant’s capability to 

acquire nutrients and protect themselves from pathogens, and survival, respectively 

(Augspurger 1990, van der Heijden and Sanders 2002, Wardle 2002). Conversely, soil 

biota may be affected by plant species. For example, soil organisms may have host- 

specific growth responses that create host-specific differences in the composition and 

abundance of soil communities associated with particular plant species (Bever et al.

1997, Bever 2002, Castelli and Casper 2003, Packer and Clay 2004). If plant species 

interact differently with soil organisms then the interspecific interactions between plants 

and soil biota may cause feedbacks that in turn influence the performance and survival of 

multiple plant species (Bever et al. 1997, Packer and Clay 2004).

Soil feedbacks are defined by how a plant changes the composition of the soil 

community and how this in turn affects the growth rate and/or survival of that plant 

species compared to heterospecific plant species (Bever 1994). Positive and negative 

feedbacks develop when a plant promotes a soil community that in turn benefits or 

inhibits conspecific plant performance or survival compared to heterospecifics, 

respectively (Bever 1994, Bever 2002). If a plant species is dominant in the community a 

positive soil feedback increases that species’ performance and it may out compete other
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plant species and decrease plant diversity (Bever 1994). Negative feedbacks can 

maintain local plant diversity by limiting the success of an otherwise competitively 

dominant plant (Bever et a l 1997, Bever 2002). Thus, if a plant species cultures a soil 

community that facilitates or inhibits conspecific establishment compared to the soils in 

which heterospecifics occur, then the average growth and survival of conspecifics would 

be greater or less in their own soil (home) rather than that of another species (away), 

implying a positive or negative feedback, respectively.

Much empirical work has focused on the variation among plant species in the 

direction of feedbacks with soil organisms in herbaceous and grassland plant 

communities (Mytton 1975, Cook 1981, Grime et al. 1987, Johnson 1993, van der Putten 

et al. 1993, Mills and Bever 1998, van der Heijden et al. 1998, Hartnett and Wilson 1999, 

Holah and Alexander 1999, Westover and Bever 2001, Bever 2003, Gustafson and 

Casper 2004). However, very little is known about plant-soil organism feedbacks in 

woody plant communities, and this literature is dominated by studies of single species 

(Florence 1965, Augspurger 1983, Augspurger and Kelly 1984, Gilbert et al. 1994,

Packer and Clay 2000, Packer and Clay 2003, Packer and Clay 2004). Research in these 

communities can be complicated by the long-lived nature of plant species and the 

presence of multiple soil organisms interacting with plant hosts. However, understanding 

how multiple woody plant species’ respond to soil feedbacks is necessary for generating 

a more realistic view of how this process influences species coexistence through 

alterations in the interspecific interactions between plant species. It is unlikely that the 

effect of the soil community is equal across all plant species because soil organisms differ 

in their ability to form associations with plants (specificity of association) as well as the
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responses they elicit in plant hosts (specificity of response) (Bever 2002). Thus we 

predict that the soil communities promoted by different tree species will differ in their 

effects on tree growth or survival via facilitation (positive feedback) or inhibition 

(negative feedback).

Invading species may have the potential to alter native plant-soil feedbacks, which 

may affect plant species coexistence, by indirectly altering interspecific interactions 

between plant species. Non-native species may readily form associations with soil 

organisms in the introduced range that may create positive feedbacks that aid in their 

invasion (Schmidt et al. 1986, Richardson et al. 1994, Callaway et al. 2001, Callaway et 

al. 2004). In addition, novel interactions between invading plants with soil biota in the 

introduced range could occasionally produce extreme benefits that generate strong 

positive feedbacks for the invading species (Marler et al. 1999, Carey et al. 2004). 

However, the interactions between an invader and soil biota in the introduced range may 

produce extreme costs that may help explain the failure of some plant invasions. 

Alternatively, the accumulation or lack of host specific soil borne pathogens in the 

introduced range has been implicated in the failure or success of non-native species 

establishment and spread into the introduced range (Beckstead and Parker 2003, Knevel 

et al. 2003, Reinhart et al. 2003, Callaway et al. 2004, Reinhart and Callaway 2004).

Few studies have tested how an invading species may modify soil organism 

feedbacks in the non-native range (Klironomos 2002, Beckstead and Parker 2003, 

Callaway et al. 2004, Reinhart and Callaway 2004, Knevel et al. 2004). Natives and non

natives are expected to differ in respect to their interactions with the soil biota in the 

introduced range because of their differences in co-evolutionary timescale (Richardson et
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al. 2000). Understanding the direction and magnitude of these feedbacks in the 

introduced range is important to improve our understanding of the role of the soil 

community in the establishment and spread of invading species (Levine et a l 2004,

Wolfe et al. 2005). Because of the differences in co-evolutionary history of natives and 

non-natives with their associated soil communities we may predict that the specificity of 

association and specificity of response between natives and non-native species with their 

soil communities in the introduced range will produce feedbacks that differ between 

native and non-native species. Specifically, if positive feedbacks assist the establishment 

and growth of a non-native species, then this species should have greater survival and 

performance success with its associated soil community relative to native species with 

their associated soil communities. Alternatively, if negative feedbacks assist in 

establishment and growth of a non-native species, then this species should accumulate 

weakly negative soil communities and native species will accumulate strongly negative 

soil communities.

The purpose of this study was three-fold. Utilizing a feedback experiment we 

investigated the questions 1) How are the growth and survival of multiple woody plant 

species affected by feedbacks in con- and heterospecific soils? 2) Do soil feedbacks 

experienced by an invading species differ from multiple native plant species in the 

introduced range? In addition, utilizing parallel field and pot rescue experiments we 

asked 3) Through what mechanisms are the observed plant-soil feedbacks generated by 

the soil community?
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Study system: Big Thicket National Preserve (BTNP) is a 96,000-acre national preserve 

in southeast Texas located at the convergence of a multitude of ecosystems and 

supporting considerable biological diversity. All of the native trees used in this study 

Quercus nigra (Water Oak, Fagaceae), Acer rubrum (Red Maple, Aceraceae), 

Liquidambar styraciflua (Sweetgum, Hamamelidaceae), and Pinus taeda (Loblolly Pine, 

Pinaceae) are all common species in BTNP. Currently, mesic and floodplain forests of 

BTNP are invaded by the exotic species Sapium sebiferum (Chinese Tallow Tree, 

Euphorbiaceae, synonyms include, Croton sebiferum, Triadica sebifera, Stillingia 

sebifera) (Bruce et al. 1995, Bruce et al. 1997, Siemann and Rogers 2003). In BTNP 

Sapium has steadily increased in abundance over the past 20 years. In some areas it has 

become the most abundant understory tree, and it is becoming increasingly common in 

the overstory (Bruce et al. 1997, Harcombe et al. 1998).

Feedback Experiment

Experimental design: In June 2005, a twelve week (post germination) pot study was 

conducted to test soil community feedbacks utilizing soil and roots collected from under 

adult trees of the natives A. rubrum, L. styraciflua, P. taeda, Q. nigra, and the invader S. 

sebiferum. The entire experiment was 480 pots in a full factorial randomized block 

design with 2 rounds, 2 inoculum sources (whole soil vs. root only), 5 tree species as 

seedlings, 6 soil origins (5 tree species and sterilized control), and 4 replications. For 

some analyses, the soil origin factor was tested with three levels: as home (conspecific), 

away (heterospecific), and control (sterilized). This was done to test the overall 

feedback response of each plant species in sterilized, conspecific, and combined
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heterospecific soils to visualize control, home, and away feedback responses, 

respectively. Each plant species feedback response was also analyzed with each parent 

soil source separately to ensure that the combined “away” feedback response was not 

masking extremely high or low survival or growth in individual heterospecific soils.

All native seeds were purchased from the Louisiana Forest Seed Company 

(Lecompte, LA). Sapium seeds were collected from individual trees in Saratoga, TX and 

Houston, TX. All seeds were treated with a 10% bleach rinse to remove surface 

contaminants. Seeds were germinated in batches on filter paper with perlite and watered 

daily with distilled water. At the beginning of each round (Round 1 - June and Round 2 - 

September 2005), soil and root inoculum were collected at BTNP from between 6-10 

parent trees of each species located in the Lance Rosier and Pine Island Bayou units of 

the BTNP. Soil was collected from below the canopy of individual parent trees of each 

species no more than 45 cm from the tree base. Two or three holes were dug around 

individual parent trees to a depth of 8-10 cm for soil collection. All soil and roots not 

used as fresh inoculum were sterilized (twice autoclaved 1.5 hours at 121 °C).

Autoclaved soil and roots for each species were then homogenized by passing through a 

lcm screen sieve to control for nutrient differences between soils of different species. 

Roots were cut into 1-2 cm fragments and homogenized in with the soil. Soil or roots 

used as fresh inoculum were homogenized within a species to control for potential 

differences between sites. Root inoculum studies utilized a soil microbial backwash to 

control for the loss of the non-fungal soil community. The background microbial 

community was manipulated by mixing rinse water from all five-root types and passing it 

through a 38pm sieve (Johnson 1993).
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At the beginning of each round, germinated seeds were planted directly into 410 

ml Deepots™ (Stuewe & Sons, Corvallis, Oregon) and were randomized and periodically 

rotated. All species utilized in this experiment were germinating simultaneously at the 

beginning of each round and were the same ages during each round of the experiment. 

Plants were watered as needed. At the end of each round, all plants were harvested on 

the same day. For all plants, total aboveground and belowground dry mass and survival 

were measured.

Belowground mycorrhizal analysis: All species in this study are known to be endo- 

and/or ectomycorrhizal under field conditions (Medve 1970, Black and Coons 1981, 

McIntosh etal. 1985, Davies and Call 1990, Davis and Shearer 1991, Lewis and Strain 

1996, Jacobs et al. 2000, Constable et al. 2001, Lovelock and Miller 2002, Nijjer et al. 

2004, Beckman 2005, Fayish 2005, St Clair et al. 2005). At each harvest, randomly 

selected fine root subsamples from endomycorrhizal species were stored in histocassettes 

in 50% ethanol until processed for endomycorrhizal staining. Roots were cleared in 10% 

KOH at 80°C for 45 minutes then rinsed and soaked in 10% bleach for additional 

clearing. Roots were then rinsed and acidified in concentrated HC1 for 5 minutes (Bray et 

al. 2003). Fine roots from each core were stained and dyed in trypan blue and ten one- 

cm long root fragments were mounted on microscope slides and measured for arbuscular 

mycorrhizal colonization rates following the modified gridline intersect method 

(McGonigle et al. 1990; Brundrett et al. 1996). Mounted roots were checked for the 

presence of vesicles, arbuscules, coils, and hyphae of arbuscular mycorrhizal fungi under 

a compound microscope at 400X magnification. Nonmycorrhizal fungi and microbes
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were also noted and labelled as “other”. Arbuscular mycorrhizae were distinguished 

from non-mycorrhizal fungi by the methods of Callaway et al. (2003).

For ectomycorrhizal species, root systems were stored in 70% ethanol until 

processing. Ectomycorrhizal colonization was measured by counting active 

ectomycorrhizal roots with a dissecting microscope at 40X magnification. 

Ectomycorrhizal morphotypes encountered were verified by mantle peels (ensuring the 

presence of the hartig net) as well as mantle squashes (to visualize mantle sheaths at 

400X magnification). Root lengths of systems were measured using ROOTEDGE 2.2C. 

Rescue Experiments

Pot Experimental Design: In May 2006, a ten-week (post germination) pot study was 

conducted to test what organisms caused the observed negative feedback experienced by 

Sapium sebiferum in conspecific (home) soils (see Results). The experiment consisted of 

140 pots in a full factorial randomized design with 7 treatment applications (control, 

sterilized, charcoal, Rovral fungicide, Benomyl fungicide, Subdue Maxx fungicide, and 

Ferti-lome bactericide), 2 seedling origins (Texas or China), and 10 replications. We 

included seedlings from China to test whether Sapium’s vulnerability to negative 

feedback differed between the native and non-native range.

All Texas Sapium seeds were collected from individual trees in Saratoga, TX and 

Houston, TX. Chinese Sapium seeds were collected from the Jiangsu, Zhenjiang, and 

Anhui provinces in east central China in the north of Sapium’s native range. These 

Chinese provinces have been documented to be most likely genetic candidates of Sapium 

introductions in Texas (Dewalt et al. 2006, Dewalt et al. unpublished). Chinese 

seedlings were distributed in a 3:4:3 ratio of the Jiangsu, Zhenjiang, and Anhui provinces
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for each treatment, respectively to evenly distribute genetic differences between 

provinces. Seeds were germinated in potting soil in the greenhouse on the Rice 

University campus in Houston, TX.

Soil was collected from beneath 10-15 parent trees in thirty-year old Sapium 

monocultures at the University of Houston Coastal Center located 72 kilometers south of 

Houston (Siemann and Rogers 2006). Soils were collected beneath each tree as 

previously described. All soils were homogenized as described above to control for 

nutrient differences beneath individual trees. Soils in the sterilized treatment were 

autoclaved at 121°C for 1.5 hours. Charcoal was incorporated once at the start of the 

experiment at a rate of 8.2ml per pot to bind potential allelopathic chemicals of Sapium. 

Rovral® 4 Flowable Fungicide (Aventis CS, Bridgewater, NJ, USA), active ingredient 

iprodione, was applied four times in the course of the 10-week experiment (three week 

intervals) at a rate of one pi per pot to target pathogenic asco- and basidiomycete fungi 

(Aventis 2001). Benomyl Systemic Fungicide (Sylorr Plant Corporation, St. Louis, MO), 

active ingredient benomyl, was applied five times in the course of the experiment (two 

week intervals) at a rate of 2mg per pot to target pathogenic asco- and basidiomycete 

fungi. Two fungicides were used to target pathogenic asco- and basidiomycete fungi 

because they are labeled for different fungal species. Subdue Maxx (Syngenta, 

Greensboro, NC), active ingredient mefenoxam, was applied twice in the course of the 

experiment (8 week intervals) at a rate of 1.2 pi per pot to target oomycete fungi. 

Application rates of all fungicides followed recommendations for controlling pathogenic 

root fungi. Ferti-lome Fire Blight Spray (Voluntary Purchasing Groups, Inc., Bonham, 

TX), active ingredient streptomycin sulfate, was applied ten times in the course of the
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experiment (one week intervals) at a rate of 850mg per pot to target soil bacterial 

pathogens.

Seedlings of the same size and age were treated with a 10% bleach rinse to 

remove surface contaminants prior to transplantation into 410ml Deepots™. Plants were 

watered, rotated, and randomized as described above. For all plants, total aboveground 

and belowground dry biomass and survival were measured.

Field Experimental Design: In June 2006, a parallel six-week field study was conducted 

to verify the mechanism responsible for Sapium’s negative feedback response. At the 

University of Houston Coastal Center, twelve 0.25m2 plots were established in Sapium 

monocultures. Plots were established beneath the Sapium canopy no more than 1 to 1.5 

meters from parent trees. The experiment was a full factorial randomized design with 2 

treatments (control and Benomyl fungicide) and 6 replications. Each week, Benomyl 

fungicide was applied at a rate of 0.333 g per plot as a soil drench. Controls received an 

equivalent amount of distilled water. Survival of all Sapium seedlings in each plot was 

recorded at the start of the experiment and each week thereafter. Within each plot, four 

randomly chosen first year Sapium seedlings were tagged for individual measurement. 

Height, diameter, and leaf count of selected seedlings were taken at the beginning and 

end of the experiment. Aboveground dry mass of each seedling was measured at the 

conclusion of the experiment.

Data analysis 

Feedback experiment

Survival data: Plant survival was checked at weekly intervals and survival time of each 

plant was calculated in weeks. Survival time could not be transformed to achieve the
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assumption of normality. To correct for this, survival time was ranked and tested under a 

Type III General Linear Model in SAS (Conover and Iman 1981). We used a four-way 

factorial general linear model to compare survival time measurements among the 

different experimental treatments (SAS Institute, Cary, NC). For this analysis the soil 

origin factor was tested with three levels: as home (conspecific), away (heterospecific), 

and control (sterilized). Because species by treatment interactions were significant, 

individual species three way factorial analyses were conducted to isolate effects by 

species. The soil origin factor was tested as described above as well as analyzed for each 

parent source (5 species and sterilized control) to ensure that overall survival time 

response was not masking extremely high or low survival in soil originating from any one 

individual species. Within individual species analyses, Fisher’s Least Significant 

Difference post hoc tests evaluated differences among treatment levels for significant 

main effects. Adjusted least squares means post hoc tests were conducted to test for 

differences among treatment levels for significant interactions.

Above and belowground data: Total aboveground and belowground dry weights for each 

plant were natural log transformed. Data were tested using a Type III General Linear 

Model in SAS. We used a four-way factorial general linear model to compare 

aboveground and belowground mass measurements between the different experimental 

treatments (SAS Institute, Cary, NC). This was an unbalanced analysis due to the unequal 

number of surviving seedlings within treatment combinations. Individual analyses and 

post hoc comparisons were conducted as described above.

Belowground correlations: Endomycorrhizal and “other” colonization were expressed as 

percentage root colonized. Ectomycorrhizal colonization was expressed as percentage
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ectomycorrhizal root tips and percentage ectomycorrhizal root tips per root length per 

plant. No belowground colonization data fit a normal distribution and therefore were 

ranked. An ANCOVA with aboveground biomass as a covariate was used to test whether 

mycorrhizal colonization depended on soil origin. Spearman rank correlations were 

performed (SAS Institute, Cary, NC) to test whether aboveground and/or belowground 

biomass was significantly correlated with belowground colonization measures for species 

showing significant colonization*biomass interactions in ANCOVA’s. Spearman rank 

correlations were also performed (SAS Institute, Cary, NC) for each species to test 

whether aboveground and/or belowground biomass was significantly correlated with 

belowground colonization measures in home, away, and control soils.

Rescue experiments

Pot survival and mass analysis: Plant survival was calculated as described above. We 

used a two-way factorial general linear model to compare survival time measurements 

between the different experimental treatments (SAS Institute, Cary, NC). Total 

aboveground and belowground dry weights for each plant were log transformed. We 

used a two-way factorial ANOVA to compare aboveground and belowground mass 

measurements between different experimental treatments (SAS Institute, Cary, NC).

This was an unbalanced analysis due to the unequal number of surviving seedlings within 

treatment combinations. Fisher’s Least Significant Difference post hoc tests were 

conducted to test for differences among treatment levels for significant main effects.

Field survival and mass analysis: The survival percentage of naturally occurring 

seedlings was calculated by dividing the final seedling count by cumulative emergence. 

Plant survival time could not be transformed and was ranked as described above. Height
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growth required no transformations and was measured as In (final ht / initial ht). Total 

aboveground dry weights of selected seedlings were natural log transformed. Plant 

survival, height growth, and aboveground biomass were tested with a Type III General 

Linear Model in SAS. We used a one-way general linear model to compare survival, 

height growth, and aboveground mass measurements between the different experimental 

treatments (SAS Institute, Cary, NC). We nested plot within the treatment term for 

biomass measurements to ensure significance was not caused by the pseudoreplication of 

conspecific seedlings within plots. Individual analysis and post hoc comparisons were 

conducted as described above.

Results

Feedback Experiment

Survival: Species survival differed significantly depending upon the soil feedback 

treatment (home, away, or control). Four terms were significant in the overall model, 

species, round*species, species*soil origin, and round*species*soil origin (Table 1). 

Because the species factor was a significant factor in multiple analysis terms, individual 

species analyses were conducted to identity which species were driving the significant 

species by experimental treatment interaction terms. Individual species varied in their 

response to soil feedback treatments. Only Sapium survival time was significantly lower 

for the home origin versus the away and control soil origins (Figure 1). No other species’ 

survival was strongly affected by soil feedbacks. Sapium had a significant soil origin 

effect for survival (P<0.0140, Figure 1). Fisher Least Significant Difference tests showed 

significant differences in treatment means between the home origin (conspecific) with 

both the away (heterospecific) and control (sterilized) origins (Figure 1). Analysis of
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Sapium survival in soils of individual species showed a significant parent source effect 

(P=0.0047) driven by lower survival rates of Sapium in Sapium soils compared to 

survival in soils of all other species (Figure 2). No other species had a significant parent 

source main effect or a significant survival decrease in Sapium soils. Together, this 

suggests that Sapium is driving the significant species* soil origin interaction in the 

overall model.

The survival of Liquidambar and Pinus controls depended on the round in which 

they were planted. Round 2 Liquidambar controls had much lower survival than all other 

treatments. Individual Liquidambar species analysis showed a significant round*soil 

origin interaction (P<0.0393). Least Squared Means tests revealed a significant decrease 

in the survival of Liquidambar in control (sterilized) compared to away (heterospecific) 

soils (P=0.0237) and a trend for decreased survival in control compared to home 

(conspecific) soils (P=0.0763). Pinus controls had higher survival in round 2 than all 

other treatments. Pinus had a significant round effect (P<0.0037) and round*soil origin 

interaction (P<0.0035) in the individual Pinus analysis. Overall the survival of round 2 

controls was significantly higher or lower for Pinus or Liquidambar respectively, 

suggesting that these species are driving the significant round* species and 

round*species*soil origin interactions found in the overall survival model. No 

differences were found between home and away soil origins for either species.

Above and belowground biomass: Aboveground biomass varied significantly in response 

to soil feedback treatments. The overall model for aboveground biomass had a 

significant species main effect and four significant interaction terms in the overall model: 

round*species, round*species*inoculum, round*inoculum*soil origin, and
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round*species*inoculum*soil origin (Table 1). Because the species factor was a 

significant factor in multiple analysis terms, individual analyses were conducted with 

individual species.

Sapium was the only species to have significant decreases in aboveground 

biomass in the home origin versus the away and control origins (Figure 1). Sapium had a 

significant round effect (P<0.0355), soil origin effect (P<0.0462) and 

round*inoculum*soil origin interaction (P<0.0191). Least squared means tests did not 

reveal differences in aboveground mass between inoculum types, but did reveal 

significant a significant decrease in the aboveground mass of Sapium in home 

(conspecific) compared to away (heterospecific) soils (P=0.0136) and a trend for 

decreased mass in home compared to control (sterilized) soil (P=0.0519) (Figure 1). 

Analysis of Sapium aboveground mass in soils of individual species showed a significant 

parent source effect (P=0.0172) driven by lower aboveground mass of Sapium in Sapium 

and Acer soils compared to mass in soils of all other species (Figure 3). No other species 

had significant aboveground mass decreases in Sapium soils.

Quercus biomass declined in soil compared to root inoculum. Quercus had a 

significant inoculum effect (P<0.0146) driven by decreased biomass of Quercus in soil 

compared to root inoculum (Figure 3). Together this suggests that Sapium and Quercus 

are driving the significant round*species*inoculum, round*inoculum*soil origin and 

round*species*inoculum*soil origin interaction terms in the overall aboveground 

biomass model.

In the overall model of belowground biomass only the species main effect and 

round*species interaction term were significant (Table 1). Individual species analyses
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revealed that these significant terms in the overall model were driven by the lower overall 

belowground biomass of Liquidambar in round 1 one compared to round 2.

Belowground correlations'. Mycorrhizal colonization levels of individual plant species 

were not dependent upon soil origin. Individual species’ ANCOVA’s did not reveal 

significant soil origin*biomass interactions warranting analysis of Spearman rank 

correlations. Acer belowground biomass had positive growth associations with non- 

mycorrhizal microbes surviving in sterilized soil. Acer “other” colonization levels were 

dependent on soil origin. Acer had a significant soil origin*belowground biomass 

interaction for “other” colonization (P=0.0331). Acer had a positive belowground 

biomass correlation with “other” colonization in control soils (P=0.0274). This suggests 

that Acer biomass had positive growth associations with non-mycorrhizal microbes 

surviving in sterilized soil. The significant soil origin and inoculum effects found for 

Sapium and Quercus respectively in individual species aboveground models were not 

correlated with any belowground colonization measures. This suggests that the negative 

soil origin and inoculum feedbacks found for Sapium and Quercus respectively may not 

have been influenced by belowground mycorrhizal colonization, and correlation analyses 

will not be further discussed. However, mycorrhizal fungi could still have an influence 

on plant biomass even with equalivalent colonization levels between treatments if 

different mycorrhizal species are present in these soils.

Rescue Experiments

Pot survival and biomass: The survival, aboveground and belowground biomass of 

Sapium was higher with the removal of soil fungal pathogens (Table 2). Fisher’s Least 

Significant Difference tests showed significantly higher survival of Sapium seedlings in
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both sterilized and benomyl fungicide soil compared to all other treatment applications 

(Figure 4). Aboveground and belowground biomass depended on treatment and seedling 

origin main effects (Table 2). Fisher’s Least Significant difference tests showed 

significantly higher aboveground biomass in sterilized soils and significantly higher 

belowground biomass in sterilized and benomyl fungicide soils compared to all other 

treatments (Figure 4). Texas compared with China seedlings had higher above and 

belowground biomass (Figure 2).

Field survival, height growth, and biomass: Sapium survival was significantly increased 

with the suppression of fungal pathogens. Survival of Sapium seedlings was significantly 

higher in benomyl fungicide soil compared to distilled water controls (Figure 5). The 

overall model for height growth was not significant, however, inspection of the data 

displayed trends for Sapium that paralleled those found in the field survival analysis. The 

overall model for aboveground biomass was not significant.

Discussion

Soil communities that developed in the vicinity of different tree species had 

strong, but species specific effects on tree seedling survival and aboveground biomass 

production in this temperate forest community. Sapium sebiferum experienced negative 

feedbacks in its conspecific soil community (both root and soil inoculum) that 

significantly decreased growth and survival compared to that of native species (Figures 1- 

3). Quercus nigra only experienced decreased biomass in soil compared to root 

inoculum, and all other native species displayed no difference in growth and survival 

among soil types (Figure 1). Thus, the effect of the soil community was not equal across 

all plant species and has the potential to influence tree species composition. This study
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also revealed that responses of the exotic Sapium differed from those of native trees in 

the introduced range. However, contrary to predictions, the negative feedbacks 

experienced by Sapium with its associated soil community suggest that strongly negative 

soil communities hinder rather than assist in Sapium’’s growth and persistence (Table 1, 

Figures 1-3). Although the range of soil feedbacks for exotics would be expected to be 

larger than for natives because of their shorter co-evolutionary history with the soil biotic 

community, it is surprising that an invader as successful as Sapium falls at the extreme 

negative end of the range in the suite of species tested here.

Only a few prior studies have documented decreased growth and survival of an 

invading species due to negative feedbacks in the conspecific soil community of the 

introduced range. Beckstead et al. (2003) and Knevel et al. (2004) showed negative 

feedbacks of the beach grass, Ammophila arenaria, in introduced Californian and South 

African soils, respectively. Although there were inhibitory effects of pathogens on A. 

arenaria growth in conspecific soils in California (Beckstead and Parker 2003), in South 

Africa only a few sites exhibited pathogenic activity towards A. arenaria (Knevel et al. 

2004). Reinhart and Callaway (2004) have found negative feedbacks of woody Acer spp. 

with conspecifics in the introduced range. However, the positive effects of the soil 

community Acer experienced under heterospecifics in the introduced range (negative 

effect of soil sterilization) enhanced its biomass and height growth (Reinhart and 

Callaway 2004) perhaps promoting invasion. Sapium experienced decreased survival 

and biomass under conspecifics (positive effect of sterilization relative to home soil) but 

did not experience an increased growth or survival response under heterospecific species 

compared to controls (a negative effect of sterilization relative to away soil) in the
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introduced range (Figures 1-3). Unlike Acer spp., this suggests that Sapium does not 

experience a beneficial effect from the soil biotic community under the heterospecific 

species used in this study. This may be in part due to the lack of congeners of Sapium in 

the introduced range.

It has been suggested that invading species may experience positive feedback 

responses in the introduced range resulting from the release from native enemies and 

interactions with beneficial soil microbes. In contrast, native species may experience 

negative feedbacks from the accumulation of host-specific pathogens over time 

(Klironomos 2002, Callaway et al. 2004, Levine et al. 2004, Reinhart and Callaway 

2004, Wolfe et al. 2005). In other words, native and non-native plant species are 

predicted to have different abilities to associate and respond to members of their soil 

communities because they differ in their co-evolutionary timescales of association.

Results of this study do support this hypothesis, in that natives and the invading Sapium 

did experience different feedback responses with their associated soil communities. 

However, instead of positive or weakly negative feedbacks promoting Sapium, this 

species experienced strongly negative soil feedbacks in conspecific soils that suggest the 

accumulation of inhibitory soil pathogens in the introduced range negatively influences 

seedling growth and survival.

The poor recruitment of Sapium in soils beneath parent trees supports the Janzen- 

Connell Hypothesis in temperate forest communities (Janzen 1970, Connell 1971, Packer 

and Clay 2000, Packer and Clay 2003). The Janzen-Connell Hypothesis predicts reduced 

offspring success beneath parent trees caused by the accumulation of distance- and/or 

density dependent mortality factors, i.e.: pathogens, predators, or herbivores, (Janzen
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1970, Connell 1971, Augspurger 1983, Packer and Clay 2000). The increased growth 

and survival of Sapium seedlings in sterilized and away soils compared to conspecific 

soils suggests the elimination of an inhibitory component of the biotic soil community 

(Figures 1-5).

Prior work has documented the recruitment limitation of natives as a mechanism 

for the persistence of Sapium monocultures (Siemann and Rogers 2006). Sapium success 

was attributed to Sapium’s extremely high seed rain. However, native seed additions 

showed significantly higher survival compared to Sapium and planted Sapium seedling 

survival was extremely low compared to natives (Siemann and Rogers 2006). Although 

suppression of aboveground pathogens resulted in significantly higher increases in 

Sapium survivorship, overall survivorship was still low compared to natives in Sapium 

monocultures (Siemann and Rogers 2006). Light and nutrient levels in Sapium 

monocultures were comparable or higher than other invaded ecosystems (mesic and 

floodplain forests, and grasslands). Together this suggests that aboveground herbivores 

and foliar pathogens do not adequately explain the extremely low performance of Sapium 

in Sapium dominated forests. This current work suggests that inhibitory soil biota are the 

mechanism responsible for the poor recruitment and survival of Sapium seedlings in these 

forests.

The decreased survival of Sapium seedlings in conspecific compared to 

heterospecific soils suggests an accumulation of high densities of host-specific soil 

pathogens beneath Sapium adults over time has decreased the success of Sapium survival 

and growth. But, what are these pathogens? A number of fungal pathogens have been 

documented to associate with Sapium sebiferum in the introduced range (Alfieri et al.
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1994). The greater Sapium success in benomyl fungicide treated soils compared to rovral 

fungicide treated soils suggests that these two fungicides are selectively targeting 

different soil fungal pathogens (Figures 4 and 5). In addition, no significant correlations 

between Sapium aboveground and belowground biomass and beneficial mycorrhizal 

mutualists were found. The similar responses of Sapium seen in both soil and root 

inoculum in this study suggest that the effects of beneficial mutualists were not strong 

enough to influence feedback responses. The most likely fungal candidates targeted by 

benomyl but not rovral fungicide based on the product labels include the ascomycete rots 

Cylindrocladium spp., Thielaviopsis spp., Fusarium spp., or Penicillium spp. (Benomyl, 

Sylorr Plant Corporation; Rovral, Aventis CS, Alfieri et al. 1994). This does not imply 

that these genera are responsible for Sapium’s decreased success in conspecific soils, but 

they may give some indication of the taxa that are responsible.

Sapium is known to be endomycorrhizal in field conditions and has been shown to 

have high levels of mycorrhizal colonization corresponding with increased aboveground 

biomass when planted in homogenized, sieved field soil in greenhouse studies (Nijjer et 

al. 2004, Nijjer et al., unpublished data). However, soils in the current study were 

collected beneath target parent trees to test how the soil community influences the 

persistence of Sapium rather than utilizing general field soils to test how the soil 

community influences the initial establishment and invasion of Sapium into new areas. 

The accumulation of inhibitory soil biota over time appear to override the initial positive 

interactions of Sapium with belowground mutualists in the early stages of invasion (Nijjer 

unpublished data). There is no evidence of allelopathic effects decreasing Sapium 

survival under parent trees (Figure 4, Keay et al. 2000, Johnson 2006). Sapium’’s
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performance responses suggest that decreased growth and survival was likely caused by 

the biotic composition of the soil and the rhizosphere community rather than nutrients or 

allelopathic chemicals (Bever et al. 1997).

Sapium's ability to successfully persist in invaded communities may require 

dispersal away from conspecific parent trees and successful recruitment beneath 

heterospecific adults (Augspurger 1983, Janzen 1970, Connell 1971). Although this 

study did find Sapium survival and growth increases in heterospecific inoculum relative 

to sterile soil, this does not exclude the possibility that Sapium performs better in soil 

communities of heterospecific species not included in this study. If Sapium has greater 

absolute performance than natives in all soils, the soil dependent differences in Sapium 

performance we documented may only lead to differences in invasion intensity.

The feedbacks exerted by native soil communities on exotic species can have 

important consequences for the establishment and persistence of invading species.

Sapium sebiferum, a successful invader in southeastern US temperate forests and coastal 

prairies, displays highly negative feedback responses to conspecific soil communities that 

may decrease its persistence in invaded communities. Our results, consistent across three 

independent experiments, provide evidence that Sapium does not escape from 

belowground natural enemies in the introduced range for multiple generations in a single 

location. With the inclusion of further studies isolating the specific soil fungal pathogens 

responsible for Sapium's soil feedback responses a more complete picture of the how soil 

communities influence the coexistence and invasion potential of woody plant species in 

temperate forest communities may be constructed.
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Table 2.1: Results of the Feedback experiment survival, aboveground and belowground biomass models.

Survival Aboveground Biomass Belowground Biomass
SS F-value P-value SS F-

value
P-value SS F-

value
P-value

Model 2226341 3.5 <0.0001 327.2 29.0 <0.0001 680.8 38.1 <0.0001
Error 4515945 52.2 81.3

Round 14104 1.3 0.2527 0.3 1.4 0.2409 0.4 1.2 0.2766
Species 790038 18.3 <0.0001 195.9 238.4 <0.0001 395.9 304.4 <0.0001
Inoculum 32 0.0 0.9562 0.0 0.2 0.6635 0.6 1.8 0.1763
Soil Origin 28003 1.3 0.2730 0.8 1.8 0.1643 1.4 2.1 0.1259
Round*Species 159920 3.7 0.0055 2.7 3.3 0.0127 5.9 4.5 0.0016
Round* Inoculum 17338 1.6 0.2048 0.0 0.1 0.7870 0.7 2.1 0.1473
Round* Soil Origin 12192 0.6 0.5677 0.2 0.4 0.6744 0.4 0.6 0.5293
Species*Inoculum 53262 1.2 0.2939 1.8 2.2 0.0756 3.0 2.3 0.0576
Species*Soil Origin 200671 2.3 0.0185 3.1 1.9 0.0585 2.3 0.9 0.5286
Inoculum* Soil Origin 15893 0.7 0.4782 0.8 1.9 0.1492 1.4 2.1 0.1266
Round* Species* Inoculum 57917 1.4 0.2519 2.3 2.7 0.0293 0.5 0.4 0.8416
Round* Species* Soil Origin 273119 3.2 0.0017 2.2 1.3 0.2265 3.2 1.2 0.2862
Round*Inoculum*Soil Origin 19714 0.9 0.4006 1.9 4.7 0.0101 0.9 1.4 0.2479
Species*Inoculum*Soil Origin 68723 0.8 0.6038 2.4 1.5 0.1622 2.8 1.1 0.3774
Round*Species*Inoculum*Soil Origin 79122 0.9 0.4997 3.6 4.3 0.0021 2.4 1.8 0.1257
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Table 2.2: Results of the Pot rescue experiment survival, and aboveground and belowground biomass models.

Survival Aboveground Biomass Belowground Biomass
SS F-value P-value SS F-value P-value SS F-value P-value

Model 9366 2.5 0.0041 12.88 7.2 <0.0001 9.71 5.3 <0.0001
Error 35978 0.14 9.97

Treatment 8218 4.8 0.0002 10.10 12.3 <0.0001 7.57 9.0 <0.0001
Region 0.0642 0.0 0.9881 2.08 15.13 0.0002 1.04 5.9 0.0082
Treatment*Region 1148 0.7 0.6736 1.08 1.31 0.2646 1.30 1.6 0.1743
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Table 2.3: Results of Rescue Field Experiment: survival and biomass models.

Overall Field Rescue Survival Model
Survival

df SS F-value P-value

Treatment 1 44 4.85 0.05

Error 10 91

Overall Field Rescue Height Growth and Aboveground Biomass Models
Height Growth Aboveground Biomass

df SS F-value P- value SS F-value P-value

Model 11 86758 1.38 0.2228 2.729 3.49 0.0022

Error 36 205277 2.559

Treatment 1 16886 2.96 0.0939 0.009 0.13 0.7244

Plot(Trt) 10 69871 1.23 0.3084 2.720 3.83 0.0014
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Figure 2.1: The effect soil origin on the (a) survival and (b) aboveground biomass of 
each species. + 1 Standard errors are presented. White, hatched, and black bars are 
control, away, and home soil origins, respectively. Letters denote treatments that did not 
differ in means contrast tests.
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Figure 2.2: The survival of Sapium in individual parent source soils. Letters denote 
treatments that did not differ in means contrast tests.
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Figure 2.3: The aboveground biomass of Sapium in individual parent source soils. +1 
standard errors are presented. Letters denote treatments that did not differ in means 
contrast tests.
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Figure 2.4. The (a) survival, (b) aboveground and (c) belowground biomass of Sapium in 
conspecific treated soils. White and hatched bars are Texas and China seedling origins, 
respectively. Letters denote treatments that did not differ in means contrast tests. +1 
standard errors presented.
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Figure 2.5: The survival and height growth of Sapium in conspecific field soils. 
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Chapter 3 

The effect of mycorrhizal inoculum on the growth of five native 
tree species and the invasive Chinese Tallow Tree {Sapium 
sebiferum)

Abstract

Mycorrhizal fungi may play an important role in plant invasions, but few studies 

have tested this possibility. Chinese Tallow (Sapiurn sebiferum) is an invasive tree in the 

southeastern United States. An experiment was conducted to examine the effects of 

mycorrhizal inoculation, fungicide application, and fertilization on the growth of Sapium 

and five native tree species (Liquidambar styraciflua, Nyssa sylvatica, Pinus taeda, 

Quercus alba, and Q. nigra) that co-occur in forests in the Big Thicket National Preserve 

in East Texas. Seedlings were grown in a greenhouse for twenty weeks under full 

factorial combinations of mycorrhizal inoculum, fungicide, and fertilizer. Mycorrhizal 

inoculation increased Sapium growth but caused nil to negative growth changes of the 

five native species. This suggests that Sapium may gain unusual benefits from 

mycorrhizal associations. L. styraciflua benefited from mycorrhizal inoculation only in 

fertilized conditions which indicates that the potential advantage Sapium might gain from 

mycorrhizal associations may vary with native species and soil fertility.
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Introduction

Mycorrhizal fungi form close associations with roots of plants in which in 

exchange for fixed carbon, the fungi provide essential nutrients to the plant (N, P) and 

may protect the plant from pathogens, support helpful bacteria, enhance soil aggregation, 

assist in water transport and gain, and stimulate plant growth through auxin production; 

these associations can vary from mutualistic to parasitic depending on soil fertility levels 

(Harley 1968; Allen 1991; Johnson et al. 1997; Smith & Read 1997; Van der Heijden & 

Sanders 2002). It is possible that mycorrhizae play a key role in temperate forest 

dynamics and community responses by changing the outcome of competition and by 

influencing plant fitness (Johnson et al. 1997; Van der Heijden & Sanders 2002). Little 

attention has focused on how the existing mycorrhizal network of the introduced range 

may facilitate the invasion of exotic plant species.

Sapium sebiferum (L.) Roxb, a native to central China, was introduced to Georgia 

in the late 18th century (Bruce et al. 1997). Although present in Texas in the early 1900's, 

Sapium did not become invasive until the middle of the century and has only rapidly 

increased abundance in the past two decades in mesic and hydric forests in the Big 

Thicket National Preserve (BTNP) in East Texas (Harcombe et al. 1999). Recent studies 

have shown that Sapium benefits from low herbivore loads (Siemann & Rogers 2001, 

2003a,b; Rogers & Siemann 2002, 2003), but Sapium appears to have unusually high 

growth rates even after accounting for differences in aboveground herbivore impacts. 

Although a release from belowground pathogens could explain the high growth rates of 

Sapium, unusually large benefits from mycorrhizal associations are also a factor that may 

contribute to Sapium's invasive success.
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Generalist mycorrhizae with low host specificity may be able to form associations 

with invasive plants (Richardson et al. 2000). This association by itself would not create 

unusually high benefits, and thus could not be itself responsible for invasive success, 

unless the invader could utilize the mycorrhizae in a novel fashion (Richardson et a l 

2000). The combination of potentially novel mycorrhizal utilization and the short co- 

evolutionary history exotic plants have with native mycorrhizal mutualists suggests that 

these plants could receive unusually high benefits or extremely high costs their 

introduced ranges (Richardson et al. 2000). Another way that exotic invaders could 

obtain benefits would be to usurp native species’ existing mycorrhizal network 

connections, or utilize neighbors’ nutrient pools with their own extraradical (soil 

exploring) hyphae, thus parasitizing neighboring competitors through enhanced nutrient 

uptake (Marler et al. 1999; Zabinski et al. 2002). Only limited work to date has been 

done to examine how the existing mycorrhizal network of the introduced range may 

influence the competitive ability of exotic invaders (Bray et al. 2003). Understanding 

how Sapium utilizes mycorrhizal associations in its introduced range may help explain 

the mechanisms underlying its invasion in the BTNP and increase general knowledge of 

the role of mycorrhizae in affecting plant community dynamics.

A greenhouse experiment was conducted to test the effects of mycorrhizal 

inoculation, fungicide application, and fertilization on the growth of Sapium and five tree 

species native to the BTNP. If mycorrhizae contribute to Sapium invasion, then the 

performance advantage of Sapium compared to natives should be greater with 

mycorrhizal inoculation than without. To potentially decrease the performance 

advantage of Sapium if mycorrhizal inoculation facilitates invasion, Rovral fungicide was
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applied (Gange et al. 1990; Ganade & Brown 1997). Fertilization is predicted to 

highlight plant alterations in mycorrhizal dependencies and mimic potential changes in 

field conditions. Fertilization is predicted to decrease the effect of mycorrhizae on plant 

performance because carbon costs are not offset by benefits of nutrient gathering in high 

fertility (Menge et al. 1978; Buwalda & Goh 1981; Hetrick et al. 1988; Hetrick 1991; 

Johnson 1993; Peng et al. 1993) and additionally because the benefits plants receive from 

mycorrhizae may be less valuable in higher fertility conditions (Koide 1991; Johnson 

1993; Johnson et al. 1997). In Flatland Hardwood Pine Forests of the Lance Rosier Unit 

in the Big Thicket, which are equivalent to Lower Slope Hardwood Forests found 

elsewhere, phosphorus tends to be in limited supply (Marks & Harcombe 1981; Knox et 

al. 1995; BTNP 2003) because of its difficulty to acquire at low levels and strong 

adsorption to soil particles (Nye & Tinker 1977; Read 1991). However, nitrogen 

deficiencies may limit growth of plants with non-mycorrhizal affiliations because they 

can only absorb simple forms of N (Chalot & Brun 1998). Together these predictions 

will begin to answer how mycorrhizae may promote or hinder Sapium’s invasibility and 

ultimately alter the surrounding native community.

Methods

Seeds of five native tree species that are common in mesic and hydric forests in 

the BTNP and may potentially be outcompeted by Sapium sebiferum (Liquidambar 

styraciflua L. [sweetgum], Nyssa sylvatica Marsh [blackgum], Pinus taeda L. [loblolly 

pine], Quercus alba L. [white oak], and Q. nigra L. [water oak]) were purchased 

(Louisiana Forest Seed Company, Lecompte, LA) to ensure that seeds were from 

uniformly healthy trees. Sapium sebiferum seeds were collected at Armand Bayou
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Nature Preserve (Houston, TX). Stratification took place in a 21°C cold-room in 

January- February 2003. Germination of non-surface sterilized seeds occurred in an 

unheated greenhouse on the Rice University campus during March-May 2003.

Germinated seeds were planted in 66ml Conetainers (Stuewe & Sons, Inc., Corvallis,

OR) filled with potting soil. Forty-eight similarly sized seedlings of each species were 

selected approximately two weeks after germination. All of the plants within each 

species were randomly assigned to one of eight treatments in a full-factorial experimental 

design with inoculation (yes or no), fungicide (yes or no) and fertilizer (yes or no) for a 

total of six replicates per treatment. Roots were gently brushed free of soil and the soil 

was retained. Roots were then dipped in either “Silva Dip” (Reforestation Technologies 

International, Salinas, CA) which contained a total of eight general endo- and 

ectomycorrhizal species (Glomus intraradices, Glomus aggregatum, Glomus mossae, 

Pisolithus tinctorius, and four species of Rhizopogon spp.) or distilled water. Excluding 

Rhizopogon spp., which is primarily found in the northwestern United States, at least one 

of the remainder of the endo- and ectomycorrhizal species listed would be encountered 

by the focal tree species of this study in the field (Keeley 1980, Black et al. 1981, 

McIntosh et al. 1985, Weber & Smith 1985, Walker & McLaughlin 1991, Metzler & 

Metzler 1992, Lewis & Strain 1996, Constable et al. 2001). After dipping, roots were 

covered with the retained soil and transplanted into 3.8 liter Treepots™ (Stuewe & Sons, 

Inc.) filled with a mixture of 2/3 potting soil and 1/3 perlite. Pots were placed within 

blocks grouped by species on plastic pallets on the greenhouse floor because of 

differences in germination times. Pots were watered as needed and periodically rotated 

within species blocks to minimize shading and location effects.
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Fertilizer was applied four times in the course of the 20-week experiment in 

weeks 3, 7, 12, and 17. Application rates were equivalent to 4 g/m2 each of N, P and K 

per application. This mimics field regulation standard rates. Nutrients were added as 

ammonium nitrate (N), superphosphate (P), and potash (K) dissolved in 40ml of distilled 

water. Distilled water was added to non-fertilized controls.

Rovral® 4 Flowable Fungicide (Aventis CS, Bridgewater, NJ) was applied three 

times in the course of the 20-week experiment in weeks 4, 10, and 16. Rovral, active 

ingredient iprodione, has been shown to reduce mycorrhizal infection in plant roots and is 

a contact pesticide with no known systemic action (Gange et al. 1990; Ganade & Brown 

1997). Application rates followed recommendations for controlling pathogenic root 

fungi (Aventis 2001).

Initial height of each seedling was measured. Initial heights were taken before 

seedlings were dipped into either inoculum or a distilled water control and as such did not 

require sterilization of equipment to pre-empt transfer of inoculum between sources. At 

the end of 20 weeks, roots, leaves, and stems were harvested and dried at 60°C for at least 

72 hours before weighing.

Data Analysis

An ANCOVA with starting height as a covariate was used to test whether final 

mass (log transformed to achieve normality) depended on experimental treatments in a 

model with all possible interactions among experimental treatments (SAS 8.2, SAS 

Institute, Cary, NC). Mass data were back transformed for graphical presentation. Single 

species ANOVAs were used to investigate significant interaction terms in the full
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analysis and Fisher’s Least Significant Difference Test was used to test for differences 

between treatment means (Stat View 5.0, SAS Institute, Cary, North Carolina).

Results

The percent of root mass was independent of all factors other than species 

(Fs,238=119.80, Pc.0001). It was lowest for Pinus (29%) followed by Liquidambar 

(40%), Q. nigra (46%), Sapium (47%), Nyssa (53%) and Q. alba (73%). The contrasts 

among species were significant at =0.05 for all pairs of species except Q. nigra vs. 

Sapium. Because allocation patterns are independent of treatments (modeled as a 

percentage of belowground root biomass) and species is the only significant factor 

explaining the allocation pattern variance, the remainder of the analyses utilized total 

mass as the dependent variable.

Total mass varied among species (Table 1, Fig. 1) and the contrasts among 

species were significant at =0.05 for all pairs of species except Q. alba vs. Nyssa and 

Liquidambar vs. Q. nigra. No other main effect significantly affected mass in the 

ANCOVA (Table 1). Total mass depended on starting height in the ANCOVA (Table 1). 

The species which had significant correlations between starting height and log (final 

mass) in z-tests were Q. alba (r= 0.59, PO.OOOl) and Nyssa (r=0.41, PO.OOl). Variation 

in mass depended on several interactions: species*inoculation, species*fertilization, 

species*inoculation*fertilization, and speciesNnoculation^fungicide. Since each 

interaction term had species as one of the factors, individual species ANOVAs were used 

to help identify the main factors influencing the interactions.

The significant effect of species*inoculation in the full model indicated that 

species differed in the direction or magnitude of their responses to inoculation. All five
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native species tended to have lower mass when inoculated but this difference was 

significant only for Nyssa (P<0.0\) in single species ANOVAs. Sapium had significantly 

higher mass when inoculated (PO.Ol). In a separate analysis with a 2-level predictor 

that indicated whether a species was native vs. Sapium, the interaction of this term and 

inoculation was significant (P<0.05).

The significant effect of species*fertilization in the lull model indicated that 

species differed in their responses to fertilization. In single species ANOVAs, Pinus 

(.P<0.01) and Liquidambar (P<0.05), but no other species, were significantly larger when 

fertilized (Fig. 1). Pinus had larger mass in fertilized controls and maintained this 

increase when inoculated. However, Liquidambar’s growth had significant mass 

increases with inoculation in the fertilized treatments only.

Single species ANOVAs show that the significant interaction of 

species*inoculation*fertilization in the full model was related to the idiosyncratic effect 

of these treatments on Liquidambar mass (P<0.01, Fig. 1). Inoculation reduced 

Liquidambar mass in low fertility conditions but increased it in high fertility conditions.

The significant effect of species*inoculation*fungicide largely reflected the 

distinct responses of Sapium to fertilizer and fungicide since the interaction of these 

treatments was only significant for Sapium (P<0.01) in single species ANOVAs. 

Submodels showed fungicide-non-inoculated plants to be significantly different from 

fungicide-inoculated plants and contol (non-fungicided, non-inoculated) plants to be 

significantly different from fungicided-inoculated plants by Fisher’s Least Significant 

Difference Test, respectively (P<0.01, P<0.05). Specifically, Sapium mass was lowest in 

the fungicide only treatment (average=7.8 g) followed by control (non-inoculated and
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non-fungicided), (15.lg), inoculation only (15.lg), and finally the combination of 

inoculation and fungicide (20.9 g).

Discussion

Sapiurn’s striking positive growth response to mycorrhizal inoculation (65% 

increase) differed markedly from the neutral to negative responses of native tree species 

(Fig. 1). The magnitude of reductions in growth of the five native tree species in 

response to inoculation ranged from negligible (Q. alba = 1 % reduction, Q. nigra -  6%) 

or minor {Pinus =17%, Liquidambar = 24%) to large and significant {Nyssa = 46%) but 

the direction of the response to inoculation was always negative. Sapium was clearly 

able to gain large benefit from mycorrhizal associations with a generalist mycorrhizal 

inoculum in conditions where natives could not. It appears that natives were unable to 

benefit from the generalist inoculum in this study suggesting that mycorrhizal specificity 

is important (Bever 2002; Klironomos 2003). The strains used in this study may not be 

beneficial in these conditions and may create an unnecessary obligate symbiosis with 

direct translations to decreases in growth (Hetrick et al. 1988; Hetrick 1991). This 

supports the hypothesis that unusual relationships between the exotic Sapium and North 

American mycorrhizae species, such as those in the inoculum, may contribute to 

Sapium’s success as an invader.

There are a number of explanations for why lack of specialist mycorrhizae (Bever 

2002; Klironomos 2003), which was predicted to be beneficial, appeared to be especially 

detrimental in fertilized treatments for Nyssa, Pinus, Q. nigra and for the native species 

Liquidambar and Nyssa in unfertilized treatments in this experiment. First, carbon drain 

on host plants, which is well documented (Buwalda & Goh 1981; Hetrick 1991; Johnson
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1993; Peng et al. 1993; Graham et al. 1996) may have exceeded the benefits of increased 

nutrients and/or water in these relatively fertile, well-watered greenhouse conditions. 

Second, mycorrhizae in this experiment may have used carbon from plants largely for 

respiration rather than increasing extraradical hyphae surface area and increasing nutrient 

absorption (Peng et al. 1993; Graham et al. 1996). Increases in maintenance respiration, 

as well as higher root construction costs due to high lipid vesicle allocation, has been 

shown in P addition experiments for Citrus volkameriana (Peng et al. 1993, Graham et 

al. 1996) and has been attributed to decreases in carbohydrate root exudates from plants 

in highly fertilized soils (Johnson et al. 1997).

The unexpected results for fungicide and inoculation combinations, in particular 

the effects on Sapium mass, were inconsistent with the expectation that seedlings in the 

two treatments, non-inoculated fungicide only and inoculation plus fungicide, would be 

identical in size. This suggests that fungicide applications were not an effective method 

of fungal control. One possible explanation is that non-spore ingredients in the 

mycorrhizal inoculum had phytotoxic effects on seedling growth in the presence of 

fungicide. The reduction of Sapium mass by fungicide application (without inoculum) 

might indicate that beneficial microbes (phosphate-solubilizing microbes and plant 

growth-promoting bacteria) were present in the potting soil which were killed by the 

fungicide (Allen 1992). Alternatively, it might indicate direct toxic effects of fungicide 

on Sapium. The recovery of Sapium growth with inoculation in fungicide treatments 

suggests that the mycorrhizal inoculum was not effectively suppressed and that 

mycorrhizae may be acting synergistically with microbes in the fungicided soil that were 

not effective or prevalent in the non-fungicided soil. One goal of this greenhouse
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experiment was to develop methods that could be applied in field experiments. Further 

work with direct assays of mycorrhizal and non-mycorrhizal fungi in experiments with 

Sapium is needed to complete the identification of reliable field methods and identify the 

cause of the seemingly anomalous inoculation and fungicide result.

The prediction of decreased response of all species to mycorrhizal inoculation in 

high fertility environments was based on the assumption that mycorrhizal carbon costs 

are not offset by the benefits of nutrient gathering in conditions in which nutrients are 

abundant (Menge et al. 1978; Buwalda & Goh 1981; Hetrick et al. 1988; Hetrick 1991; 

Johnson 1993; Peng et al. 1993). The positive response of Liquidambar to mycorrhizal 

inoculation only in fertilized conditions was opposite the prediction that the benefit of 

mycorrhizal associations would be lower in more fertile conditions (Fig. 1). Indeed, the 

reverse pattern observed here suggests that there may be potential for strong competition 

for nutrients between mycorrhizae or other soil microbes and plants in low fertility 

environments that may counteract the potential benefit of mycorrhizal associations in 

these conditions (Bardgett et al. 2003).

The strong benefit of mycorrhizal inoculation for Liquidambar in some conditions 

(Figure 1) indicates that the competitive advantage Sapium might gain from mycorrhizal 

associations may vary with native species and soil fertility (Marler et al. 1999).

One theory explaining the success of invaders in their introduced range is the 

Enemy Release Hypothesis. It predicts that invasives experience a release from the 

pressures of the natural enemies in their native range and can therefore allocate additional 

resources to growth and reproduction (Alpert et al. 2000; Maron & Vila 2001; Keane & 

Crawley 2002; Mitchell & Power 2003). However, little attention has been given to
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belowground enemies. This experiment raises the possibility that the large size of 

Sapium in all conditions, although doing better with inoculum than natives, (Figure 1) 

reflects presence of belowground pathogenic fungi that more readily attack native tree 

species.

The results reported here would be more compelling with confirmation of 

mycorrhizal colonization and dependence by direct examination. Further, it is imperative 

that these results be verified in field trials as well as in experiments including competitive 

interactions between species. Such experiments are currently underway to rigorously test 

the preliminary conclusion presented here that interactions with soil microbes play a role 

in Sapium invasions in East Texas forests.
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Table 3.1. The dependence of log (final mass) on experimental treatments in an 
ANCOVA with starting height as a covariate. Significant terms are shown in bold.

Factor df SS F-Value P-Value
Species 5 48.2 157.7 <0.0001
Fertilizer 1 0.1 1.6 0.20

Fungicide 1 0.0 0.2 0.70

Inoculum 1 0.1 0.9 0.35

Species * Fertilizer 5 0.8 2.6 <0.05
Species * Fungicide 5 0.6 1.9 0.10

Species * Inoculum 5 1.3 4.4 <0.001
Fertilizer * Fungicide 1 0.0 0.3 0.58

Fertilizer * Inoculum 1 0.1 0.9 0.34

Fungicide * Inoculum 1 0.0 0.5 0.48

Species * Fertilizer * Fungicide 5 0.3 0.9 0.50

Species * Fertilizer * Inoculum 5 0.8 2.7 <0.05
Species * Fungicide * Inoculum 5 0.8 2.7 <0.05

Fertilizer * Fungicide * Inoculum 1 0.1 1.3 0.26

Species * Fertilizer * Fungicide * Inoculum 5 0.3 0.9 0.45

Starting height 1 1.2 19.6 <0.0001

Error 238 14.5
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Figure 3.1: The dependence of mass (g) of Liquidambar styraciflua, Nyssa sylvatica, 
Pinus taeda, Quercus alba, Quercus nigra, and Sapium sebiferum seedlings on 
fertilization (con=no fertilizer, fert=fertilized) and mycorrhizal inoculation after 20 
weeks. Fungicide treatments are not shown. See Table 1 for statistical results.
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Chapter 4 

The effects of fertilization and soil biota on the success of 
Sapium sebiferum

Abstract

Soil organisms can have important impacts on the structure, diversity, and 

invasion potential of plant communities. Soil biota, particularly arbuscular mycorrhizae, 

have been predicted to contribute to seedling success. However, if fertilization decreases 

the need for mycorrhizae, seedling success has been predicted to decrease with 

mycorrhizae in fertilized conditions. In addition, the short co-evolutionary history of 

invaders with the soil biota may cause the invader to have unusual benefits or costs from 

interactions with the soil biota in its introduced range that may promote or hinder 

invasion.

Parallel pot and field studies were conducted to examine the effects of soil origin 

(field or sterilized soil), fertilization (yes or no), and fungicide application (yes or no) on 

the growth and survival of the invader, Sapium sebiferum, and three native tree species 

(Liquidambar styraciflua, Nyssa sylvatica, and Quercus nigra) co-occuring in the Big 

Thicket National Preserve in east Texas.

Aboveground and belowground biomass of all species were higher with an active 

soil community. No species had decreased growth with mycorrhizae in fertilized 

conditions, contrary to current predictions. Sapium displayed significantly higher levels 

of arbuscular mycorrhizal colonization than any native species tested, especially in 

fertilized active field soils.
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Only Sapium had synergistic growth increases in active, fertilized field soils 

together with high aboveground biomass and nitrogen levels. These results suggest that 

belowground soil organisms, perhaps mycorrhizal mutualists, are providing an unusual 

positive benefit to the invader that is not experienced by native species, especially in 

fertile conditions. This advantage may further facilitate Sapium invasion into mesic 

temperate forests currently experiencing high levels of anthropogenic nutrient inputs.
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Introduction

Soil communities can have important impacts on the structure and diversity of 

plant communities because of their involvement in multiple processes critical for plant 

survival and performance (Packer and Clay 2000; Bever et al. 2002; Wardle 2002; 

Callaway et al. 2004a). Saprophytic, mutualistic, and pathogenic soil organisms 

influence nutrient availability in the soil, a plant’s capability to acquire nutrients and 

protect themselves from pathogens, and survival, respectively (van der Heijden and 

Sanders 2002; Wardle 2002; Callaway et a l 2003; Callaway et al. 2004a). As a result, 

understanding how the soil community impacts plant growth and survival is necessary for 

understanding the structure and function of plant communities and the invasion potential 

of exotic species.

More work is necessary to explain the mechanisms underlying exotic invasion 

into new areas, particularly how belowground soil organisms may affect invasion 

potential (Wolfe et al. 2002). Because of the differences in the length of time of 

association with the soil biota, natives and exotics may differ in their interactions with the 

soil biota in the introduced range. While native plants have associated with the soil biota 

for an extended time, an exotic species will have little to no co-evolutionary history of 

interaction with the soil biota in the introduced range. If an invading species begins to 

colonize a community where native plants have co-evolved with their soil communities 

for a long time, the invader may receive extremely high benefits or experience high costs 

from interactions with the soil biota in their introduced ranges (Marler et al. 1999; Carey 

et al. 2004). For example, exotic species may have the ability to connect into existing 

mycorrhizal networks (including seedlings) and parasitize neighboring competitors
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through their own enhanced nutrient uptake (Marler et al. 1999; Carey et al. 2004). If 

invasives encounter soil biota that more strongly facilitate non-native establishment in the 

introduced range than the native range, these soil biota may promote invasion 

(“Enhanced Mutualisms Hypothesis” - Reinhart and Callaway 2006). Thus, if the soil 

biota contributes to seedling success, then native and exotic growth and survival should 

be greater with the soil biota present. Additionally, if an exotic can utilize soil biota in an 

unusual fashion, then the effect of the soil biota is predicted to vary between natives and 

an exotic invader.

Little is known about how exotics utilize mycorrhizae mutualists to mediate 

competitive interactions with native species (Goodwin 1992; Marler et al. 1999; Bray et 

al. 2003; Carey et al. 2004). Arbuscular mycorrhizal fungal associations (AMF) are a 

ubiquitous component of temperate ecosystems and are especially important because 

their cosmopolitan distribution and low host specificity may allow them to readily form 

associations with exotic plant species (Richardson et al. 2000). However, because soil 

organisms differ in their plant host specificity (the ability to form specific associations 

with plant hosts) and their plant response specificity (or the response elicited in plant 

hosts) the effect of mycorrhizae on exotic species will depend on specific plant-fungal 

interactions (Richardson et al. 2000; Bever 2002). Specific mycorrhizal genotypes may 

have differing effects on host species including: infection ability, nutrient transfer, 

carbon demands, and host compatibility (Bever 2002). An exotic species may be at an 

advantage in the introduced range if it can escape from specialist fungal pathogens and/or 

benefit from generalized mycorrhizal mutualists (Wolfe et al. 2002; Levine et al. 2004). 

However, an exotic plant species with generalized mycorrhizal associations would only
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be expected to perform more successfully than natives if specific plant-fungal 

interactions create unusual benefits for the invader. Specifically, if arbuscular 

mycorrhizae contribute to seedling success, then native and exotic growth and survival 

should be greater with mycorrhizae than without them and if soil biota successfully 

promote invasion, an exotic species should have stronger positive and/or weaker negative 

interactions with the soil biota than native species.

The ecological effects of mycorrhizae can be highly context dependent. One 

critical factor that can influence costs and benefits to hosts is nutrient availability. 

Changes in the mycorrhizal community are particularly important in areas of increasing 

anthropogenic inputs of nitrogen and phosphorus from internal combustion engines, 

animal husbandry, and fertilization for agriculture. High nutrient availability may alter 

the effects of mycorrhizal associations with plant hosts in ways that may change the net 

costs and benefits received by plant hosts (Hetrick et al. 1989; Johnson 1993; Johnson et 

al. 1997; Marler et al. 1999). Fertilization is predicted to either suppress mycorrhizae or 

limit the growth and survival advantage of mycorrhizal infected seedlings because the 

cost of plants providing carbon to mycorrhizae is not offset by the benefits when soil 

resources are not limiting (Johnson et al. 1992; Koide and Schreiner 1992; Johnson 1993; 

Johnson et al. 1997). If plants in high fertility conditions allocate less carbon to root 

exudates, a mycorrhizal community may be selected that is more aggressive in acquiring 

those carbohydrates because they allocate more of the resources obtained from the plant 

to internal fungal growth and respiration instead of nutrient gathering and exchange 

(Peng et al. 1993; Graham et al. 1995; Johnson et al. 1997). For example, growth 

depressions of mycorrhizal Citrus volkameriana at high P levels were attributed to
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increased carbon allocation to mycorrhizal root biomass, maintenance, and growth (Peng 

et al. 1993). When soil resources are abundant, nitrogen and light become less and more 

valuable, respectively. Thus, in high fertility, the nutrient benefit provided by 

mycorrhizal fungi may become less valuable and the photosynthesizing capacity provided 

by the plant becomes more valuable. Hosting mycorrhizal fungi in high fertility may be a 

poor strategy because a plant may continue investment to less valuable mycorrhizae fungi 

while simultaneously decreasing carbon availability for aboveground growth. Thus, we 

predict that if fertilization decreases the need for mycorrhizae, the difference in seedling 

success with mycorrhizal associations is predicted to be more positive in unfertilized 

compared to fertilized soils.

Utilizing parallel pot and field studies in a temperate forest community in east 

Texas we asked: 1) Does the belowground soil community influence the survival and 

growth of woody native seedlings, and the exotic Sapium sebiferum? 2) Are mycorrhizae 

important for the survival and growth of natives and the exotic Sapium? 3) Are the 

interactions between seedlings and their mycorrhizal partners altered with fertility? 4) Is 

Sapium able to utilize soil biota, particularly mycorrhizae, in a different fashion from 

natives that promotes growth and survival?

Methods

Study system and focal species: Big Thicket National Preserve (BTNP) is a 96,000-acre 

national preserve in southeast Texas that lies at the convergence of a multitude of 

ecosystems and supports considerable biological diversity. All of the native species used 

in this study Liquidambar styraciflua (Sweetgum, (L.) Hamamelidaceae), Nyssa sylvatica 

(Blackgum, (Marsh.) Nyssaceae), and Quercus nigra (Water Oak, (L.) Fagaceae), are
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common tree species in BTNP (Marks and Harcombe 1981). Currently, mesic and 

floodplain forests of BTNP are invaded by the exotic species Sapium sebiferum (Chinese 

Tallow Tree, (L. Roxb) Euphorbiaceae, synonyms include, Croton sebiferum, Triadica 

sebifera, Stillingia sebifera) (Bruce et al. 1997; Siemann and Rogers 2003). In BTNP, 

Sapium has steadily increased in abundance over the past 20 years. In some areas Sapium 

has become the most abundant understory tree and is becoming common in the overstory 

(Harcombe et al. 1998).

Pot experiment

Experimental design: In June 2004, a twenty-week (post germination) pot study was 

conducted to test the effects of mycorrhizal suppression and fertilization on the growth 

and survival of seedlings of three native tree species and the invader Sapium sebiferum. 

The entire experiment was 192 pots in a randomized full-factorial design with 4 species 

(Liquidambar styraciflua, Nyssa sylvatica, Quercus nigra, and Sapium sebiferum), 2 soil 

origins (field soil or a sterilized control), 2 fertilization levels (fertilized or control), 2 

fungicide levels (fungicide or control) and 6 replicates.

All native seeds were purchased from the Louisiana Forest Seed Company 

(Lecompte, LA) and Sapium seeds were collected from trees at the University of Houston 

Coastal Center south of Houston, TX. All seeds were surface sterilized with a 10% 

bleach rinse to remove surface contaminants and germinated in sterilized topsoil (twice 

autoclaved at 121 °C) in a greenhouse located on the Rice University campus in Houston, 

TX. Germinated seeds were planted into 66ml Conetainers (Stuewe & Sons, Corvallis, 

Oregon) filled with sterilized topsoil and were watered as needed.

At the beginning of the experiment, soil was collected from 8 sites in the Lance
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Rosier Unit of BTNP. Two or three holes per site were dug to a depth of 8-10 cm for soil 

collection at least 3 m from the base of any trees. This procedure ensured soil was not 

collected directly beneath specific tree species. All soil was homogenized by passing 

through a 1 cm screen sieve to control for nutrient differences between soils collected at 

different sites. Roots were cut into 1-2 cm fragments and mixed in with the soil. All soil 

and roots not used as fresh inoculum were sterilized as described above. All pots were 

filled with an equivalent amount of sterilized field soil at the initiation of the experiment.

Two weeks after germination, seedlings of all species were transplanted into 3.8 

liter pots (Stuewe & Sons) filled with sterilized field soil. Seedlings were surrounded 

with either 30g of fresh, homogenized field soil or sterilized field soil and roots upon 

transplantation (approximately 0.01 liter per pot). A 15ml soil microbial backwash was 

applied to each pot to equalize the soil microbial community in each pot. The 

background microbial wash was manipulated by using a 38um sieved field solution 

(Johnson 1993).

Rovral 4 flowable fungicide (Aventis CS, Bridgewater, NJ) application was 

administered six times in the course of the twenty-week experiment (three week 

intervals) at application rates of 10% active ingredient Rovral w/v as a soil drench.

Rovral (active ingredient iprodione) has been shown to reduce mycorrhizal infection and 

is a contact fungicide with no known systemic action (Gange et a l 1990; Ganade and 

Brown 1997). Controls received an equivalent amount of distilled water.

Fertilization occurred four times during the course of the twenty-week 

experiment. Application rates were equivalent to 4g/m each of N, P, and K per 

application. Nutrients were added as ammonium nitrate (N), superphosphate (P), and
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potash (K) dissolved in 40ml of distilled water (Nijjer et a l 2004). An equivalent 

amount of distilled water was added to non-fertilized controls.

Initial height, diameter, leaf count, and herbivore damage measurements were 

taken for each seedling. Successive measurements were recorded at five-week intervals 

over the course of the twenty-week experiment. Measuring equipment was thoroughly 

cleaned between treatments to prevent transfer of inoculum between sources. Pots were 

watered as needed and periodically rotated to minimize shading and location effects. At 

the end of 20 weeks we measured shoot and root dry weights and mycorrhizal infection. 

Carbon and nitrogen analysis: Aboveground biomass (leaves and stems) was ground for 

total carbon and nitrogen concentrations and analyzed in an auto analyzer. Phosphorous 

concentrations were determined using inductively coupled plasma mass spectrometery 

(ICP-MS). Samples were ashed in a muffle furnace at 500 °C and then dissolved in 2 mL 

of 3 N HC1, followed by dilution with Millipore water to a final volume of 60 mL. A 1.5 

mL aliquot was introduced into a ThermoFinnigan Element 2 ICP-MS via free aspiration 

using an Elemental Scientific 20 microliter/min Teflon nebulizer and a glass cyclonic 

spray chamber. Phosphorus was determined in medium resolution mode in order to 

resolve P from potential isobaric interferences. The argon dimer (Ar40Ar40) was 

simultaneously measured to correct for mass drift during the course of the measurement. 

A spike solution of Indium was added to the samples, blanks, and standards to correct for 

drift of sensitivity owing to instrumental drift or matrix differences between samples.

Four synthetic P standards were used to calibrate intensities against concentration. 

Belowground mycorrhizal analysis: All tree species in this study are known to be 

endomycorrhizal in field conditions (Keeley 1980; Davies and Call 1990; Davis and
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Shearer 1999; Jacobs et al. 2000; Constable et al. 2001; Nijjer et al. 2004; Beckman 

2005; Fayish 2005). Quercus nigra is known to associate with both endo- and 

ectomycorrhizal fungi, but only endomycorrhizal fungi were measured for this study. At 

harvest five randomly selected plants of each treatment were selected for 

endomycorrhizal analysis. Root systems were stored at 4°C until they could be 

processed. Randomly selected fine root subsamples from each plant were washed on a 

500-micrometer sieve and stored in histocassettes in 50% ethanol until processed for 

endomycorrhizal staining. Roots were cleared in 10% KOH at 80°C for 45 minutes and 

then rinsed and soaked for one minute in 10% bleach for additional clearing (Bray et al. 

2003). Roots were then rinsed and acidified in concentrated HC1 for 5 minutes. Fine 

roots from each core were stained and dyed in trypan blue and ten one-cm root fragments 

were mounted on microscope slides and measured for arbuscular mycorrhizal 

colonization rates following modification of the gridline intersect method (McGonigle et 

al. 1990; Brundrett et al. 1996). Mounted roots were checked for the presence of 

arbuscules, vesicles, coils, and hyphae of arbuscular mycorrhizal fungi under a compound 

microscope at 400X magnification. Nonmycorrhizal fungi and microbes were also noted 

and labeled as “other.” Arbuscular mycorrhizae were distinguished from non

mycorrhizal fungi by the methods of Callaway et al. (2003).

Data analysis’. We assessed treatment effects on several plant and mycorrhizal response 

variables using general linear models. Aboveground and belowground dry weights for 

each plant were natural log transformed to meet the assumption of normality. Height 

growth for each plant was measured as In (final ht / initial ht). Data were tested using a 

Type III General Linear Model in SAS (SAS Institute, Cary, NC). All data was tested to
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meet the assumption of homogeneity of variances. We used a four-way factorial general 

linear model to compare aboveground and belowground biomass measurements between 

the different experimental treatments. This was an unbalanced analysis due to the 

unequal number of surviving seedlings within treatment combinations. Species was a 

significant main effect as well as a significant factor in multiple species by experimental 

treatment interaction terms (see Results). Individual species three-way factorial analyses 

were conducted to identify which species were causing significant species by 

experimental treatment interaction terms. Adjusted least squares means post hoc tests 

were conducted to test for differences among treatment levels for significant interactions. 

Percent carbon and nitrogen were natural log transformed to meet the assumptions of 

normality. Phosphorus concentrations were squareroot transformed to meet the 

assumptions of normality. Data analysis and post hoc comparisons were conducted as 

described above.

Endomycorrhizal and “other” colonization were expressed as percent root 

colonized. We examined the data for normality and equal variances. Belowground 

mycorrhizal and “other” colonization did not fit a normal distribution and were ranked 

and analyzed using a four-way general linear model (Conover and Iman 1981). Fisher’s 

Least Significant Difference post hoc tests were conducted to test for differences among 

treatment levels of significant main effects for variables with three or more levels. 

Adjusted least squares means post hoc tests were conducted to test for differences among 

treatment levels for significant interactions. An ANCOVA with aboveground biomass as 

a covariate was used to test whether mycorrhizal colonization depended on soil origin 

(field soil or sterilized control). Spearman rank correlations were performed (SAS
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Institute, Cary, NC) to test whether aboveground and/or belowground biomass was 

significantly correlated with belowground colonization measures for species showing 

significant colonization*biomass interactions in ANCOVA’s.

Field experiment

Experimental design: In June 2004, a two-year companion field study was initiated to 

test the effects of mycorrhizal suppression and fertilization on seedlings in field 

conditions. At the Lance Rosier unit in BTNP, ninety-six 2m by 2m plots with lm 

walkways were established. The entire experiment was surrounded by a 2m buffer and a 

three-strand barbed wire fence to exclude feral hogs. The experiment was a full-factorial, 

randomized design with 4 species (Liquidambar styraciflua, Nyssa sylvatica, Quercus 

nigra and Sapium sebiferum), 2 fungicide levels (fungicide or control), 2 fertilizer levels 

(fertilized or control) and 6 plot replications. Each plot was randomly assigned to a 

species treatment and four conspecific seedlings were planted into the center of each plot 

in a 30 cm square (approximately 1 foot apart from one another).

Seedlings were germinated as described above and transported to the field site in 

66ml RLC-4 Pine Conetainers™ (Stuewe & Sons). Fungicide application followed the 

rates and methods above. Controls received an equivalent amount of distilled water. 

Fertilizer was applied three times during the growing season as a 3:1:2 NPK granular

9 9 9formula at yearly application rates of 24g/m /yr N, 8/m /yr P, and 16g/m /yr K and 

micronutrients (8g/m2 N, 2.67g/m2 P, and 5.34g/m2 K per application, Vigoro Ultra Turf 

Fertilizer). Fertilizer was broadcast in a day prior to forecast rain.

Seedling survival, height, diameter, leaf count, and herbivore damage were 

recorded four times during two growing seasons including at harvest. In August 2005,
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seedlings were harvested and we measured shoot and root dry weights and mycorrhizal 

infection.

Data analysis: The second growing season (2005) experienced a heavy drought in spring 

and early summer followed by destruction from hurricane Rita in early fall. These two 

events resulted in an extremely low number of surviving replicates at the end of the 

experiment (n=52) precluding confidence in the results from the analysis of survival, 

biomass, or belowground colonization data at the end of year two. Consequently, plant 

survival and change in relative height at the end of year one (2004) were the only 

response variables to be analyzed for 2005.

Plant survival was recorded four times during the growing season and survival 

time of each plant was calculated as the last survey they were alive. Survival time was 

analyzed with a log-linear model with a polstomous, oridinal response variable to 

compare survival time measurements between the different experimental treatments (SAS 

Institute, Cary, NC). We also nested plot in the three-way species*fungicide*fertilizer 

term for survival and growth to ensure significant treatments in the three-way model were 

not caused by pseudoreplication of conspecific seedlings within plots. Post-hoc 

comparisons were conducted as described above. Individual species two-way analyses 

and post-hoc comparisons were conducted as described above. Plot was also nested in 

the two-way plot*fungicide*fertilizer term for survival and growth in individual species 

analyses to control for pseudoreplication. Height growth was tested using a Type III 

General Linear Model in SAS. All analyses and post hoc comparisons were conducted as 

described for plant survival.
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Results 

Pot experiment

Aboveground biomass: Aboveground biomass increased in field soil or fertilized soil for 

Nyssa, Liquidambar, and Sapium. Aboveground biomass depended on five terms in the 

overall model, species, soil origin, fertilizer, species*soil origin, and species*fertilizer 

(Table 1). There was a trend for the species*soil origin*fertilizer interaction term 

(P=0.0586). Because species was a significant factor alone and in interaction with 

multiple analysis terms, individual species three-way analyses were conducted to identify 

which species were causing the significant species by experimental treatment interaction 

terms.

Within individual species analyses, Nyssa, Liquidambar, and Sapium each had 

significant aboveground biomass increases in field soil (33.6% - P=0.0026, 36.3% - 

P<0.0001, and 37.5% - P<0.0001, respectively, Figure 1) and fertilized soil (29.7% - 

P=0.0196, 59.8%- PO.OOOl, and 59.9% - PO.OOOl, respectively, Figure 1) driven by the 

increase in aboveground biomass for all species with field soil or fertilization. This 

suggests that Nyssa, Liquidambar, and Sapium responses are driving significant 

species*soil origin, and species*fertilizer effects in the overall aboveground model.

Sapium was the only species to show synergistic aboveground biomass increases 

in field, fertilized soils simultaneously. Sapium was the only species to have a significant 

soil origin*fertilization interaction effect in individual species analysis (P=0.0446). Its 

aboveground biomass was higher in field compared to sterilized soil (PO.OOOl) and in 

fertilized compared to control soils (PO.OOOl, Figure 1). (Figure 1). Together these
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results suggest that Sapium is responsible for the species*soil origin*inoculation trend 

(P=0.0586) in the overall aboveground biomass model.

Belowground biomass: Belowground biomass increased in field or fertilized soils. 

Belowground biomass depended on six terms in the overall model, species, soil origin, 

fertilizer, species*fertilizer, soil origin*fungicide, and soil origin*fungicide*fertilizer 

(Table 1). Fishers’ LSD tests showed on average that Quercus (a) had the highest 

biomass followed by Sapium (b), Nyssa (c), and Liquidambar (d), respectively (different 

letters indicate significant differences). The significant soil origin and fertilizer main 

effects in the overall model were driven by higher belowground biomass in field and 

fertilized compared to sterilized and control soils, respectively.

There was a significant soil origin*fungicide*fertilizer interaction in the overall 

belowground biomass model (Table 1). This reflects increases in belowground biomass 

with fertilization and a significant soil origin* fungicide interaction in which plants in 

sterilized soils decreased biomass when treated with fungicide while plants in field soil 

increased belowground biomass when treated with fungicide (Figure 2).

Within individual species three-way species analyses, Nyssa, Quercus, and 

Liquidambar all had significant belowground biomass increases in field soils (33.4% - 

P=0.0024, 21.9% - P=0.0457, and 28.8% - P=0.0391 respectively, Figure 2). Quercus, 

Liquidambar, and Sapium had significantly higher belowground biomass with fertilizer 

(31.5% - P=0.0163, 57.1% - PO.OOOl, 46.7% - PO.OOOl, respectively Figure 2).

Relative height: Height growth was increased in fertilized conditions. Height growth 

depended on six terms, species, fertilizer, species*soil origin, species*fertilizer, soil 

origin*fertilizer, and species*soil origin*fertilizer (Table 1). In individual three-way
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species analyses, Nyssa, Liquidambar, and Sapium grew faster with fertilization 

(P=0.0028, P=0.0138, and P<0.0001, respectively, Figure 3). Nyssa had decreased 

relative height in field soil relative to sterile soil as shown by a significant soil origin 

main effect (P=0.0081). Sapium had a trend for faster height growth in field soil 

(P<0.0785). Together this suggests that Nyssa, Sapium, and Liquidambar are driving_the 

significant species*soil origin and species*fertilizer effects in the overall height growth 

model.

Sapium was the only species to have more than additive height increases in field, 

fertilized soils (Figure 3). This was driven primarily by a significant soil 

origin*fertilization interaction effect in individual Sapium species analysis (P<0.0001). 

Sapium likely is responsible for the significant soil origin*fertilizer and species*soil 

origin*fertilizer effects in the overall model.

Carbon and nitrogen: Carbon only varied among species (species main effect; Table 1). 

Fisher’s LSD showed that this reflects the significantly higher carbon in the aboveground 

biomass of Liquidambar (a) and Quercus (a) compared to Nyssa (b) and Sapium (b) 

(different letters indicate significant differences). The overall model for phosphorus was 

not significant (F=0.76, P=0.8150).

The average aboveground nitrogen levels of all plant species declined in sterilized 

soils that had been fertilized but not treated with fungicide (Figure 4 & 5) and increased 

in active soils when plants are fertilized and treated with fungicide simultaneously 

(Figure 4). Average nitrogen depended on seven terms in the overall model, species, soil 

origin, fertilization, soil origin* fertilization, fungicide* fertilization, soil 

origin*fungicide*fertilization, and species*soil origin*fungicide*fertilization (Table 1).
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Mycorrhizal and “other ” colonization: Sterilization and fungicide significantly reduced 

mycorrhizal colonization levels in this experiment. Mycorrhizal colonization depended 

on five terms in the overall model, species, soil origin, fungicide, species*soil origin, and 

soil origin*fungicide (Table 1). Mycorrhizal colonization was higher in Sapium pots 

compared to all other species (species main effect; Figure 6). Colonization levels were 

higher in field soils compared to sterilized soils or fungicide soils. The soil 

origin*fungicide interaction reflected lower overall colonization in sterilized soils and 

decreased colonization in field, fungicide compared to field, control plots.

Individual species analyses were conducted to disentangle which species were 

driving the species*soil origin interaction in the overall model. All four species had 

significantly higher mycorrhizal colonization levels in field soils compared to sterile 

soils, further supporting evidence that sterilization effectively reduced mycorrhizal 

colonization in this experiment. Sapium had a much higher magnitude of colonization in 

field soils compared to all native species which suggests that Sapium is driving the 

species*soil origin interaction in the overall mycorrhizal colonization model (Figure 6b).

“Other” microbial colonization depended on species with Fisher’s LSD tests 

showing significantly lower colonization on Nyssa and Sapium than Quercus or 

Liquidambar (Table 1). No species displayed significant biomass*soil origin interactions 

for mycorrhizal or “other” colonization in individual plant species ANCOVA’s to 

warrant Spearman rank correlation analysis.

Field experiment

Relative height: The overall model for the relative change in height at the end of year 

one was not significant, nor were any of the terms in the model (F=0.99, P=0.5211).
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However, inspection of the data revealed trends for Sapium that paralleled those found in 

the aboveground biomass and change in relative height analyses of the pot study (Figure 

7a).

Survival: Survival time depended on three terms, species (P=0.0029) and 

species*fertilizer (P=0.0003), and plot(species*fungicide*fertilizer) (P=0.0079). 

Individual species analyses were conducted to pinpoint the species driving the significant 

species*fertilizer interaction in the overall model. Quercus had significant decreases in 

survival in fertilized conditions (P=0.0191).

Discussion

The belowground soil community enhanced the growth and survival of tree 

seedlings in the twenty-week pot experiment. Both the aboveground and belowground 

biomass of natives and the exotic Sapium decreased in sterilized soils (Figs 1-3, Table 1). 

With an active soil community present, positive interactions between plants and their 

associated soil biota outweighed negative effects, suggesting a mutualistic interaction 

with the soil community was responsible for the positive aboveground growth responses 

seen in active field soils from east Texas. In addition, Sapium maintained high 

aboveground biomass while hosting high levels of arbuscular mycorrhizal colonization in 

field soils compared to native species (Figure 6a and b). This suggests that Sapium 

seedlings may benefit specifically from hosting arbuscular mycorrhizal mutualists in field 

soils.

The prediction that fertilization would decrease the benefit of associations with 

mycorrhizal fungi was not supported. When mycorrhizae were present, no plant species 

in this study had decreased seedling success in fertilized conditions compared to
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unfertilized conditions (Figure 1-3, Table 1). In addition, the prediction that the relative 

difference in seedling success with mycorrhizal associations would be more positive in 

unfertilized compared to fertilized soils was not supported for any species in this study 

(Figure 1-3).

Results of this study did support the prediction that exotics may utilize soil biota 

in an unusual fashion relative to native plants in the introduced range. Sapium was the 

only species to display significant, synergistic growth increases under the combination of 

active field soil and fertilization (Figures 1-3,7), and the only species with high 

aboveground biomass together with high aboveground average nitrogen levels in active 

field, fertilized soils (Figure 5). Sapium also displayed significantly higher mycorrhizal 

colonization levels than all species (92.9%, 90.8%, and 51.6% higher colonization than 

Nyssa, Quercus, and Liquidambar, respectively - Figure 6a and b) and had dramatically 

higher levels of mycorrhizal colonization in fertilized soils than all other species (76.9%, 

92.1%, and 95.6% higher colonization levels than Liquidambar, Nyssa, and Quercus, 

respectively - Figure 6b). This suggests that Sapium experiences stronger positive 

interactions with the soil biota in the introduced range than native species. This is one of 

the first studies to document the ability of an invasive species to utilize the belowground 

soil biota in an unusual fashion that may enhance its invasive potential. Sapium’s strong 

positive response to fertilization and unusually good interactions with the soil biota in 

fertilized conditions (72.3% increase in biomass in field, fertilized soils) may aid its 

success as many areas where Sapium invades are experiencing increased anthropogenic 

nutrient inputs.
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The “Enhanced Mutualisms Hypothesis” suggests that invasives may encounter 

soil biota that more strongly facilitate non-native establishment in the introduced range 

than in the native range (Reinhart and Callaway 2006). Although arbuscular mycorrhizal 

fungi have not been thought to promote invasion because of their ubiquity and low host- 

specificity (generality of association), specific host-fungal pairings in the introduced 

range have the potential to differentially affect the growth responses elicited in plant 

hosts (specificity of response) (Richardson et al. 2000; Bever 2002; Reinhart and 

Callaway 2006). Sapium’s synergistic aboveground biomass and height growth 

increases in active, fertilized soils suggests that belowground soil organisms are 

mediating an unusual benefit to the invader not experienced by any of the native species 

used in this study (Figures 1-3,7). The high levels of arbuscular mycorrhizal colonization 

found on Sapium compared to all other native species and similar results found in 

preliminary studies utilizing a mycorrhizal dip (Nijjer et al. 2004) suggest that arbuscular 

mycorrhizae may be involved in this phenomenon (Figure 6a and b).

Only a few studies to our knowledge have documented clear examples of unusual 

mycorrhizal benefits to an invader in the introduced range; all were investigating 

Centaurea maculosa (Marler et al. 1999; Zabinski et al. 2002; Carey et al. 2004). Marler 

and others (1999) showed that mycorrhizae substantially increased the indirect 

competitive effect of Centaurea maculosa on Festuca idahoensis potentially through the 

mediation of a parasitic interaction. Carey and others (2004) suggested that arbuscular 

mycorrhizal fungi enhance C. maculosa growth in the introduced range by providing a 

species-specific link for carbon transfer from neighboring F. idahoensis. However, 

Zabinski and others (2002) found increased phosphorus uptake accessed by mycorrhizal
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associations in the rooting zone of neighboring plants resulted in higher aboveground 

biomass and luxury phosphorus concentrations in C. maculosa suggesting more efficient 

exploitation of mycorrhizal mutualists in the introduced range for phosphorus acquisition. 

Although the current study cannot pinpoint the exact mechanism responsible for 

Sapium’s success in field, fertilized soils, parasitism and nutrient robbing of neighbors 

could not have been the mechanisms responsible for Sapium success in this experiment 

because species were planted alone in pots.

Sapium is the only species that maintained a high average nitrogen content and 

high total aboveground biomass in active, fertilized soils (Figure 5). In our experiment, 

nitrogen was added to the soil in highly available forms for uptake, and microbial 

transformations would not likely provide an additional benefit for plant nitrogen uptake. 

Arbuscular mycorrhizal fungi have been documented aid plants in the capture and uptake 

of complex and inorganic forms of nitrogen from the soil and transfer large quantities to 

the plant (Hawkins et al. 2000; Hodge et al. 2001; He et al. 2003; Read and Moreno 

2003; Govindarajula et al. 2005; Tu et al. 2006). Results of the current study support the 

idea that arbuscular mycorrhizae may translocate available inorganic forms of nitrogen in 

the soil to the aboveground biomass of Sapium plants. Nutrient addition has been shown 

to stimulate mycorrhizal hyphal growth in soils of low nitrogen availability (Hawkins and 

George 1999; Tu et al. 2006). Ultisols are the predominant soil type in the south coastal 

plain, characterized by leaching and low native fertility (Deshotels 1978; Marks and 

Harcombe 1981). Arbuscular mycorrhizae could increase the efficiency of plant nitrogen 

uptake by increasing the area of nutrient absorption in the soil and translocating these 

nutrients to Sapium. Because arbuscular mycorrhizal fungi differ drastically in their
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colonization and growth capacities, specific plant-fungal interactions may have differing 

effects on the ability of mycorrhizae to translocate nutrients to plants and promote plant 

growth (Tu et al. 2006). Sapium may be hosting higher levels of an arbuscular 

mycorrhizal community that provides Sapium with a unique growth advantage from the 

acquisition of nitrogen compared to native plants.

Other members of the soil biota could also be involved in Sapium’s high nitrogen 

acquisition in fertilized, active soils. Hawkes and others (2005) found that exotic grasses 

increased the abundance of ammonium oxidizing bacteria that correlated to increased 

rates of gross nitrification. They postulate that exotics may be favored in competition 

when changes in nitrification alter plant available nitrogen to benefit species that better 

access nitrate than ammonia or are better able to access nitrate than their competitors. In 

competition with natives, these changes may create positive feedbacks for exotics that 

help them to establish and dominate in invaded communities (Hawkes et al. 2005). The 

ability of exotics versus natives to take up different forms of N can be important in 

competition, but cannot explain the individual performance success of Sapium in pots. 

The availability of increased nitrate would not itself create an advantage for Sapium 

because nitrate and ammonium were readily available to the plant from fertilization with 

ammonium nitrate. The conversion of nitrate to ammonium requires energy before it can 

be assimilated by plants (He et al. 2003), suggesting that ammonium oxidizing bacteria 

alone would not provide an enhanced growth benefit to Sapium in conditions with high 

available ammonium. In addition, changes in nitrification rates would be not predicted to 

be responsible for the success of individual plants in this study because it is unlikely that
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plants not facing competition would have a higher absolute ability to take up different 

forms of N.

The results of the field experiment, although not significant, did provide further 

support that the invader Sapium benefits from unique interactions with the belowground 

soil community in fertilized conditions. Sapium showed height growth trends in field 

conditions that paralleled the synergistic growth increases of Sapium in active, fertilized 

soils in pot conditions (Figure 6a & b). Although environmental destruction precluded 

confidence in analysis of final field results, evidence after only one year suggests that 

Sapium may encounter soil biota that more strongly facilitate non-native establishment in 

the introduced range.

The belowground soil community can have important consequences for the 

establishment and invasion of exotic species. Our results provide evidence that the 

belowground soil biota, potentially mycorrhizal mutualists, may not only contribute to, 

but also enhance the invasiveness of Sapium over natives. Sapium sebiferum displays 

unusual growth benefits in active, fertilized soils that may provide this species with a 

performance advantage over natives in the forest understory. A performance advantage 

would provide Sapium seedlings with a stronger chance of survival and establishment in 

the forest understory over native species until gap formation which may facilitate its 

further invasion into mesic, temperate forests. Further studies comparing the growth 

responses of Sapium in the native and introduced range are needed to generate a complete 

view of the magnitude of the soil biota’s influence on Sapium’s invasive success.
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Table 4.1: Dependence of aboveground & belowground biomass, height growth, carbon & nitrogen, and belowground 
colonization on treatments in the pot experiment. Sp, SO, Fung, and Fert refer to species, soil origin, fungicide, and 
fertilization effects respectively. Significant treatment effects (P<0.05) are highlighted in bold.

Above & Belowground Biomass Height Growth Average Carbon and Nitrogen Mycorrhizal & Other Colonization
df Fn.153 P Fn.153 P Fn.153 P Fn,150 P Fn.150 P Fn.125 P Fn,125 P

Model 31 22.3 <0.0001 22.5 <0.0001 7.9 <0.0001 2.2 0.0008 5.5 <0.0001 4.6 <0.0001 4.6 <0.0001

Sp 3 165.6 <0.0001 193.3 <0.0001 44.3 <0.0001 14.0 <0.0001 4.8 0.0032 4.3 0.0067 40.4 <0.0001
SO 1 38.3 <0.0001 21.2 <0.0001 0.1 0.6904 0.5 0.5036 17.2 <0.0001 65.1 <0.0001 0 .0 0.9764
Fung 1 0.8 0.3834 0.0 0.9945 2.0 0.3460 0.0 0.9933 0.1 0.7456 6.4 0.0126 0.1 0.1803
Fert 1 101.6 <0.0001 57.5 <0.0001 25.8 <0.0001 0.9 0.3340 5.5 0.0200 0.2 0.6811 0.8 0.3808
Sp*SO 3 4.0 0.0088 0.6 0.5983 3.8 0.0198 0.4 0.7586 1.4 0.2570 6.3 0.0005 0.3 0.8351
Sp*Fung 3 2.0 0.1157 0.9 0.4218 0.6 0.6870 0.7 0.5514 1.5 0.2229 1.0 0.4196 2 .0 0.1162
Sp*Fert 3 10.6 <0.0001 4.8 0.0031 5.7 <0.0001 0.7 0.5653 0.7 0.5428 2.3 0.0829 2.0 0.1150
SO*Fung 1 0.8 0.3736 6.2 0.0138 0.9 0.7235 0.5 0.4848 3.6 0.0609 12.0 0.0007 0.0 0.9757
SO*Fert 1 0.0 0.9735 1.0 0.3152 8.7 <0.0001 0.1 0.7344 37.1 <0.0001 0.1 0.7093 0.6 0.4277
Fung*Fert 1 1.7 0.1896 1.5 0 .2210 0.7 0.8058 1.3 0.2620 53.7 <0.0001 2.6 0.1067 0 .0 0.8788
Sp*SO*Fung 3 2.3 0.0799 0.6 0.5955 0.7 0.7233 0.5 0.6913 0.1 0.9536 0.2 0.8823 0.2 0.9038
Sp*SO*Fert 3 2.5 0.0586 0.6 0.6515 9.2 <0.0001 0.4 0.7646 1.1 0.3689 1.8 0.1542 0.7 0.5557
Sp*Fung*Fert 3 0.2 0.9265 0.1 0.9757 1.6 0.2073 1.9 0.1330 0.6 0.5992 1.0 0.3931 1.0 0.4199
SO*Fung*Fert 1 0.2 0.6753 6.2 0.0141 0.5 0.9390 0.4 0.5325 6.8 0.0102 2.8 0.0988 <0.1 0.8363
Sp*SO*Fung*Fert 3 0.4 0.7274 1.2 0.3072 2.2 0.3536 2.4 0.0666 4.2 0.0068 0.4 0.7681 0.4 0.7400
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Figure 4.1: The effect of soil origin and fertilizer on the aboveground biomass of each 
species. +1 standard errors are presented.
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Figure 4.2: The effect of soil origin, fertilizer, and fungicide on the belowground 
biomass of each Liquidambar (a), Nyssa (b), Quercus (c), and Sapium (d). +1 standard 
errors are presented.
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Figure 4.3: The effect of soil origin and fertilizer on the height growth of each species. 
+1 standard errors are presented.
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Figure 4.4: The effect of soil origin, fertilizer, and fungicide on the log of average 
nitrogen found in plants. + or -1 standard errors presented. White, hatched, dotted, and 
black lines are control, fertilized, fungicided, and fertilized-fungicided soils, respectively.
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Figure 4.5: Scattergrams of average nitrogen versus total aboveground biomass for 
Sapium sebiferum (a), Quercus nigra (b), Liquidambar styraciflua (c), and Nyssa 
sylvatica (d). Two way soil origin by fertilizer interactions encircled by lines. Black, 
dotted, hatched, and dotted-hatched lines represent: control, control; control, fertilized; 
active, control; active, fertilized, respectively.
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Figure 4.6: The overall percent mycorrhizal colonization levels of each species. +1 
standard errors are presented. Letters denote treatments that did not differ in means 
contrast tests. The effect of soil origin, fertilizer, and fungicide on the percent 
mycorrhizal colonization levels of all species. +1 standard errors presented. White, 
hatched, dotted, and black lines are control, fertilized, fungicided, and fertilized- 
fungicided soils, respectively.
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Figure 4.7: The effect of fungicide and fertilizer on the height growth of Sapium 
seedlings in the field experiment (a). + 1  standard errors presented. Sapium’s pattern of 
growth in field conditions is similar to the synergistic increases in height growth (b) and 
aboveground biomass (c) in active, fertilized soils in pots.
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Chapter 5 

The impacts of fertilization on mycorrhizal production and 
investment in Western Gulf Coast Grasslands

Abstract

Mycorrhizal fungi are ubiquitous components of terrestrial ecosystems that can 

influence plant performance, abundance, and diversity. Patterns of allocation to specific 

mycorrhizal fimgal structures could provide a powerful context for understanding 

belowground dynamics in response to changing resources. Specifically, increased soil 

nutrient availability has been predicted to favor plants with lower rates of mycorrhizal 

association. In addition, fertilization has been predicted to favor mycorrhizae with higher 

investment in storage structures relative to uptake and exchange structures.

A three-year field experiment was conducted in coastal tallgrass prairie to 

examine how fertilization affects mycorrhizal abundance and investment patterns. 

Fertilization significantly increased total mycorrhizal abundance. Specifically, 

mycorrhizal investment in hyphae, coils, and vesicles were significantly increased 53,

252 and 440% in fertilized plots, respectively. Together these results suggest that 

mycorrhizae in high fertility soils allocate more to internal fungal storage at a potential 

cost to plant hosts. Thus, fertilization could have important indirect effects on the 

aboveground plant community by potentially altering the costs and benefits of 

mycorrhizae to host plants.
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Introduction

Mycorrhizae are soil fungi that provide soil resources to plants in exchange for 

reduced carbon used for growth and reproduction (Allen 1991, Smith and Read 1997). 

Arbuscular mycorrhizal fungal associations are ubiquitous components of terrestrial 

ecosystems that can influence plant performance, abundance, and diversity (Johnson 

1993, Eom et al. 1999, Hartnett and Wilson 1999, Smith etal. 2003). Mycorrhizal 

associations can have other important benefits in the form of root protection, disease 

resistance, enhanced water and inorganic ion uptake, soil aggregation, and stimulation of 

plant growth through auxin production (e.g. Allen 1991, Read 1991, Ganade and Brown, 

1997, van der Heijden et al. 1998, Eom et al. 2000). Most importantly, arbuscular 

mycorrhizae may play a role in plant uptake of phosphorus (Hetrick et al. 1989a, Koide 

1991, Read 1991, Wilson etal. 2001).

In grassland ecosystems, phosphorus availability is often limited because of its 

rapid fixation as iron, aluminium, or calcium phosphates and its weak ability to be 

transported by mass flow (Allen 1991, Ganade et al. 1997, Smith and Read 1997). 

However, nitrogen availability is also frequently limited in grassland ecosystems because 

of poor parent material or volatization of aboveground biomass and detritus in frequently 

burned areas (Tilman 1987, Ojima et al. 1990, Seastedt et al. 1991, Eom et al. 1999). 

Arbuscular mycorrhizae possess external hyphae that reach beyond the root zone of 

depletion as well as specialized structures within the root to increase plant nutrient 

acquisition and exchange (Hetrick et al. 1989b, Hetrick et al. 1989c, van der Heijden et 

al. 1998). Therefore, arbuscular mycorrhizal fungi may be particularly important in 

grassland systems with high phosphorus and nitrogen limitation.
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Understanding how plants allocate resources in response to resource fluctuations 

is well studied and has important implications for our knowledge of how plants respond 

to changes in resource availability. Focusing attention on the allocation shifts of specific 

mycorrhizal fungal structures could provide a powerful context for understanding 

belowground dynamics in response to changing resources and better integrate the 

functional ecology of plants with other important members of terrestrial ecosystems. 

Mycorrhizal allocation patterns are expected to be closely linked with resource 

availability in grasslands because mycorrhizal associations are obligatory for many plant 

species and have been suggested to be controlled by carbon supplied from the host plant 

(Johnson 2003).

Few studies have looked specifically at how mycorrhizae allocate resources to 

specific fungal structures under different levels of soil fertility that may provide more 

detailed assessments of mycorrhizal structure and function (Johnson 1993, Klironomos et 

al. 1996, Johnson et al. 2003a). For example, across a range of mesic and semiarid 

grasslands in the United States nitrogen enrichment tended to decrease or increase 

allocation among mycorrhizal structures in sites of ample or deficient soil phosphorus, 

respectively (Johnson et al. 2003a). A few studies have attempted to quantify 

mycorrhizal allocation patterns and effectiveness in field settings. For example, field 

studies have shown decreases in vesicles under high fertility (Egerton-Warburton et al. 

2000, Titus et al. 2000, Treseder et al. 2002), decreases or increases in spore numbers of 

particular mycorrhizal species (Thomson et al. 1992, Egerton-Warburton et al. 2000, 

Kahiluoto et al. 2001), reductions in arbuscules and coils (Johnson et al. 2003a), 

decreases in extraradical hyphae (Johnson et al. 2003a) and increased mycorrhizae and
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vesicles (Pietikainen et al. 2005). However, how ecological factors affect arbuscular 

mycorrhizal allocation to different fungal structures in the field is not yet well resolved.

Mycorrhizal colonization frequency may change under different levels of soil 

fertility that may alter the net costs or benefits received by plant hosts (Hetrick et al. 

1989a, Johnson 1993, Johnson et al. 1997, Marler et al. 1999). Fertilization may 

decrease or eliminate the net benefits that mycorrhizae provide to infected plants 

(manifested as increased growth and survival) because the plant’s cost of carbon 

allocation to the fungus may not be offset by the benefits of hosting fungi when soil 

nutrients are less limiting to the plant (Johnson et al. 1992, Johnson 1993, Johnson et al. 

1997). Thus, we predict that if fertilization reduces the benefits of mycorrhizae to plants, 

then plants will decrease their frequency of association as fertilization increases 

(“Production Hypothesis” hereafter, developed by Hetrick 1991).

Changes in the relative benefits of mycorrhizae to different plant hosts are 

important because they may influence plant species’ coexistence, biodiversity, and 

ecosystem function of grassland communities (Hetrick et al. 1988, Hartnett et al. 1993, 

Johnson 1993, van der Heijden et al. 1998, Callaway et al. 2003). Mycorrhizal fungi are 

considered to provide a benefit to their plant hosts if the resources gained from 

association with the fungal symbionts are greater than the costs (Johnson et al. 1997). 

Hence, the overall benefit of mycorrhizae to plants may decrease if the fungal symbionts 

allocate more resources to growth and reproduction at the expense of nutrient exchange 

with the plant host. If plants in high fertility soils allocate less carbon to root exudates, 

mycorrhizal strains that are more aggressive colonizers may proliferate because they 

convert more of the plant’s resources to internal fungal growth and respiration instead of
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nutrient gathering and exchange (Peng et al. 1993, Graham et al. 1996, Johnson et al. 

1997). For example, high fertility may promote shifts in fungal community composition 

that promote the proliferation of less generous fungi. Rapid fungal colonizers that can 

overcome plant control of mycorrhizal colonization rates and carbon allocation would be 

at an advantage over slower fungal colonizers sensitive to plant regulation (Johnson et al. 

1997). Rapid utilization of non-structural carbohydrates at high fertility by aggressive 

fungal colonizers would result in increased belowground costs to plants associated with 

the construction and maintenance of intra- and extraradical fungal structures (Peng et al. 

1993, Graham et al. 1996).

If high fertility favors mycorrhizal fungi that reduce allocation to structures for 

nutrient exchange between the fungi and plant (arbuscules and coils) and increase 

allocation to structures for internal storage and growth (vesicles and intraradical hyphae), 

then the benefits of the mycorrhizal symbionts for plant nutrition are anticipated to 

decrease (Johnson et al. 1997, Johnson et al. 2003a). We predict that if fertilization 

reduces plant exudates and favors shifts towards a more aggressive, mycorrhizal 

community composition, then the balance between fungal storage versus exchange will 

shift towards storage. Specifically, we predict that fertilization will increase the 

production of structures associated with growth and storage (hyphae and vesicles) 

relative to those associated with the plant host (arbuscules and coils) (“Investment 

Hypothesis” hereafter, developed by Johnson 1993, Johnson et al. 1997).

Many studies have assessed how the experimental reduction of mycorrhizal fungi 

and fertilization may affect mycorrhizal colonization and abundance in central to 

northern grasslands of the United States, which may in turn affect host plant competitive
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abilities, species composition, and plant diversity in greenhouse and field studies (Grime 

et al. 1987, Hetrick et al. 1988, van der Heijden et al. 1998, Hartnett et al 1999, Eom et 

al. 2000, Johnson et al. 2003b). However, no information exists on how mycorrhiza 

allocate resources to specific fungal structures in Western Gulf Coastal grasslands.

Coastal grasslands, and coastal tallgrass prairie specifically, are a threatened ecosystem in 

the United States with less than 1% remaining (Grace 1998). The purpose of this study 

was to assess how multiple years of anthropogenic fertilization impact mycorrhizal 

investment patterns at the plant-root interface. We address the following questions: 1) 

Does increased nutrient availability decrease mycorrhizal colonization frequency? 2) 

Does fertilization favor mycorrhizae with higher investment in storage structures relative 

to uptake and exchange structures?

Methods

Field Experiment'. In June 2001, thirty-two 2 m X 2 m plots were established at the 

University of Houston Coastal Center, a research area located approximately 50km 

southeast of Houston, TX, USA in the Western Gulf Coastal Prairie (Harcombe et al. 

1993). The Western Gulf Coastal prairie is considered a distinct ecosystem that is not 

included in the north-south continuum of tallgrass prairie because of its more 

semitropical climate, proximity to the Gulf coast, distinct natural processes, and 

geological origin with subsequent succession since the Pleistocene (Diamond & Smeins 

1984, Diamond and Fulbright 1990, Bailey 1994). The regional climate is semitropical 

with 1200 mm annual mean rainfall and a 250-day growing season (Harcombe et al.

1993). Soils are Lake Charles clay (fine, montmorillonitic, theric Typic Pelludert) 

containing a 40-60% clay content. The primary vegetation in the field where the
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experiment was established included the C4 grass dominants Schizachyrium scoparium 

(Michx.) (little bluestem), Muhlenbergia capillaries (Lam.) (Muhly grass), and 

Andropogon glomeratus (Walt.) (bushy bluestem) (unpublished data). A diverse 

assemblage of graminoids, perennial forbs, and shrubs comprise the remaining plant 

cover in the field.

Each plot was randomly assigned to a NPK treatment in a randomized design

(sixteen control and sixteen fertilized). Plots in the fertilized treatment received 4 g/m

2 2 of nitrogen, 1.3 g/m of phosphorus, 2.6 g/m of potassium, and micronutrients (Vigoro

Ultra Turf fertilizer) twice per growing season. Fertilizer was broadcast in a day prior to

forecasted rain.

In late September 2003, four background soil cores (2 cm diameter by 16 cm 

deep) were collected from each experimental plot. Samples were stored at 4°C until they 

could be processed. Roots were washed on a 500-micrometer sieve and stored in 50% 

ethanol until processed for staining. Roots were cleared in 10% KOH at 80°C for 45 

minutes then rinsed and soaked in 10% bleach for additional clearing. Roots were rinsed 

and acidified in concentrated HC1 for five minutes (Bray et al. 2003). Fine roots from 

each core were stained and dyed in trypan blue and ten one-cm root fragments were 

mounted on microscope slides and measured for arbuscular mycorrhizal colonization 

rates following modification of the gridline intersect method (McGonigle et al. 1990, 

Brundrett et al. 1996). A total of 100 intersections, ten per root fragment, were viewed 

on each slide. Mounted roots were scored for the presence of vesicles, arbuscules, coils, 

and hyphae of arbuscular mycorrhizal fungi under a compound microscope at 400X 

magnification. Nonmycorrhizal fungi and microbes were also noted. Arbuscular
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mycorrhizae were distinguished from nonmycorrhizal fungi by the methods of Callaway 

et al. (2003),

Data Analysis

All four background cores were averaged to give one percentage value per plot 

for total mycorrhizal root colonization, arbuscules, vesicles, coils, hyphae per plot for 

mycorrhizal fungi and non-mycorrrhizal fungi, and endophytic microbes respectively. 

These values were used to assess mycorrhizal allocation to morphological structures 

under different treatment regimes.

We examined data for normality and equal variances. All non-normal 

distributions were transformed with a squareroot function to achieve normality and tested 

using ANOVA. (Proc Glm, SAS 9.1, SAS Institute, Cary, North Carolina, USA.). 

Squareroot transformed data included percentage total root colonization and mycorrhizal 

hyphae. All data that could not be transformed to approximate a normal distribution were 

ranked and tested using a Type III General Linear Model in SAS (Conover and Iman 

1981). We used a two-way factorial general linear model to compare mycorrhizal 

allocation to morphological structures between the different experimental treatments 

(SAS Institute, Cary NC). Ranked data included arbuscules, vesicles, coils, and 

endophytic microbes. Data were also tested with a Mann-Whitney non-parametric test 

and all results were consistent with the ANOVA results.

A second test was examined to see how strongly each mycorrhizal structure 

responded to fertilization in comparison to other structures. We ranked and tested a 5- 

level factor “structure type” (arbuscules, hyphae, vesicles, coils, and endophytic hyphae) 

using a Type III General Linear Model in SAS. We used a two-way factorial general
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linear model to compare structure type among the different experimental treatments (SAS 

Institute, Cary, NC). We also nested plot within fertilization to ensure significant 

treatments in the two-way factorial model were not caused by pseudoreplication of cores 

within plots. Targeted means contrast tests of each mycorrhizal structure in unfertilized 

versus fertilized plots were examined to investigate what structures were driving the 

significant Fertilization*Structure interaction in the two-way general linear model (See 

Results). These specific contrasts were done because we were interested in the strength 

of how each mycorrhizal structure responded to fertilization and not how structures 

compared with one another between treatments.

Results

Total mycorrhizal colonization (Fi^o = 5.8, P=.0226), hyphae (F=ij30= 4.4, 

P=.0444), coils (FUo=4.9, P-.0349), and vesicle production (Fi^o =18.1, P=.0002) were 

significantly increased by fertilization (Figure la-d). Allocation to hyphae, coils, and 

vesicles were increased 53, 253, and 440 percent with fertilization, respectively. 

Mycorrhizal arbuscules (Fij3o= 0.2, P=.6520) and endophytic microbes (Fi^o = <0.1, 

P=.8750) were not significantly affected by fertilization (Figure le-f).

The strength of how mycorrhizal structures responded to fertilization differed 

(Table 1). Structure occurrence varied significantly with fertilization (significant 

structure*fertilization interaction). Individual means contrast tests revealed significant 

increases in coils and vesicles with fertilization (Table 2). This suggests that coils and 

vesicles are increased particularly strongly in response to fertilization.
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Discussion

Fertilization significantly altered mycorrhizal allocation patterns in these 

grasslands. The prediction of decreased production of mycorrhizal structures in high 

fertility (Production Hypothesis) was not supported because fertilization significantly 

increased total mycorrhizal colonization (Figure la). However, results of this study did 

support the Investment Hypothesis. Fertilization significantly increased mycorrhizal 

growth and storage structures (hyphae, Figure lb and vesicles, Figure lc). To our 

knowledge, this is the first study to document increases in both intraradical hyphae and 

vesicle production following fertilization in grassland field soils. Pietikainen et al.

(2005) showed increased mycorrhizal hyphae and vesicles of Solidago virgaurea in 

subarctic meadows, but did not document significant increases for any other species with 

fertilization. In the coastal grassland we studied, changes in allocation to specific 

mycorrhizal structures may be one factor influencing the decline in percent cover of the 

obligately mycorrhizal C4 dominants Schizachyrium scoparium, Muhlenbergia 

capillaries, and Andropogon glomeratus in fertilized soils. The total combined percent 

cover of these three species declined from 40% to 23% in control and fertilized plots 

respectively whereas the total percent cover of the woody dominants Sapium sebiferum 

(Chinese Tallow Tree), Rubus louisianus (Blackberry), Myrica cerifera (Wax Myrtle), 

and Ilex vomitoria (Yaupon Holly) increased from 54% to 70% in control and fertilized 

plots respectively (unpublished data). While each of these woody plant genera is able to 

form endomycorrhizal associations, it is not known to what extent these species utilize 

(facultative association) or require (obligate association) mycorrhizae in field conditions
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(Sylvia 1990, Poole and Sylvia 1991, Semones and Young 1995, Taylor and Hamer 

2000, Nijjer et al. 2004)

It has been suggested that fertilization may favor less beneficial mycorrhizal 

mutualists (Investment Hypothesis). In other words, allocation of limited plant soluble 

carbohydrates in root exudates of higher fertility soils will be apportioned more to 

internal fungal growth and storage instead of nutrient gathering and exchange (Smith et 

al. 1986, Peng et al. 1993, Graham et al. 1996, Johnson et al. 1997, Olssonefa/. 1997). 

Although coil production increased significantly with fertility (253% increase, Table 2, 

Figure Id), increased mycorrhizal colonization, driven primarily by the greater allocation 

to vesicles in higher fertility soils (440% increase, Table 2, Figure lc), suggests that these 

fungi are increasing internal storage reserves at the potential cost of nutrient exchange 

with the plant. While this study cannot disentangle whether changes reflect different 

allocation patterns of individual mycorrhizal ftmgi species or overall shifts in the 

mycorrhizal community composition, the dramatic increase in vesicle numbers between 

fertilized and unfertilized soils suggests that mycorrhizae in fertilized soils could yield 

lower net benefits or perhaps a net cost to their hosts because they exchange similar soil 

resources with (no effect on arbuscules) while increasing their own storage structures 

(vesicles) (Figure 1, Johnson 1993). These changes may affect the ability of obligately 

mycorrhizal C4 dominants to compete with woody plant species. Thus, woody species 

may increase in these coastal grasslands more readily in fertilized conditions.

Although a number of empirical greenhouse and field studies have shown changes 

in mycorrhizal colonization with increased fertility (e.g. Menge et al. 1978, Bentivenga 

and Hetrick 1992, Johnson 1993, Olsson et al. 1997, Cordiki et al. 2002), few have
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quantified changes in allocation to specific mycorrhizal structures in field conditions as a 

relative measure of mycorrhizal functioning (Klironomos et al. 1996). At this jointly 

phosphorus and nitrogen limited site (Smeins et al. 1991), an increase in the supply of 

both nutrients over time would be expected to decrease allocation to mycorrhizal nutrient 

supply structures. However, we did not find a significant difference in allocation to 

arbuscules (Figure le), the main pathway of nutrient exchange between the fungi and 

plant host. Rather, we found significant increases in coils, hyphae, and vesicles in 

fertilized plots (Figure lb-d). These responses are not those predicted if plants control 

mycorrhizal growth via root exudation because when nutrient supply is less limiting, 

plants that allocate carbohydrates to growth, reproduction, or defense should outperform 

those with greater root exudation (Treseder et al. 2 0 0 2 ).

As the relative allocation to mycorrhizal storage increases at the expense of 

nutrient exchange with plants, the benefit of the mycorrhizal symbiont for plant nutrition 

decreases. However, it is also possible that the increased vesicle numbers found in 

fertilized soils are due to nutrients being more abundant. If so, mycorrhizal fungi in high 

fertility would be able to increase storage reserves without decreasing benefits to the 

plant host. Future studies will need to be conducted to verify if such changes in 

mycorrhizal production and investment are indeed indicative of costs and benefits to 

aboveground plant fitness.

In conclusion, mycorrhizal production patterns were altered under nitrogen and 

phosphorus fertilization in grasslands. Increased mycorrhizal production in high fertility 

suggests plant hosts are not in sole control over allocation of root exudates to 

belowground mycorrhizal symbionts. Increases in hyphal and vesicle investment with
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fertilization suggest there was an increase of mycorrhizal growth and storage reserves at 

the potential expense of nutrient exchange with plant hosts. Although measurements of 

costs and benefits for aboveground plant fitness will be necessary to confirm these 

patterns, changes in mycorrhizal production and investment under increased fertility 

could have important consequences for the mutualistic functioning of mycorrhizal 

symbionts with the aboveground community in these endangered grasslands. 
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Table 5.1: Dependence of frequency of occurrence of mycorrhizal structures on 
experimental treatments. Significant treatment effects are highlighted in bold.

df SS F-value P-value
Model 39 328080 6.39 <0 . 0 0 0 1

Error 120 157990

Fertilization 1 15524 11.79 0.0008
Structure 4 239323 45.44 <0 . 0 0 0 1

F ertilization* Structure 4 14531 2.76 0.0309
Plot(Fertilization) 30 58703 1.49 0.0697
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Table 5.2: Individual means contrast tests of each mycorrhizal structure type in 
unfertilized versus fertilized plots. Significant treatment effects are highlighted in bold.

Contrast df Contrast SS F-value P-value
Arbuscules 1 237 0.18 0.6724
Coils 1 6815 5.18 0.0247
Endophytic Microbes 1 32 0 . 0 2 0.8764
Hyphae 1 657 0.50 0.4813
Vesicles 1 22313 16.95 <0 . 0 0 0 1
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Figure 5.1: The dependence of percent total mycorrhizal colonization (a), hyphae (b), 
vesicles (c), coils (d), arbuscules (e), and endophytic microbes (f) on fertilization. + 1  

standard errors are presented. Asterisks denote significant results (P<0.05).
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