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Abstract
Fungal pathogens likely play an important role in regulating populations of tree
seedlings and preserving forest diversity, due to their ubiquitous presence and
differential effects on survival. Host-specific mortality from natural enemies is one of the
most widely tested hypotheses in community ecology to explain the high biodiversity of
forests. The effects of fungal pathogens on seedling survival are usually discussed under
the framework of the Janzen-Connell (JC) hypothesis, which posits that seedlings are
more likely to survive when dispersed far from the parent tree or at low densities due to
pressure from host-specific pathogens (Janzen 1970, Connell 1971). One of the key
challenges to assessing the importance of JC effects has been to identify and quantify the
effects of the large numbers of potential pathogens required to maintain host diversity.
The primary objectives of this research were to (1) characterize the fungi associated with
seedling disease and mortality for a number of important southeastern US forest tree
species; and (2) determine if these associations are consistent with the Janzen-Connell
hypothesis in terms of differential effects on seedling survival.
Culture-based methods and ribosomal DNA (rDNA) sequencing were used to
characterize the fungal community in recently dead and live seedlings of thirteen
common tree species in a temperate mixed hardwood forest (North Carolina, USA), with
the goal of identifying putative seedling pathogens. Cultures were initially classified and
grouped into 130 operational taxonomic units (OTUs) using 96% internal transcribed
spacer (ITS) sequence similarity; 46% of all OTUs were found only once. Using
rarefaction, it was concluded that the richness of the system was not fully sampled and
likely included over 200 taxa (based on non-parametric richness estimators). Species
richness did not differ between sampling sites or among the five most common hosts
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sampled. The large ribosomal subunit (LSU) region of rDNA was then sequenced for
representative samples of common OTUs and refined identifications using a constrained
maximum likelihood phylogenetic analysis. Phylogenetic placement verified strong
BLAST classifications, and allowed for placement of unknown taxa to the order level,
with many of these unknowns placed in the Leotiomycetes and Xylariales
(Sordariomycetes).
Next, a hierarchical Bayesian model was developed to predict the effects of
multiple putative fungal pathogens on individual seedling survival, without forcing the
effects of multiple fungi to be additive. The process of disease was partitioned into a
chain of events including incidence, infection, detection, and survival, and conditional
probabilities were used to quantify each component individually, but in the context of
one another. The use of this modeling approach was illustrated by examining the effects
of two putative fungal pathogens, Colletotrichum acutatum and Cylindrocarpon sp. A, an
undescribed species of Cylindrocarpon, on the survival of five seedling hosts in both a
maximum likelihood and Bayesian framework.
Finally, the model was used to assess the impacts of these fungi on seedling
survival, alone and in combination, using data on five potential fungal pathogens and
five hosts. Multi-host fungi had differential effects on seedling survival depending on
host identity, and multiple infections may impact survival even when single infections
do not. Evaluating these interactions among multiple plant and fungal species generates
a set of targeted hypotheses of specific plant-fungal combinations that could help us
better understand pathogen-driven diversity maintenance at larger scales than
previously possible. Building on these results, some recommendations are provided as
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to how the Janzen-Connell hypothesis can be re-evaluated with respect to host
specificity, pathogen distribution, and environmental context.
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1. Introduction: Revisiting the Janzen-Connell
hypothesis from a microbial perspective
Introduction
One of the most pressing questions in forest community ecology is what
mechanisms maintain the coexistence of large numbers of apparently similar tree species
in temperate and tropical forests. An important mechanism often invoked in sustaining
coexistence is unequal rates of tree seedling mortality caused by pathogens (Gillett 1962,
Janzen 1970, Connell 1971). Differential interactions between trees and pathogens could
alter spatial patterns of seedling recruitment, and subsequently the composition and
relative abundance of tree species in a forest stand. Yet the ecology of the pathogens that
inhabit seedling roots is still not well understood, nor are the organisms themselves well
characterized. This dissertation research focuses on how seedling pathogens affect forest
dynamics.
Most discussions of the role of pathogens in forest dynamics are framed by the
Janzen-Connell-hypothesis (Janzen 1970, Connell 1971). The Janzen-Connell (JC) model
of seedling recruitment predicts that seedlings are more likely to successfully establish
and survive when dispersed far from the parent tree (Figure 1.1). Increased recruitment
far from the parent tree, despite the lower seed density, could be due to lower densitydependent predation pressure on seeds or seedlings or release from host-specific
pathogens. Adult trees likely act as “reservoirs” of pathogens, maintaining populations
of oomycetes, fungi, or other pathogens on their roots, leaves, or other organs that have
a negligible effect on adult growth but can mortally damage seedlings (Gilbert 2002).
These pathogens must have limited dispersal capabilities such that there is a greater
localized abundance of propagules in close proximity to parents (Gilbert 2002, Adler and
Muller-Landau 2005).
1

Figure 1.1: A schematic of the Janzen-Connell hypothesis, following Janzen (1970)
with modifications. The green line represents seed rain, the blue line shows the
probability of seedling survival, and the red dashed line indicates the concentration
of natural enemies.
The Janzen-Connell hypothesis is consistent with current theory on diversity
maintenance and has the potential to explain the high diversity of tree species in tropical
and temperate forests. Tree species are all competing for the same set of resources (light,
water, several key nutrients), yet despite their fairly similar niches, a diverse assemblage
of trees manages to survive. Frequently proposed mechanisms to explain this diversity
involve niche differentiation in the form of tradeoffs between plant traits, such as the
classic competition-colonization tradeoff or other means of limiting similarity (Pacala
and Tilman 1994, Tilman 1994, Rees et al. 2001, Silvertown 2004) facilitated by spatial or
temporal environmental heterogeneity (Levine and Rees 2002, Kneitel and Chase 2004,
Questad and Foster 2008). Yet often discussion of these tradeoffs boils down a large
amount of variation onto a few trait axes onto which we can map different species, and
models quantifying these tradeoffs often fail to achieve coexistence (Condit et al. 2006,
Clark et al. 2007). Higher-dimensional approaches accounting for a broader range of
species and individual differences can improve our understanding of diversity
2

maintenance (Clark et al. 2003, Clark et al. 2004, Clark et al. in prep). Diversity
maintenance via Janzen-Connell effects is inherently high-dimensional in that there is no
limit to the number of natural enemies that can exist to regulate hosts.
However, the effectiveness of Janzen-Connell depends on two key assumptions.
First, natural enemies must respond to local host density, increasing attack in areas
where hosts are concentrated. Second, enemies need to be host specific, such that they
will regulate host populations, without simultaneously attacking the co-occurring tree
species that could benefit from pathogen attack on their most abundant competitors. A
large body of research attempts to identify patterns of abundance and demography
consistent with concentrated attack in areas of high conspecific density or closeness to
conspecific adults (e.g. Clark and Clark 1984, Connell et al. 1984, Condit et al. 1992, 1994,
Wills et al. 1997, Webb and Peart 1999, Harms et al. 2000, Wright 2002, Webb et al. 2006,
Comita and Hubbell 2009). Evidence for concentration of enemy attacks where host
density is high is well-known in agriculture and forestry (Manion 1981, Tainter and
Baker 1996, Agrios 2005).
Despite this large literature, there is limited experimental evidence identifying
the specific pathogens involved, their levels of host specificity (especially when potential
host diversity is high), the extent to which they could impact germination, growth, and
survival, and how their interactions with hosts depend on the environment. This chapter
will describe in further detail the current state of knowledge about how tree seedling
diseases may regulate plant diversity, along with a discussion of evidence for JanzenConnell effects driven by seedling pathogens.

The pathology of seedling disease
Although adult trees can produce up to one million seeds during a typical
growing season, few plants survive to germination and fewer still beyond the first year
3

(Clark et al. 1998, Clark et al. 2004). This enormous seed and seedling mortality can be
attributed to a number of factors, including resource limitation (such as light, water, and
nutrients), physical damage, or interactions such as herbivory, competition, and
pathogen attack (Moles and Westoby 2004). This complexity of potential interactions
makes attributing the death of a seedling to a single one of these factors challenging.
Very detailed surveys of fungi have been performed in the Duke Forest,
revealing a large number of potential seed and seedling pathogens (O'Brien et al. 2005,
see also Chapter 2 of this document). Yet implicating any one fungus as a disease agent
is complicated by several factors. First, unlike many diseases of adult trees or crop
plants, a diverse group of fungi and oomycetes can cause similar disease symptoms in
seedlings, such as stem softening and other traditional so-called “damping-off”
symptoms (Vaartaja et al. 1961, Tainter and Baker 1996, Agrios 2005). Many of these
necrotrophic fungi and oomycetes attack plants using similar mechanisms, infecting
plants at or below the soil line and using pectinases, along with proteolytic and
cellulolytic enzymes, to invade and consume plant tissue (Agrios 2005). In some cases,
seedlings often die rapidly from damping-off and may simply disappear between
sampling dates, precluding any disease diagnosis. In other cases, the primary impacts of
disease may be a reduction of vigor that will render the individuals competitively
inferior but may not be immediately apparent (Burdon 1987). In addition, given that the
identification of pathogens is both time and labor intensive, many ecologists have
chosen to compare field-collected soils or soil extracts to bulk sterilized soils or
fungicide-treated soils, and interpret differences between these treatments to quantify
the net effect of soil biota on plant health (e.g. Olff et al. 2000, Packer and Clay 2000,
Callaway et al. 2004, McCarthy-Neumann and Kobe 2008, Petermann et al. 2008)
Although fungicide studies have provided valuable evidence as to whether or not biotic
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factors drive changes in seedling demography, they leave open the question of which
biotic factors cause any observed demographic changes. Finally, although a suite of
fungi and oomycetes may consistently be present in low levels in the soil or in plants as
commensalists, many of these organisms may cause disease symptoms episodically, in
concert with environmental or internal cues. This unique set of challenges makes
working with seed and seedling pathogens unlike other plant diseases. Given the
amount of tree mortality occurring at these tree life stages and the potential importance
of pathogens in driving this mortality, it is critical that we develop novel approaches to
determine the identities of seed and seedling pathogens.
Pathogens causing seedling disease are traditionally grouped into two classes—
“pre-emergence” (attacking seeds before they emerge from the litter or soil) and “postemergence” (attacking emerged seedlings). Many of the same fungi and oomycetes are
implicated in both pre and post-emergence damping-off. Here we will briefly discuss
the effects of both.

Pre-emergence pathogens
Many pathogens can infect viable seeds or new germinants, suppressing tree
recruitment. Some of these pathogens can be transmitted vertically, from parent to
offspring, while others are transmitted horizontally, infecting seeds when encountering
them in the soil or littler layer. Pathogens can also infect viable seeds that have newly
germinated, killing seedlings before they emerge from the soil. This pre-emergence
damping-off commonly occurs in nurseries of both deciduous and evergreen trees
(Tainter and Baker 1996), but extensive seed loss has also been reported in natural
settings (Kirkpatrick and Bazzaz 1979, Crist and Friese 1993, Dalling et al. 1998). Both
fungi, such as Rhizoctonia and Fusarium, and oomycetes, such as Pythium and
Phytophthora are often implicated as disease agents causing pre-emergence damping–off
5

(Wright 1944, Hendrix and Campbell 1973, Tainter and Baker 1996, Agrios 2005).
Although this study does not include identification of pre-emergence pathogens, we will
briefly discuss some of the effects they may have on forest communities, as they may
also be important drivers of patterns of demography consistent with the Janzen-Connell
hypothesis.
It has been widely shown in the literature that fungi are present on seeds, and in
many species, are quite common (e.g. Crist and Friese 1993, Dalling et al. 1998, Schafer
and Kotanen 2004, Kluger et al. 2008). For example, soil-incubated seeds of four Cecropia
species had seventy-three associated fungal species, and the community of fungi had
some host affinity and community structure at the crown scale (Gallery et al. 2007). In
Mount Halla, Korea, Cho et al. (2007) found several fungi isolated from natural
seedbeds, most importantly Racodium therryanium, could cause significant decreases in
germination. Fungicide-based studies have generally shown that treatment of seeds with
fungicides can improve germination and survival. For example, treatment of seeds with
the fungicide Captan increased the germination of four temperate tree species, increased
viability of one species, and had no effect on a sixth (O'Hanlon-Manners and Kotanen
2006). The degree to which seeds are impacted by fungi can be modified by
environmental conditions and seed characteristics. Fungicide treatments increased
germination of Betula papyrifera (white birch) more strongly in forest understory than in
canopy gaps (O'Hanlon-Manners and Kotanen 2004) . In sixteen tropical trees,
susceptibility of seeds to pathogens was greater in heavier seeds and seeds from shadetolerant species, but was unrelated to seed hardness or germination time (Pringle et al.
2007).
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Post-emergence pathogens
Establishment and survival of juvenile trees from germinated seeds to first-year
seedlings can strongly limit recruitment of individuals into later life stages (Clark et al.
1998). Pathogens can directly cause seedling mortality or depress seedling vigor, making
seedlings less likely to effectively compete for limited resources (Burdon 1987). Young
seedlings are more likely to be killed by pathogens before roots become woody, but the
growth and vigor of older seedlings can also be diminished (Agrios 2005).
“Post-emergence damping-off” describes a common type of disease in which
seedlings are infected at the roots and lower stem, become soft at the base, fall over, and
rapidly die (Agrios 2005). Like pre-emergence damping-off, it can occur in both seedling
nurseries and natural settings. The predominant genera of damping-off pathogens in
forests include both oomycetes (e.g. Pythium, Phytophthora) and fungi (e.g. Rhizoctonia,
Fusarium) (Davis 1941, Wright 1944, Tint 1945a, Vaartaja et al. 1961, Hendrix and
Campbell 1973, Tainter and Baker 1996). Most damping-off pathogens are assumed to be
host generalists (Agrios 2005) and may compete or interact within a single root. Seedling
mortality due to damping-off can vary with temperature, soil moisture, light, soil
organic matter, pH, and nutrient conditions (Tint 1945c, Tint 1945b, Vaartaja et al. 1961,
Tainter and Baker 1996, Martin and Loper 1999). Seedling disease is not limited to
damping-off; pathogens with more specific symptoms, such as shoot and needle blights,
rusts, root rots, and powdery mildews are known to occur in seedling nurseries (Cordell
et al. 1989). The detrimental effects of pathogens may be lessened by mutualistic fungi,
such as arbuscular mycorrhizae (e.g. Newsham et al. 1995); however, these interactions
are beyond the scope of this research. Studies of how post-emergence pathogens can
affect recruitment are considered in greater depth as we discuss them in the context of
the Janzen-Connell hypothesis.
7

Quantifying Janzen-Connell effects
As discussed earlier, the Janzen-Connell model predicts that seedlings will have
a higher probability of survival when dispersed far from conspecific adults, and that
these changes in survival will be driven by host-specific pathogens concentrated near
conspecific adults (Figure 1.1). These demographic shifts can be broken down into two
component parts—a “density effect” and a “distance effect.” The “density effect” posits
that seedlings are less likely to survive when the density of conspecific seedlings is high.
High seedling density lessens the dispersal distance required for a pathogen to get from
seedling to seedling, and increases the probability of a pathogen finding another host of
the same species (Burdon and Chilvers 1982). The “distance effect” postulates that
seedlings that disperse further from conspecific adults have increased probabilities of
survival due to escape from high concentrations of pathogens directly beneath adults.
Underlying this is the critical assumption that pathogen dispersal is limited and
pathogen distribution is patchy throughout the landscape (Adler and Muller-Landau
2005). Plant pathogens can exhibit a range of dispersal abilities based on different modes
of transmission; for example, aerial spores from rusts are less dispersal-limited than
many soil pathogens which require close contact between individuals or transmission in
water for infection (Thrall and Burdon 1997). “Distance” can also be complicated to
quantify when reproductive adults are not isolated. Therefore, the “distance effect” has
been measured as the absolute distance from an isolated adult (e.g. Packer and Clay
2000) or the distance to the nearest conspecific adult (e.g. Gilbert et al. 1994). It can also
be more broadly defined as a “neighborhood” effect, or the number or basal area of
conspecific adults within a given distance from a seedling (e.g. Webb and Peart 1999).
The “distance” and “density” effects can be difficult to distinguish observationally as
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seed rain, and thus seedling density, tends to be high directly beneath reproductive
adults.

Patterns of seedling demography
The Janzen-Connell hypothesis is one of the most frequently invoked hypotheses
for tree diversity in both tropical and temperate forests. The theory of pests promoting
diversity was originally proposed to explain diversity in tropical forests (Gillett 1962,
Janzen 1970, Connell 1971), and many of the key plant demographic studies were
performed in tropical forests. Demographic evidence consistent with Janzen-Connell has
been found multiple times in the absence of the identification of some kind of biotic
mechanism. Initially, many studies which supported (Clark and Clark 1981, Augspurger
1983a, Clark and Clark 1984, Schupp 1992) or failed to support (Condit et al. 1994)
Janzen-Connell focused on one or a small number of species. As datasets of mapped
tropical forest stands became increasingly available, the number of studies incorporating
multiple species grew larger, although results were mixed, including many showing a
larger number of species in compliance with the JC model (Wills et al. 1997, Webb and
Peart 1999, Wills and Condit 1999, Harms et al. 2000, Peters 2003, Webb et al. 2006) but
others showing equivocal or limited evidence for JC effects (Connell et al. 1984, Hubbell
et al. 1990, Condit et al. 1992, Dalling et al. 1998, Uriarte et al. 2004). There is not yet a
consensus on whether JC applies only to a few species (Connell et al. 1984), only
common species (Hubbell et al. 1990, Condit et al. 1992) or if Janzen-Connell effects are
widespread (Wills et al. 1997, Harms et al. 2000, Peters 2003). But the bulk of the
evidence is on the side of Janzen-Connell mechanisms operating on a significant portion
of forest tree species. Several previous studies (Clark and Clark 1984, Connell et al. 1984,
Gilbert 2002, Wright 2002) have provided thorough review of this topic.

9

In general, the Janzen-Connell hypothesis per se is discussed in terms of its
relevance to tropical forests, but discussions about distance and density effects of
conspecific adults on seedling growth have been fairly common in the literature on
temperate forests. In a study of eight forest communities along a latitudinal gradient,
there was no relationship between the proportion of trees experiencing densitydependent mortality and latitude (HilleRisLambers et al. 2002), showing that this
phenomenon is not restricted to the tropics. Observations of temperate forest trees
inhibiting their own offspring pre-date JC (reviewed in Fox 1977) and theories of pest
pressure as a mechanism maintaining temperate forest diversity have a similarly long
history. For example, in Hubbard Brook Experimental Forest in New Hampshire,
saplings of yellow birch (Betula alleghaniensis) and beech (Fagus grandifolia) were
negatively associated with their own overstories and seedlings of sugar maple (Acer
saccharum) and beech seedlings were positively associated with the canopies of other
species (Forcier 1975). Woods (1979) coined the term “reciprocal replacement” (RR) to
describe observations of late-successional temperate trees (also beech and maple, in this
case) which fail to recruit under their own canopies but are successful under the
canopies of other species (for additional examples, see Fox 1977, Woods and Whittaker
1981). Unlike JC, the theory of reciprocal replacement allows for multiple mechanisms—
including pest pressure but also niche partitioning—to drive these recruitment patterns.
Yet the demographic patterns described are consistent, to some extent, with the
predictions of JC. Fox (1977) discusses whether a combination of competition and
fungal pathogens could drive RR-like patterns, but questions whether the damping-off
pathogens attacking seedlings are specific enough to attack some tree seedlings and not
others. In addition, RR is far from universal; Runkle (1981), studying gap dynamics in
three temperate forest stands, observed RR between beech and sugar maple in canopy
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gaps, but found that many other species showed a tendency towards self-replacement
when a gap was created.
More recent studies testing demographic effects of seedling density or distance
from adults on survival have had mixed results, which supported (Streng et al. 1989,
Jones et al. 1994, Wada and Ribbens 1997, HilleRisLambers and Clark 2003) or failed to
support (Houle 1992, 1998, Hiura and Fujiwara 1999) JC- or RR-like predictions. For
example, in a mixed hardwood forest in western North Carolina, seedling abundances
show a shift consistent with density- and distance from adult from seed to seed bank to
seedling stages (HilleRisLambers and Clark 2003). In an east Texas pine-hardwood
forest, fewer seedlings of several different tree species tended to be found around beech
and magnolia adults (Glitzenstein et al. 1986). However, in a similar system, first-year
seedling survival of five small-seeded species was negatively correlated with distance to
a conspecific adult (Streng et al. 1989). The relatively low diversity of temperate forests
might limit Janzen-Connell effects, due to overlapping seed shadows of conspecific
adult trees and effects of large disturbances, such as fire and windstorms, on recruitment
patterns (Gilbert 2002). Regardless, more research is clearly needed to assess how this
influential model applies to species distributions and turnover in temperate forests.

Searching for the biotic drivers
It has been well-established that plant pathogens can play an important role in
shaping plant community structure (Burdon 1987, Reynolds et al. 2003). Pathogens can
directly shift community structure through species-specific differences in susceptibility
(van der Putten et al. 1993, Mills and Bever 1998) or by creating large disturbances by
killing large adult individuals and creating canopy gaps (Hansen and Goheen 2000).
They could also indirectly promote coexistence through negative feedbacks, in which
individual plants “cultivate” soil biota that negatively impact conspecifics growing in
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close proximity, thereby preventing competitive dominance by any one species (Bever
1994, 2003). For example, in 24 herbaceous species in Switzerland, the majority of the test
species responded negatively to growth in soils ‘cultivated’ by conspecific individuals,
and these effects were heightened when grown in competition with heterospecific
individuals (Petermann et al. 2008). Soil sterilization, but not fungicide alone, minimized
these impacts, indicating that non-fungal soil pathogens were driving these effects in
this system. Overall, the magnitude of negative feedbacks in natural settings is still
unclear.
To complicate matters, the diversity of not only pathogens, but also all biota
living in plant tissue, can be quite significant but is not well characterized. Up to 49
fungal phylotypes (groups of distinct organisms defined solely by DNA sequences) have
been found in the roots of a single grass species at one location, most of whose functions
are unknown (Vandenkoornhuyse et al. 2002). Approximately 350 fungal phylotypes
were identified from the stem, roots, and leaves of a common reed, but the vast majority
of these species were rare (Neubert et al. 2006). Additional information about fungi
living in plant tissue, especially pathogens, and the nature of the interactions that occur
will improve basic knowledge of tree demography and aid in projections of future forest
dynamics.
Although many of the studies referenced above specifically discuss pathogens as
drivers of demographic patterns consistent with JC (e.g. Wills et al. 1997, Webb and
Peart 1999, Webb et al. 2006), no researchers have yet identified the specific suite of
pathogens creating and maintaining these patterns in most cases. Yet it is clear that in
order to do so, such a set of pathogens must meet certain critical assumptions about
their behavior. First, pathogens must be strongly host-specific, meaning that they must
decrease survival of one host species but not co-occurring heterospecific species
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(Freckleton and Lewis 2006). In addition, in order for negative impacts of pathogens to
be concentrated near conspecific adults, pathogens must have a limited ability to
disperse away from an adult host (Adler and Muller-Landau 2005).
Several empirical studies have tested the Janzen-Connell model with explicit
consideration of pathogens in natural settings, mostly in the tropics. In Panama, the
mortality of seedlings of Platypodium elegans, a shade-tolerant tropical tree, was inversely
correlated to distance from parent tree and seedling density (Augspurger 1983b, 1984,
Augspurger and Kelly 1984). Disease symptoms on seedlings were consistent with
damping-off (Augspurger 1983b, 1984, Augspurger and Kelly 1984). Thus, average
distance between adults and seedlings increased from seedling to the sapling stage
(Augspurger 1983a). Similar effects were seen in another tropical tree, Ocotea whitei, in
which stem cankers were correlated with increased distance between adults and living
juveniles over time (Gilbert et al. 1994). High seedling density and low light were also
positively correlated with pathogen-induced mortality in sixteen of eighteen tropical
tree species in greenhouse conditions (Augspurger and Kelly 1984). Bell and colleagues
(2006) used a biocide treatment to show that oomycete pathogens caused greater
seedling mortality when seedling density of the neotropical tree Sebastiana longicuspis
was high and seedlings were close to conspecific adults. Conversely, seedlings of 21
tropical trees showed variable impacts on survival when treated with microbial soil
extracts “cultured” from conspecific individuals, though shade tolerant species tended
to respond more negatively than shade intolerant species (McCarthy-Neumann and
Kobe 2008). Although clear symptoms of fungal disease were observed in all of these
cases, the causal agents of disease were not definitively identified in any of these studies.
Some studies in temperate forests have also indicated that fungi or oomycetes
may be involved in creating distance or density effects. In a temperate forest in Indiana,
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Prunus serotina seedlings experienced higher mortality and lower growth due to
oomycete pathogens (Pythium sp.) when cultivated in soils collected close to conspecific
adults (Packer and Clay 2000, 2003). In its non-native range (northwestern Europe),
these inhibitory effects were not found (Reinhart et al. 2003). P. serotina individuals grew
in closer proximity to one another, and sterilization of soils collected near conspecific
adults did not decrease seedling mortality or increase biomass (Reinhart et al. 2003).
Distance-dependence mortality driven by both damping-off pathogens and the leaf spot
Phaeoisaiopsis pruni-grayane was similarly observed in the Japanese temperate tree Prunus
grayana (Seiwa et al. 2008). In a seed-focused study in Ontario, seeds of Tsuga canadensis
(eastern hemlock) benefited more from fungicide treatments under canopies of
conspecific adults. However, in Acer saccharum (sugar maple), fungicide treatments were
equally beneficial under conspecific and heterospecific adults (Kotanen 2007). All of
these studies collectively indicate that some kind of biotic mechanism—in some cases, a
specific fungal or oomycete species—are creating JC-like patterns of seedling
demography.

Challenges in identifying the biotic drivers
The research described above clearly shows that biotic factors are involved in
creating demographic patterns consistent with Janzen-Connell. Yet in all but a few
specific cases, the causal agent of seedling mortality is unclear. As the field of disease
ecology expands, further complications of the “one host-one pathogen” scenario
inherent to Janzen-Connell have begun to emerge. Below we describe four complicating
factors that need to be considered when evaluating the role of pathogens in maintaining
diversity: host specificity, co-infection, environmental variation, and lifestyle plasticity.
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Host specificity
The assumption of strict host specificity in the Janzen-Connell model may be
challenging to meet for many plant pathogens. Many common damping-off pathogens
(e.g. Pythium, Phytophthora, Rhizoctonia) have long been classified as generalists (Agrios
2005), and examples of plant pathogens in unmanaged systems with multiple hosts are
fairly common (Burdon 1987, Gilbert 2002). Infection ability may vary at levels deeper
than species; for example, in a cross-inoculation study of 53 necrotrophic plant
pathogens in Panama, most pathogens had multiple hosts, but their ability to infect
other species decreased with phylogenetic distance (Gilbert and Webb 2007). Generalist
pathogens that can infect multiple hosts may also have unequal impacts on survival of
different hosts. Pathogenic Pythium isolates from tropical and temperate soils could
infect multiple plant hosts, but had unequal effects on mortality (Augspurger and
Wilkinson 2007). Theoretically, any diversity-maintaining effects will be diluted if
pathogens are not fairly host-specific; otherwise, interspecific and intraspecific densitydependence will be equivalent (Freckleton and Lewis 2006). Unequal impacts of a single
pathogen on different hosts may even be driven by differences in virulence of pathogen
genotypes (Burdon 1987). In this regard, examining pathogen impacts at the species
level may mask these strain-specific differences.

Co-infection
Extensive studies of fungal diversity in plant tissue have shown repeatedly that
many plants are simultaneously infected by multiple species of fungi (Saikkonen et al.
1998, Vandenkoornhuyse et al. 2002, Fitt et al. 2006, Neubert et al. 2006). Moreover, an
individual plant can even be infected by multiple strains of the same fungus (Hood
2003). How does co-infection by multiple pathogens, fungal or otherwise, affect plant
health? The literature on dynamics within parasite communities in animal hosts is
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quickly expanding (Pedersen and Fenton 2007); case studies on interactions among
different animal parasites have shown examples of dynamic interactions between
pathogens, such as a less virulent symbiont weakening the impacts of more virulent
strains (Thomas et al. 2003) or combinations of parasites having stronger negative
impacts than either parasite alone (Jolles et al. 2008). In plants, there is also evidence that
multiple pathogens may have non-additive impacts on plant communities. In a
mesocosm study of four species of Brassica, two pathogens (one bacterial, one fungal)
had more positive impacts on plant diversity singly than in combination (Bradley et al.
2008). Other studies show evidence of competition between fungal pathogens (Al-Naimi
et al. 2005) and viruses (Power 1996) in plant systems. The extent of localization of
infections with different pathogens in a single plant may limit direct interactions, but
pathogens may still compete indirectly for resources or via stimulation of plant immune
responses (i.e. apparent competition) (Pedersen and Fenton 2007). Since multiple
infection appears to be the rule rather than the exception (Cox 2001), dealing with coinfection is unavoidable.

Environmental variation
Changing environmental conditions may alter the nature of Janzen-Connell
interactions and also cannot be ignored. Extensive documentation from plant pathology
shows strong influences of environmental factors like temperature, moisture, and
relative humidity on pathogen infection and aggressiveness in many crop species
(Agrios 2005). In natural settings, multiple studies have documented how shifts in light
and moisture can alter interactions between seedlings and pathogens. Dispersal of
seedlings into light gap and experimental growth under high light treatments decreased
the amount of damping-off in fifteen tropical trees (Augspurger 1983b, Augspurger and
Kelly 1984). Moisture availability is critical during the early stages of fungal disease for
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release and dispersal of spores and inoculum and entry into host cells, and in many
cases precipitation is positively correlated with disease incidence or severity (Burdon
1987, Agrios 2005). However, drought can also increase some diseases in forest trees,
especially canker/dieback diseases, and this is likely mediated by the negative effects of
water stress on host physiology (Desprez-Loustau et al. 2006). Although fungi may
experience direct negative impacts of water stress, many plant pathogens are often
relatively plastic in terms of drought tolerance (Ma et al. 2001, Jonsson et al. 2003,
Desprez-Loustau et al. 2006). Fungi which have once colonized hosts asymptomatically
can shift to a more parasitic lifestyle under drought conditions, as is the case of the
fungal symbiont Discula quericina on its host Quercus cerris (Moricca and Ragazzi 2008).

Plasticity in fungal lifestyles
Lifestyle switching from parasitism to commensalism to even mutualism is well
documented in many symbiotic fungi found in plant tissue. For example, the biotrophic
rust pathogen Coleosporium ipomeae can shift from parasitism on Ipomea purpurea to
commensalism, depending on microenvironment, damage from other enemies, and
growing season length (Kniskern and Rausher 2006). Plant pathogens in the genus
Colletotrichum can also span the symbiotic spectrum, depending on host identity and
physiology (Redman et al. 2001, Peres et al. 2005). These fungi can be described as
maintaining an “unstable equilibrium” between different lifestyles (Moricca and Ragazzi
2008), transitioning between neutral/beneficial symbionts and opportunistic pathogens
depending on environmental conditions and potentially other unknown triggers.
Lifestyle switching complicates efforts to define the function of fungal symbionts based
on host and symbiont identity alone.
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Introduction to thesis research
My dissertation research focuses on the role of seedling pathogens in
maintaining diversity in a temperate forest stand. Specifically, it addresses the following
questions:
1) Which fungi and oomycetes may act as seedling pathogens in a temperate hardwood
forest, and are these symbionts host specific?
2) Do these fungi and oomycetes negatively impact seedling survival, and how do
environmental factors, such as light and soil moisture, change these interactions?
Using a combination of field studies, laboratory analyses, and statistical
modeling, I attempt to create an integrated picture of the role of symbiotic fungi in
seedling recruitment, and determine if the fungi isolated in this study could drive
Janzen-Connell like patterns of seedling recruitment.
In chapter 2, “Characterizing the fungal associates of tree seedlings in a
temperate mixed hardwood forest: Implications for forest diversity,” I examine the
community structure of the >1000 fungal cultures collected from thirteen seedling hosts
in 2007. I discuss the species richness and diversity of the field sites, and whether or not
sampling has been sufficient to capture the full range of diversity. 130 operational
taxonomic units (OTUs) of fungi are defined using nuclear ribosomal internal
transcribed spacer (ITS) sequencing. OTUs belonging to the phylum Ascomycota are
then placed using phylogenetic methods based on large subunit (LSU) sequencing. We
then test hypotheses regarding the effects of site, host identity, soil moisture, and
seedling age on fungal community structure.
Chapter 3, “Causal inference for plant disease: application to fungal associates of
tree seedlings,” presents the statistical model we use to determine the impacts of
multiple pathogens on multiple hosts in an ecological context, and discusses more
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broadly the use of causal models in ecology. The statistical details of the model are
published in a separate document (Clark and Hersh 2009). Briefly, the model estimates
the impacts of symbiotic fungi on seedling survival singly and in combination by using a
Bayesian model selection framework. Detection is based on multiple sources of
information (culture morphology, DNA sequencing).
Finally, in chapter 4, “Impacts of fungal co-infection on temperate forest
diversity,” we summarize the major results of the model discussed in chapter 3. Using
data on seedling survival and fungal detection, in the context of relevant covariates
(light, soil moisture), we assess the effects of five putative fungal pathogens singly and
in combination on five seedling hosts. Most fungal symbionts/potential pathogens
found in this system can be isolated from multiple hosts and initially do not appear to
meet the assumption of host specificity. Yet model results indicate that some of these
generalist pathogens have differential impacts on survival depending on host identity,
and that the impacts of combinations of pathogens are non-additive.
In the final synthesis chapter, several recommendations for how to re-evaluate
the Janzen-Connell hypothesis are discussed. We discuss in detail the challenges of
defining host specificity and the influence of multihost fungi, along with how spatial
patterns of fungal incidence and heterogeneous environmental conditions may alter
Janzen-Connell predictions.
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2. Characterizing the fungal associates of tree
seedlings in a temperate mixed hardwood
forest: Implications for forest diversity
Introduction
Seedling disease is an important cause of mortality and influence on plant
diversity (Burdon 1987, Gilbert 2002, Burdon et al. 2006, Freckleton and Lewis 2006).
Disease has an unquestionable impact on plant population size (Burdon 1987),
productivity (Mitchell 2003), and competition (van der Putten and Peters 1997,
Alexander and Holt 1998). Disease can also change plant community structure through
direct effects on survival and fecundity (Dobson and Crawley 1994). Negative feedbacks,
in which some plants support microbial communities detrimental to competitors, can
strengthen the effects of disease on plant competition (Bever 1994). In seedlings and
saplings, the role of disease is often discussed in the context of the Janzen-Connell (JC)
hypothesis (Janzen 1970, Connell 1971). Under this hypothesis, seedlings are more likely
to survive when dispersed far from the parent tree due to increased pressure from hostspecific pathogens when seedlings are growing either close to conspecific adults and/or
at high densities. Multiple studies in both tropical (e.g. Augspurger 1984, Harms et al.
2000, Comita and Hubbell 2009) and temperate (e.g. Packer and Clay 2000,
HilleRisLambers and Clark 2003) systems show patterns of plant demography consistent
with Janzen-Connell, but relatively few studies have identified the pathogens driving
these patterns. In this study, we seek to identify fungal symbionts of tree seedlings that
may act as parasites or pathogens, or otherwise reduce seedling survival.
Symbiotic fungi are diverse and ubiquitous in the tissues of almost all forest
trees, but their ecological functions are challenging to identify (Sieber 2007). We define
the term symbionts broadly, and allow it to include any fungus living in close contact
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with its host regardless of the nature of the interaction (de Bary 1879). In recent years,
evolving tools to classify previously cryptic symbiotic fungi have made addressing
questions about their ecological function a possibility (Horton and Bruns 2001, Peay et
al. 2008). An extensive literature on mycorrhizal fungi (e.g. Smith and Read 2008) has
greatly improved our understanding of these important mutualists, but the functions of
non-mycorrhizal fungi are less apparent. These plant symbionts can range from
opportunistic pathogens to neutral or beneficial endophytes, and context-dependency
(host, location, environmental conditions) appears to be the rule rather than the
exception (Schulz and Boyle 2005, Arnold 2007, Sieber 2007, Moricca and Ragazzi 2008).
Neither the extent of the diversity of these fungi nor their ecological functions are well
resolved. Yet given their ubiquity and potential impacts on plant health, it is critical to
understand this important guild of fungi.
The diversity of fungi inhabiting a single plant host can be considerable. Fortynine fungal phylotypes (groups of distinct organisms defined solely by DNA sequences)
have been found in the roots of the grass Arrhenatherum elatius at one location; most of
the functions of these taxa are unknown (Vandenkoornhuyse et al. 2002). In the wetland
reed Phragmites australis, 345 sequence-based operational taxonomic units (OTUs),
including many unknown taxa, were identified from all plant parts, but only 11 of these
taxa were abundant (Neubert et al. 2006). Soils from pine-dominated plots in the Duke
Forest (Orange County, NC) contained 412 fungal OTUs, including close matches to
fungi known as saprotrophs, mycorrhizae, and pathogens (O'Brien et al. 2005).
Extracting information on fungi that influence plant survival and growth necessitates
sorting through this large diversity.
In this study, we seek to identify putative fungal pathogens. Most discussions of
seedling disease focus primarily on “damping-off”—a set of symptoms where plants
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soften at the base of the stem, fall over, and rapidly die. It is not straightforward to
diagnose the casual agent of mortality when seedlings are found with damping-off
symptoms. Post-emergence damping-off is generally attributed to both oomycetes
(Pythium, Phytophthora) and fungi (Fusarium, Rhizoctonia), although it can be caused by
other species; most of these organisms are thought to be host generalists (Agrios 2005).
Along with damping-off, tree seedlings are known to be susceptible to other kinds of
diseases, such as shoot and needle blights, rusts, root rots, and powdery mildews
(Cordell et al. 1989). To complicate matters further, many symbiotic fungi that cause
disease in one host may have other lifestyles in different hosts. They may exist as latent
pathogens waiting for environmental conditions more favorable to disease, or they may
be genotypes or species of pathogens that do not elicit disease symptoms in particular
host genotype or species (Schulz and Boyle 2005). For example, species of Colletotrichum
that are pathogens in some hosts can act as mutualists in others, increasing plant
drought tolerance or protecting against other diseases (Redman et al. 2001). Clearly,
assessment of the ecological role of many fungi may be case-dependent.
Diverse factors can influence how communities of fungal symbionts in plants are
structured. If symbiotic fungi are host-specific, host identity could shape fungal
communities. Limited dispersal could create localized patterns of abundance; longer
distance dispersal could homogenize populations at the local scale (Burdon et al. 1989).
Environmental factors, such as temperature, moisture, light, and nutrient conditions
could also influence various stages of the infection process, including incidence of a
fungus in a given plot, entrance of the fungus into the host, and host ability to resist
fungal invasion (Agrios 2005). Similarly, selective inhibition or promotion of certain
species of fungi by plant defensive compounds or root exudates can alter fungal
community structure (Saunders and Kohn 2009). Finally, an additional temporal
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component may exist as older seedlings amass more opportunities to accumulate
symbionts (Arnold and Herre 2003), but simultaneously develop age-related defense
mechanisms against pathogens (Heath 1996).
In this study, we characterized the fungi in tissues of both living and recently
dead seedlings of thirteen common Southeastern tree species in three mixed hardwood
stands in North Carolina, USA. We selected target hosts with a range of seed sizes,
degrees of shade tolerance, and relative abundances within the stand. We used a
culture-based method to characterize the fungal community and identified cultured
fungi using nuclear ribosomal DNA sequencing. We initially classified the fungi based
on NCBI BLAST (blastn) searches, but then refined the classifications, especially of fungi
with no clear BLAST matches, using a phylogenetic approach.
We tested three main hypotheses about the nature of the fungal community
inhabiting these seedlings. First, we tested the hypothesis that (1) communities of fungal
symbionts differ between host species. Although many known seedling pathogens are
considered non-host specific (Agrios 2005), the Janzen-Connell hypothesis requires that
distinct natural enemies will be found on different hosts (Janzen 1970, Connell 1971).
Second, we predicted that (2) the fungal community would be well mixed among sites, since
the three stands shared many tree species. Finally, for several common fungal species,
we predicted that (3) infection of seedlings with common fungal taxa would generally increase
with soil moisture and seedling age. We expected to find differences reflecting the interplay
between developmental features of young seedlings that are susceptible to fungal
colonization and the ability of particular fungal pathogens to successfully disperse and
colonize seedlings. Ultimately, our goal was to characterize the fungal community in
these seedlings to develop a list of candidate pathogens with the potential to influence
forest diversity.
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Methods
Study locations
All field studies took place at three mixed hardwood stands in the Eno and
Blackwood divisions of the Duke Forest (Chapel Hill, NC), in the North Carolina
Piedmont (36°N, 79°W). Average monthly temperatures range from 19.2-31.7°C in July
to 2.3-10.2°C in December (Southeast Regional Climate Center,
http://www.dnr.sc.gov/climate/sercc/). Approximately 1,180 mm of precipitation fall
annually. March, July, and August are generally the wettest months, while November
and December are generally the driest (Southeast Regional Climate Center). Plots in both
divisions are fully mapped two hectare stands, in which all trees are tagged, identified,
and located on an x, y coordinate system. These stands share many tree species, but
differ in parent material, topography, and other biotic and abiotic factors.

Field studies
In May 2006, we planted seeds of thirteen tree species across natural gradients of
soil moisture. Focal plants encompass a range of successional types, seed sizes, and
relative abundances (Appendix 1), and include the following species: Acer barbatum
(Southern sugar maple), Acer rubrum (red maple), Carya ovata (shagbark hickory),
Diospyros virginiana (persimmon), Fagus grandifolia (American beech), Liquidambar
styraciflua (sweetgum), Liriodendron tulipifera (tulip poplar), Nyssa sylvatica (black tupelo),
Pinus taeda (loblolly pine), Quercus alba (white oak), Quercus phellos (willow oak), Quercus
rubra (Northern red oak), and Quercus stellata (post oak). All seeds were washed with a
mild surfactant and rinsed thoroughly prior to planting. In December 2006, we replanted a second cohort of seedlings. Existing seedlings were flagged and left in place.
All species were re-planted in equal numbers, with the exception of Q. stellata, for which
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seed was not available. Seedlings were collected throughout the 2007 growing season,
with an additional collection of 43 live seedlings in October 2008.
Seeds were planted in 1 x 0.9 x 0.46 m herbivore exclosures constructed from 1.27
cm mesh hardware cloth to avoid seed predation and herbivory. Three exclosures were
installed at each of 20 locations in the Eno and Blackwood divisions of the Duke Forest.
Planted seeds were randomly arranged. At each location, two cages contained 90 seeds
(five per species, “high density” treatment), and one cage contained 38 (two per species,
“low density” treatment). Since germination varied drastically between sites (data not
shown), we did not distinguish between intended “high” and “low” density treatments.
Additional seeds were sown in the same locations for several species with known poor
germination rates (Acer barbatum, Liquidambar styraciflua, Liriodendron tulipifera, Pinus
taeda). Mortality of planted seedlings was observed weekly; any dead or dying seedlings
were collected for fungal identification. Hemispherical canopy photos were taken on
September 2006 at all cages to measure canopy openness; photos were analyzed using
Hemiview (Delta-T Devices, Cambridge, UK; for detailed methods, see Clark et al.
(2003)). Soil moisture was measured monthly at each location using time-domain
reflectometry (Tektronic 1502B; Tektronix, Beaverton, Oregon, USA).

Isolation and initial identification of fungi
Shoots and roots of collected seedlings were scored macro-and microscopically
for disease symptoms, and images of seedlings with distinct symptoms were taken with
a Canon CoolPix 990 digital camera. Seedlings were rinsed under running tap water for
one hour to remove soil particles; then half of all samples were treated with 30 seconds
in 70% ethanol, rinsed with sterile water, treated for 30 seconds in 10% bleach, then
rinsed again and allowed to dry on sterile paper towels. Root, stem, and leaf fragments
were then plated onto two kinds of selective media: Pentachloronitrobenzene Ampicillin
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Rifampicin Pimaricin (PARP) for Pythium and Phytophthora, and alkaline water agar
(AWA) for Fusarium, Rhizoctonia and other phytopathogenic soil fungi (Singleton et al.
1992; G. Abad and M. Cubeta, pers. comm.). Subcultures were created from isolation
media onto corn meal agar (CMA) and diluted potato dextrose agar (PDA30) until pure
cultures were established. We ultimately combined data from all treatments, as
considerable overlap existed in species composition.
Cultures were classified using both macro-morphology and DNA sequencing
and subsequent phylogenetic analyses. We began by amplifying nuclear ribosomal DNA
from the internal transcribed spacer (ITS) and 5.8S regions, since these regions contain
sufficient variability to identify many groups to the species level, using primers ITS1F
(Gardes and Bruns 1993) and ITS4 (White et al. 1990). Due to the large number of
samples processed, we used a direct PCR approach to quickly obtain DNA. Small
fragments of mycelia from cultures were collected using a sterile pipette tip, and placed
immediately into tubes containing PCR cocktail (4 µL dNTPs, 2.5 µL BSA (bovine serine
albumin; 10mg/mL), 2.5 µL 10x PCR buffer, 1.25 µL each of 10 µmol forward and reverse
primers, 0.5 µL MgCl2 (25 mM/mL), 0.175 µL taq polymerase, 12.825 µL autoclaved
ultrapure water). Thermal cycler conditions were as follows: 10 minutes at 94°C, 35
cycles of 1 minute at 94°C, 1 minute at 52°C, and 1 minute at 72°C, followed by a 10minute final elongation at 72°C. PCR products were visualized using gel electrophoresis,
and successfully amplified products were then cleaned using the Qiaquick PCR
Purification kit (Qiagen), and sequenced on an ABI 3730 Autosequencer (Applied
Biosystems). ITS sequences were edited and trimmed at the motifs CATTA (5’ end) and
GGAGGAA (3’ end) by hand using the program Sequencher 4.8 (Gene Codes
Corporation). They were then clustered into operational taxonomic units (OTUs) using
the percent sequence similarity algorithm in Sequencher 4.8. We set the threshold for
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delineating OTUs at 96% similarity, and included the 5.8S region. Names were assigned
to OTUs based on results of NCBI BLAST searches of GenBank using the blastn
algorithm (Altschul et al. 1990). OTUs were named if the top named fungal sequence had
an E-value of 0.0 and Max Identity greater than or equal to 97 percent.

Further resolution of fungal taxa using phylogenetics
The ITS region is suitable for genus to species level classifications; however, the
divergent nature of the region makes it unalignable across a phylogenetically diverse
range of fungal families (Bruns et al. 1991). Thus, phylogenetic placement was aided by
sequencing ~800 base pairs of the 5’ end of the large subunit (LSU). The LSU region
contains several divergent domains and is thus is suitable for order to genus level
classification, but it also includes several well-conserved regions and can still be aligned
across diverse groups of fungi (Bruns et al. 1991). For each unique fungal OTU with
isolates from more than five isolates, and a subset of rarer taxa, we also amplified a
portion of the large subunit of nuclear ribosomal DNA using primer pair LROR and LR5
(Vilgalys and Hester 1990). LSU sequences were edited and trimmed at the motifs
ACCCGCT (5’ end) and TCGTCAAA (3’ end) in Sequencher. We were able to amplify
the LSU region for 67 of 130 ITS-based OTUs, including 31 of the 38 taxa that had been
isolated from more than five individuals.
LSU sequences from this study were initially aligned using MUSCLE 3.7 (Edgar
2004). This alignment was then incorporated by hand into an existing alignment of 414
taxa from across the Ascomycota (Schoch et al. in press) available on TREEBASE
(Sanderson et al. 1994). For a large-scale ecological study such as this, creating multigene phylogenies may prove to be excessively time-consuming and costly. Instead, we
chose to take advantage of existing information on the relationships between the
Ascomycota by using a constraint tree approach following Arnold et al. (2007).
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Phylogenetic relationships within the Ascomycota have been relatively well-resolved
using multi-gene phylogenies including protein-coding genes that are more
phylogenetically informative at deeper levels (e.g. Lutzoni et al. 2004, James et al. 2006,
Spatafora et al. 2006, Schoch et al. in press). In order to include as much existing
information as possible, including resolution of deeper nodes, we ran subsequent
maximum likelihood (ML) phylogenetic analyses using a constraint tree based on the
results of Schoch et al. (in press). Constraint trees, or DNA scaffolds, have been used in
other studies in which taxa with a relatively small amount of phylogenetically
informative data were incorporated into a phylogeny based on a considerably larger
amount of information. This approach has not only been used for fungal associates of
plants (Arnold et al. 2007), but also for combining plant or animal data from the fossil
record with molecular datasets (Springer et al. 2001, Manos et al. 2007). The constraint
tree included the 414 reference taxa from Schoch et al. (in press) with large subunit
sequences; we used only nodes with greater than 80% maximum likelihood bootstrap
support on the 2G434 tree as constraints. We then incorporated sequences from this
study onto the constraint tree in a maximum likelihood-based phylogenetic context
using RAxML version 7.0.4 (Stamatakis 2006b) facilitated by the python wrapper
PYRAXML2 beta (Kauff 2006). We determined the best topology, including branch
lengths, by selecting the tree with the best log likelihood score from 200 individual runs
using the GTRMIX model, which uses the GTRCAT model (Stamatakis 2006a) to search
for the best topology, and the GTRGAMMA model to evaluate the likelihood. Support
for individual nodes was assessed using 1000 ML bootstrap replicates using the
GTRCAT model (Stamatakis 2006a). We coded the known taxa on this tree for ecological
function in Appendices 3-6 following Schoch et al. (in press).
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Statistical analyses
The program EstimateS 8.0.0 (Colwell 2005) was used to generate sample-based
rarefaction curves and 95% confidence intervals for fungal diversity (Colwell et al. 2004).
Three non-parametric, incidence-based estimators of species richness were used to
estimate the total richness in the system—ICE (Incidence-Based Coverage Estimator; Lee
and Chao 1994), Chao 2 (Chao 1987), and Jackknife 2 (second-order jackknife; Smith and
van Belle 1984). ICE is robust to differences in sample size, population density, and
patchiness (Chazdon et al. 1998), while Chao2 and Jacknife2 have been recommended
for highly diverse communities based on their ability to reach an asymptote with less
sampling effort (Colwell and Coddington 1994, Unterseher et al. 2008). Regardless, all
three methods are commonly used for highly diverse microbial communities.
We examined whether seedling lifespan and soil moisture were correlated with
incidence of twelve of the most commonly sampled species of fungi (Colletotrichum
acutatum, Cylindrocarpon sp. A, Pestalotiopsis sp. A, Phomopsis sp. A, B, and D, Alternaria
sp. A, Phialocephala sp. A, Taphrina sp. A, Penicillium sp. A, Unknown 38, and
Cryptosporiopsis sp. A), using generalized linear models (GLMs) with a binomial error
distribution and a logit link. This analysis was restricted to dead seedlings of the five
most abundant host species collected in 2007. We used the following model:
logit (If) = β0 + β1a + β2m
where If is infection of an individual seedling with OTU f, a is seedling age, and m is soil
moisture. June soil moisture was used as a representative sample of relative differences
in soil moisture between plots. Based on comparisons of AIC scores for different nested
models, the model in which all host species were pooled and with no interactions
between soil moisture and seedling age had the best fit for the highest proportion of
species tested, as opposed to models that contained an interaction term, subdivided the
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intercept among host species, or both. All GLMs were performed in the programming
language R version 2.8.1 (R Development Core Team 2008).

Figure 2.1: Rank abundance of non-singleton taxa identified in this study, ordered by
abundance. For a complete list of OTU names, see Appendix 2.

Results
Overall fungal richness
We sampled 293 tree seedlings for fungal symbionts, and identified 130 fungal
taxa based on 96% ITS sequence similarity. Of these taxa, the majority (121) was placed
in the Ascomycota, with a small number in the Basidiomycota (2) and basal fungal
lineages (7). The majority of the fungi in this system were relatively rare; 94 taxa (72.3%)
were isolated from less than five individual seedlings, and 60 (46.1%) were isolated from
only one individual. A truncated rank abundance curve, including only non-singleton
taxa, is shown in Figure 2.1. Table 2.1 lists the twenty most commonly sampled fungi,
the major hosts and sites from which they were isolated, and their phylogenetic
placement. All of these common fungi were isolated from at least three different hosts
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and most were found at all three sites. Pilidiella sp. A was the only taxon of the twenty
most commonly sampled fungi to be found at only one site. A complete list of fungal
taxa and their top BLAST hits is provided in Appendix 2. Although we did isolate
oomycetes in the genera Pythium and Phytophthora from the same system in 2006 (M.
Hersh unpublished data), none were recovered in this study. Contrary to expectations,
two commonly isolated fungal genera known to cause damping-off, Rhizoctonia and
Fusarium, were not found in abundance. We only found one individual infected with
Rhizoctonia solani and detected relatively few individuals (13) infected with one of the
five Fusarium taxa.
Table 2.1: The twenty most common fungal taxa identified in this study. Class and
order assigned by phylogenetic analysis, except when marked with an asterisk, in
which case assigned by BLAST ID. Identification of C. acutatum included
visualization of conidia. Taxonomy follows Schoch et al. (in press)

We created a rarefaction curve to determine if the total richness of the system
was fully sampled. The rarefaction curve did not reach an asymptote (Figure 2.2), thus it
cannot be concluded that all fungi in this system have been sampled. We used three
non-parametric estimators (ICE, Chao2, and Jackknife 2) to predict total richness in the
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system, and found the results of the three estimators to be reasonably congruent (Figure
2.2); however, none reached an asymptote. Based on our OTU definition, there are at
least 200 unique fungal taxa in association with the tree species sampled.

Figure 2.2: Rarefaction curve of OTUs identified per sampling effort (black solid line)
with 95% confidence intervals of richness estimates (black dotted lines), along with
three incidence-based estimators to extrapolate a lower limit for total species richness
(colored lines).
For the five tree seedling species best represented in the data (Acer barbatum,
Diospyros virginiana, Liquidambar styraciflua, Nyssa sylvatica, and Pinus taeda), we created
separate rarefaction curves to identify hosts with the most species-rich community of
symbionts (Figure 2.3). However, 95% confidence intervals for all hosts were clearly
overlapping, indicating that the number of fungal taxa identified from these species was
not detectably different based on equal sampling effort. We performed a similar analysis
in which species were divided by site, but again did not uncover any differences in the
number of species identified per unit of sampling effort (Figure 2.4).
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Figure 2.3: Rarefaction curves of fungal OTU richness for the five host species best
sampled. Dotted lines are 95% confidence intervals around richness estimates.

Phylogenetic placement of fungal taxa
Large subunit sequences were obtained for 67 ascomycete taxa. Fungi were
found predominantly in three classes within the Ascomycota: Sordariomycetes (34 taxa),
Dothideomycetes (15 taxa), and Leotiomycetes (14 taxa), with four OTUs in the
Eurotiomycetes (Figure 2.5). Within the Dothideomycetes, Eurotiomycetes, and
Sordariomycetes, all fungi fell within a subset of existing orders with strong maximum
likelihood bootstrap support, with the exception of two Colletotrichum taxa. Conversely,
only one taxon, Phialocephala sp. A, could be placed in an existing order in the
Leotiomycetes with high bootstrap support. Expanded trees showing all taxa in these
four classes are in Appendices 3 (Dothideomycetes), 4 (Eurotiomycetes), 5
(Leotiomycetes), and 6 (Sordariomycetes). Almost all taxa were grouped into clades
most closely related to saprobes or plant associates (endophytes or pathogens;
Appendices 3-6). One exception, Unknown 68, was sister to an animal pathogen in the
Eurotiomycetes. No taxa were most closely related to lichenized fungi or mycoparasites.
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Figure 2.4: Rarefaction curves of fungal OTU richness for the three study sites
sampled. Dotted lines are 95% confidence intervals around richness estimates.
Many fungi assigned names based on BLAST searches appear in the expected
phylogenetic position (Appendices 3-6). For example, sequences blasting to
Colletotrichum species clustered together, and were grouped with the closest congeneric
reference sequence, Glomerella cingulata (anamorph: Colletotrichum gloeosporiodes), with
86% bootstrap support (Figure 2.5, Appendix 6). Unknown taxa were placed in all four
orders, with the greatest number in the Leotiomycetes and the Sordariomycetes (9 taxa
each), followed by the Dothideomycetes (7 taxa) and the Eurotiomycetes (1 taxon). In the
Leotiomycetes, no unknown could be placed within a named monophyletic clade
consistent with the nomenclature of Schoch et al. (in press) with high bootstrap support.
In the Sordariomycetes, two-thirds of the unknown taxa were in the order Xylariales.
OTU definitions set by 96% sequence similarity were generally correlated with
phylogenetic clustering, with several notable exceptions: (1) Several cultured sequences
from this study (Phoma sp. A, Botryosphaeria sp. A, Phomopsis sp. A) were placed in clades
that included reference taxa; (2) One taxon (Cylindrocarpon sp. A), split into three
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Figure 2.5: Maximum likelihood tree of the Ascomycota. Complete legend on
following page.
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Figure 2.5 (continued): Maximum likelihood tree of 67 cultured taxa (red) and 414
reference taxa (black) (Schoch et al. in press) in the Ascomycota, along with backbone
constraint tree of named taxa (inset). Numbers above nodes represent percent
maximum likelihood bootstrap support for 1000 replicates; only values above 50 are
shown. Branches with greater than 70% support are bolded. Orders labeled in red
contain OTUs from this study; the number of OTUs is in brackets following the order
name.
subgroups closely related to one another that formed a clade with Cylindrocarpon sp. D
(Appendix 6).

Correlates of fungal incidence
In general, infection with most fungi was not correlated to seedling age or soil
moisture, with several exceptions: (1) Seedling age was positively correlated with
Phomopsis sp. B (residual deviance (rD) = 45.513, p = 0.0003) and Phialocephala sp. A (rD =
38.875, p = 0.00363), and marginally correlated with Phomopsis sp. D (rD = 13.753, p =
0.0580); (2) Soil moisture was positively correlated with Cylindrocarpon sp. A (rD =
135.98, p = 0.026) and marginally correlated with Phomopsis sp. D (rD = 13.753, p =
0.0747). All runs had 154 degrees of freedom. All other relationships between age,
moisture, and fungal infection were not statistically significant (p>0.10).

Discussion
Richness and specificity of symbiotic fungi
We found 130 fungal taxa from thirteen species of both recently dead and
surviving tree seedlings in a mixed hardwood stand. The shape of the rank abundance
curve (Figure 2.1) is typical of other fungal diversity studies in soils (e.g. Porter et al.
2008), plant tissue (e.g. Neubert et al. 2006), and mycorrhizal root tips (e.g. Richard et al.
2005), containing a small subgroup of common taxa and a long tail of rare taxa. Based on
both the lack of asymptote on the rarefaction curve, and the estimates of total richness
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from three non-parametric estimators, we can conclude that we did not completely
sample the richness in the system (Figure 2.2). This may have been partially due to
differences in sampling between species; since a higher proportion of large-seeded
species survived, sampling of dead seedlings was skewed towards smaller-seeded
species (Appendix 1). In addition, we did not use culture-independent methods to
sample for fungi that are unculturable or require more specific conditions for growth in
culture, including obligate biotrophs. In other systems, using culture-independent
methods significantly increased the amount of richness found in the system over
sporocarps (Porter et al. 2008) and cultures (Lynch and Thorn 2006, Menkis et al. 2006,
Neubert et al. 2006) alone. None of the estimators for total species richness reached an
asymptote, and can thus only be interpreted as a lower boundary for total species
richness (Gotelli and Colwell 2001). We did not find differences in species richness
between hosts or sites (Figures 2.3 and 2.4). Comparisons between these small-seeded
hosts and large-seeded hosts may yield differences in richness between species, but our
sample sizes for large-seeded species were insufficient to test for this (Appendix 1).
All common fungi were found in multiple hosts, which was not consistent with
our hypothesis that fungal communities would be host specific. However, it is unclear
as to whether each fungus serves the same ecological function in different hosts. Many
multihost fungi can still have some degree of host preference at a deeper phylogenetic
level or serve different ecological roles on different hosts (Gilbert and Webb 2007).
Variation at the genotype level in host or fungus, environmentally-driven lifestyle
switching, or a combination of the two are potential mechanisms that could drive
differences in ecological function within species. Future empirical testing of effects of
fungi on host survival through targeted inoculations will help to elucidate their
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ecological functions in as pathogens, mutualists, or commensalists. Koch’s postulate
tests would be needed to identify the causal agent(s) of any disease symptoms.

Phylogenetic placement of fungal taxa
The ascomycete taxa we identified were placed in the Sordariomycetes,
Dothideomycetes, Leotiomycetes, and Eurotiomycetes (Figure 2.5), similar to many
other studies of fungal plant associates (Sieber 2007). We chose to define our OTUs
based on 96% similarity in Sequencher; however, there is no universally accepted cutoff
in delineating fungal taxa based on ITS sequencing (Arnold et al. 2007). Most OTUs
assigned using this method formed monophyletic clades when multiple LSU sequences
were available. No taxa appeared to be anomalous in terms of lifestyle, since almost all
cultured taxa clustered with plant associates or saprobes as opposed to lichenized fungi,
mycoparasites, or animal pathogens.
For well-studied genera, BLAST searches did an adequate job of identifying
unknowns, aside from obvious database errors (e.g. fungal sequences identified as plant
DNA in the GenBank database). However, in many cases BLAST identifications
provided little information on fungal identity, especially in the Leotiomycetes. Most
unknown taxa were placed in the Leotiomycetes or the Xylariales. Almost all unknown
taxa in the Leotiomycetes failed to fit into a well-supported clade. However,
phylogenetic analysis using larger regions of rDNA alone is insufficient to delineate
orders well within the Leotiomycetes (Wang et al. 2006), so this is not unexpected. The
Leotiomycetes includes many plant associates, including pathogens and endophytes,
along with many taxa with poorly understood ecological functions (Spatafora et al.
2006). In the Xylariales, incorporation of unknown sequences into phylogeny with
additional taxa from this clade (e.g. Davis et al. 2003) could provide further insight on
the identities of unknown taxa. The Xylariales is one of the largest orders in the
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Sordariomycetes, and includes many saprobes along with plant pathogens and
endophytes (Zhang et al. 2006).
Along those lines, sequencing the large subunit alone provided enough
phylogenetic information to place many taxa to the order level, but not beyond. Many
branch lengths on the trees produced were short (Figure 2.5, Appendices 3-6) indicating
few differences between closely related taxa. Incorporating additional genes refines
identifications, especially since the large subunit is known to be less phylogenetically
informative at deeper nodes than many protein-coding genes, such as RPB1 (Lutzoni et
al. 2004, Schoch et al. in press). In addition, detailed phylogenies of more taxonomically
constrained groups (families, genera) could strengthen identifications. Using a
constraint tree allowed us to use the results of previous studies of fungal systematics to
facilitate placement of unknown taxa. An unconstrained analysis using the same dataset
placed taxa at the same terminal nodes (data not shown), but increased the
computational time by nearly a factor of ten. Using a constraint tree not only allowed us
to incorporate existing knowledge on fungal phylogenies, but also significantly reduced
the computational burden of analyzing large datasets using maximum likelihood.

Influence of soil moisture and seedling lifespan on infection
Generalized linear models relating detection of twelve common fungi to seedling
lifespan and soil moisture did not uncover many significant relationships. We expected
that most fungi would respond positively to soil moisture, since many fungi require
moisture for nutrition, dispersal, and infection (Agrios 2005). However, there are plant
pathogens, such as Fusarium solani, known to cause more disease in soils with low to
intermediate moisture (Colhoun 1973). Cylindrocarpon sp. A, a strong BLAST match to
isolates of the common soil and root fungus/root pathogen Cylindrocarpon destructans
(Mantiri et al. 2001), was the only fungus to strongly respond to soil moisture.
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Interestingly, Phialocephala sp. A and Cryptosporiopsis sp. A, putative root endophytes
based on other taxa in those genera (Addy et al. 2005), did not respond to soil moisture.
Similarly, we expected mixed responses to seedling age. Older seedlings have more
opportunities for exposure to inoculum (Saikkonen 2007) and become more structurally
diverse and thus susceptible to different pathogen types (Burdon 1987). However, host
defense may strengthen both structurally (McClure and Robbins 1942, Neher et al. 1987)
and biochemically (Ficke et al. 2002, Kus et al. 2002) as seedlings mature. Detection of
two species of Phomopsis and Phialocephala sp. A was positively correlated with seedling
age, but no others. This response may be scale-dependent; for example, community
shifts in foliar endophytes occur at the scale of years (Espinosa-Garcia and Langenheim
1990), but this study was looking instead at weeks to months.

Implications for forest diversity
Based on the results of this study, we can make recommendations of fungal taxa
to pursue further as putative seedling pathogens. For a fungus to meet the assumptions
of the Janzen-Connell hypothesis, it must be host-specific and have distinct patterns of
localized abundance (Gilbert 2002). However, we observed no obvious strict host
specialists, but instead a list of common generalist fungi whose ecological roles in
multiple hosts need further elucidation. While many fungi are rare, even the most
common fungi in the system were not very abundant; C. acutatum, the most commonly
isolated fungus, was only found in 22% of individuals sampled. It is unclear as to
whether this constitutes relative rarity in the system, detection error, or undersampling.
From the list of common fungi in Table 2.1, we can eliminate several taxa as probable
endophytes (Phialocephala, Cryptosporiopsis) or saprobes (Bionectria, Microdiplodia), but are
left with a list of “potential pathogens” for further studies, including two fungi poorly
identified by BLAST (Unknowns 38 and 70). Although many fungi are important plant
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pathogens, the fungi isolated in this study are not the only natural enemies in this
system. Further studies could assess the roles of obligately biotrophic fungi (which were
not sampled using these methods) and other taxa (oomycetes, bacteria, insect
herbivores) in causing significant seedling mortality, thus building a more integrated
picture of enemy-induced seedling mortality in this temperate forest.
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3. Causal inference for plant disease:
application to fungal associates of tree
seedlings
Introduction
Disease and parasitism are an important component of ecosystem function.
These interactions regulate population growth (Dobson and Hudson 1986, Burdon 1987),
add complexity to food webs (Lafferty et al. 2006), and can have large impacts on
biodiversity (Gilbert 2002, Hudson et al. 2006). The broad taxonomic diversity and oftencryptic nature of parasites, coupled with inevitable undersampling, makes estimation of
total parasite diversity daunting (Dobson et al. 2008, Bordes and Morand 2009). Yet we
know that simultaneous infections with multiple parasites are common (Cox 2001,
Seabloom et al. 2009), and different parasites within a single host can interact directly
and indirectly with a range of potential outcomes that makes these interactions
unpredictable (Lello et al. 2004, Pedersen and Fenton 2007). Additionally, the
environmental conditions surrounding both hosts and parasites can change the nature of
disease interactions, strengthening or weakening infection rates, host defense and
parasite vigor (e.g. Jarosz and Burdon 1988, Desprez-Loustau et al. 2006, Roberts and
Paul 2006). Like many other multitrophic interactions, the complexity of disease can be
high. A deeper understanding of these interactions requires an analytical approach that
can accommodate more of the complexity than has been possible in the past. We present
here a hierarchical Bayesian model of seedling disease that incorporates interactions
between multiple hosts, multiple parasites, and environmental conditions, and discuss
why such an approach can improve our understanding of disease ecology. In the case
study we present, results show evidence for the host specificity that would be required if
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tree diversity is regulated by the Janzen-Connell effect, but only if we consider the
impacts of co-infection by multiple pathogens on multiple hosts.
The limitations of null hypothesis testing and reductionist methods have long
been acknowledged when addressing complex ecological problems (e.g. Hilborn and
Mangel 1997, Anderson et al. 2000, Stephens et al. 2007). Causal inference can allow for
not only the effects of a focal treatment (i.e. a “cause”), but also the effects of other
potential alternative “causes”, and thus lends itself to real-world situations, such as
epidemiological studies (Rubin 1990). Understanding the factors that might contribute to
disease emergence and spread can involve multiple hypotheses of causation and require
integration of data from different spatial and temporal scales (Anderson et al. 2004,
Farnsworth et al. 2006, Jewell et al. in press). Plowright et al. (2008) highlight the
importance of defining the potential causal pathways through graphical methods,
allowing for the full set of interactions to contribute to the understanding of disease
emergence. They also discuss the importance of ‘triangulation,’ or combining
information from field, laboratory, and modeling studies, along with historical datasets.
Integrating these independent approaches could help to inform and sharpen future
hypothesis testing for each approach in light of the results of other approaches
(Plowright et al. 2008). Methods allowing for multiple causal pathways and integration
of different forms of evidence are relevant not only for disease, but could have
application in all areas of environmental science, including such diverse problems as
coral decline (Fabricius and De'Ath 2004) and gene flow across complex landscapes
(Cushman et al. 2006).
The challenge of causal inference comes in the analysis--how does one assimilate
the many interactions, identify those that are important, and quantify not only the direct
relationships, but also how effects cascade through potentially many interacting species?
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Recent efforts rely on traditional tools, such as Akaike information criterion (AIC)
comparisons to select from among several competing models for a small number of
relationships, or structural equation modeling to quantify correlations. There are several
reasons why these approaches have limitations with problems involving species
interactions. Structural equation models are linear and Gaussian, whereas most
ecological interactions are non-linear and might not be well-described by Gaussian
distributions (Clark 2005, Clark 2007). Information criteria are used to compare the fit of
two models to the same data set, but they are not helpful for building or selecting among
models with many interactions (Clark 2007, Gelman and Hill 2007)
Problems involving multi-species interactions, such as the role of disease in
maintaining tree diversity, can be computationally large and inherently complex. A
hierarchical Bayesian approach attempts to accommodate complexity and
environmental variability and formally account for uncertainty associated with multiple
causal relationships (Clark and Gelfand 2006, Cressie et al. 2009). The potential value of
causal models that account for complexity extends well beyond disease, having
immediate application in all areas of ecology (Dorazio and Royle 2005, Clark 2007,
Cressie et al. 2009). Although the potential for applications is expanding rapidly, the
methodology is not well understood. Flexible approaches are not readily available in
software, thus requiring some basic distribution theory to describe and analyze
relationships among a large number of variables and customized algorithms.
We demonstrate how causal inference can be used to evaluate the weight of
evidence for impacts of putative fungal pathogens on seedling survival. We illustrate
how the model graph is translated into equations, provide some basic distribution
theory needed for analysis, and discuss algorithm development for computation. We
begin with a basic causal model, illustrating inference in a traditional setting and why it
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provides but limited insight. We follow with application of techniques independently
developed for microarray data (Huang et al. 2007, Grzegorczyk et al. 2008, Li et al. 2008),
to show that powerful inference is possible and can help to understand complex causal
interactions.

An application: Fungal maintenance of tree diversity
Differential mortality of tree seedlings caused by pathogens is thought to play an
important role in maintaining forest diversity. The importance of seedling pathogens is
often discussed in the context of the Janzen-Connell hypothesis. The Janzen-Connell
hypothesis posits that forest diversity is maintained by host-specific natural enemies
(Janzen 1970, Connell 1971), such that seedlings are more likely to survive when
dispersed far from the parent tree. Multiple studies have shown patterns of tree
recruitment consistent with Janzen-Connell (e.g. Augspurger 1983a, Wills et al. 1997,
Webb and Peart 1999, Harms et al. 2000, Comita and Hubbell 2009) and highlighted the
importance of pathogens in creating these demographic patterns (Augspurger 1983b,
1984, Gilbert et al. 1994, Packer and Clay 2000, Bell et al. 2006). However, in many cases,
the pathogens involved remain unidentified. Proper identification of the pathogens is
complicated by the facts that individual seedlings can support infections by numerous
fungi simultaneously (Chapter 2), and a wide range of pathogens can cause similar
disease symptoms in seedlings (Agrios 2005). For H hosts and K pathogens, there are H x
2K combinations of hosts and pathogens that could potentially alter seedling growth and
mortality, making inference more complex than single host/single pathogen studies.
We examine fungi associated with the tissues of living and dead tree seedlings in
a temperate mixed hardwood stand in the Duke Forest, Orange County, NC, USA. We
focused on five native tree species—Acer barbatum (Southern sugar maple), Diospyros
virginiana (persimmon), Liquidambar styraciflua (sweetgum), Nyssa sylvatica (black gum),
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and Pinus taeda (loblolly pine). Seeds were planted in 20 locations, each with three
subplots, in May and December 2006. Seedlings were monitored weekly for survival
during the 2007 growing season, and both dead and live seedlings were collected for
fungal identification. Fungi were cultured from plant tissue, and identified using rDNAbased sequencing and subsequent phylogenetic analysis. Two relevant abiotic
covariates, soil moisture and light, were measured using time domain reflectometry and
hemispheric canopy photos, respectively. For a detailed description of field and
laboratory methods, see Chapter 2 of this document.
To illustrate a causal inference approach, we discuss infection with the two most
common symbionts—Colletotrichum acutatum and Cylindrocarpon sp. A, a strong BLAST
match to Cylindrocarpon destructans. Colletotrichum acutatum is a cosmopolitan plant
pathogen infecting many woody and herbaceous hosts (Peres et al. 2005). It has not been
previously observed in most of the tree species we studied, though it has been found in
congeneric species (Farr et al. 1989). In adult trees, symptoms occur on reproductive
structures, and in some cases, young leaves and twigs. Small plants show symptoms on
stems and roots (Peres et al. 2005); the fungus can also reside in both juvenile and adult
plants asymptomatically (Freeman et al. 2001, Yoshida et al. 2007). Species in the genus
Colletotrichum can cause disease, confer benefits, or have no measurable effect on hosts.
This plasticity in fungal lifestyle is controlled at least in part by host physiology
(Redman et al. 2001). Colletotrichum is splash dispersed, and sometimes present in the
litter layer (Peres et al. 2005). Cylindrocarpon destructans is a known root rot of several
coniferous and deciduous tree species (Beyerericson et al. 1991, Hernandez et al. 1998,
Seifert et al. 2003, Alaniz et al. 2007). It may be capable of both pathogenic and
endophytic lifestyles (Axelrood et al. 1998), depending on host and environment.
Because both these fungi are known to have multiple lifestyles, we discuss how this
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modeling approach can help generate hypotheses about fungal function based on
observations of detection in live and dead seedlings.

Inferring cause based on data: the graphical model
Consider a fungus that, if present near the host, could infect the host with some
probability. If infected, the risk of mortality may change--if pathogenic, the mortality
risk increases. Infection might be detected by one of several techniques. The observables
for this problem include the survival and detection status of the host. Based on these
observations, we wish to infer whether or not the fungus was present at the site, and if
so, whether the host was infected and the impact of infection on host survival. Because
there is detection error, we cannot equate lack of detection with absence. Thus, detection
error (the false negative rate) becomes part of the model. Although the example is
specific, the elements of the problems are shared by other studies of multiple pathogens
on multiple hosts, especially when sampling is limited.
Causal inference makes use of the graphical model (Figure 3.1) as basis for
evaluation of the unknowns in the model. A fungus may be present in a plot (P = 1) or
not (P = 0) with probability p(P = 1) = λ. If present, a seedling can become infected with
probability p(I = 1|P = 1) = θ. However, knowledge of infection status is limited by our
ability to detect a given fungus in plant tissue; thus, we also fit a detection rate, p(D =
1|I = 1) = φ. An infected individual survives with probability p(S = 1| I = 1) = s1, and a
non-infected individual survives with probability p(S = 1| I = 0) = s0. To begin with basic
causal inference we infer values for the five parameters λ, θ, φ, s0, and s1, based on the
model of causes from Figure 3.1. Inference must be based on the combinations of
observations for detection and survival p(D = 0,S = 0), p(D = 1,S = 0), p(D = 0,S = 1), and
p(D = 1,S = 1). Individuals of known survival status, but unknown detection, and
incorporated into the analysis with missing values for detection. In the next section we
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illustrate how causal inference is used to move from observations to inference on causal
relationships.

Figure 3.1: The graphical framework of the model of incidence, infection, survival,
and detection. Note that only detection and survival can be observed directly.

Causal relationships: Fungal incidence, infection status, and
survival
The probability of infection can be evaluated given observations of fungal
detection (D) and seedling survival (S), when incidence (P) is unknown p(I|D,S) or
known p(I|D,S,P). Incidence is unknown when the fungus has not been detected in any
host tested at the site. We write this probability as p(I|D,S). It is not conditioned on P,
because P is unknown. Incidence is known in the case where infection has been detected
in another individual at the same location. When incidence is known, we can determine
the probability of infection given that the fungus is present, or p(I|D,S,P = 1). Of course,
if the fungus is known to be absent, then infection cannot occur, p(I|D,S,P = 0) = 0.
To arrive at infection probability, consider first the factorization
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The first factor on the right hand side of this equation is the joint probability of infection
and observations of detection and survival, given presence of a fungus (P). This factored
form is useful, because we might know that the fungus exists at the location having
found another infected individual at the same location. If there are no observations of
survival or detection, then the probability of infection is

If the site is known to support the fungus the infection rate increases to

Observations change the probability of infection. Using Bayes theorem, the probability
of infection conditioned on observations is

Substitution gives three possibilities:
detected (1)
not detected, died (2)

not detected, survived (3)
Note that information on infection status comes not only from detection, but also
from survival. The greater the difference between survival probability for infected and
uninfected individuals, the more information the survival data provide. Thus far, we
have relationships that allow us to evaluate infection based on observations. We now
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need to evaluate the probabilities for observations themselves, which could include only
survival or the multinomial combinations of survival and detection.
The probability of survival based on detection, p(S|D), is obtained from

Note that we do not have p(I|D), but rather p(D|I). So we invert the problem using
Bayes theorem,

Upon substitution

Then for the two cases, survival probability is
(4)
(5)
If no infection is detected, then survival is a weighted average of survival probabilities,
the weights being the probability of no infection and infection without detection. If
detected, then infection is certain, and we apply the survival probability for infected
individuals. If there is detection data, we need to consider the different combinations of
survival and detection.
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Likelihood: joint distribution of detection and survival
For model fitting, we need probabilities for the observations D and S. Returning
to the joint distribution and factoring further, we have

These are all univariate distributions, describing the probability for each step in the
'chain of events' leading to the detection and survival observations (see Figure 3.1). Note
the problem simplifies using substitutions p(I,P) = p(I|P) p(P) and p(D,S|I) = p(D|I)
p(S|I), the latter justified by the fact that, given I, D and S are conditionally independent,
meaning that the probability of host survival does not depend on our ability to detect
the fungus, only on the infection status itself. This representation provides the basis for
determining the probability of observations (D, S) as

These probabilities are used in the likelihood function, which we will describe below.

A traditional analysis: Maximum likelihood inference
Using relationships derived in the previous sections, the model can be fitted to
data. This requires a likelihood for the observations of detection D and survival S. The
likelihood can be expressed jointly for observations D and S as the vector of probabilities
, where subscripts designate combinations of observed D and S.
The likelihood function, based on a multinomial distribution, is:
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(6)
(6)
where n is the total number of seedlings and yD,S is the number of seedlings observed in
each of the four (D,S) classes, each having probability pD,S. Assuming the fungus is
present at the site, this multinomial likelihood is

(7)

For some individuals, there is no detection information, in which case the probability of
survival is
(8)
If we have observations of both types (some including detections and some not
including detections), then there are six total types of observations, and the likelihood is
(9)
When incidence is not known, there is an addition source of uncertainty, requiring
inference on λ. We can still evaluate the likelihood, incorporating additional terms for
incidence. However, we cannot identify λ, because it is closely linked to the unknown
value for θ.
We estimated the maximum likelihood (ML) values for the parameters λθ, φ, s0,
and s1 using a parametric bootstrap. The multinomial model (equation 9) is fitted to the
data, and then is randomly resampled 10,000 times to estimate ML values for the four
parameters. The 2.5% and 97.5% quantiles from this resampled data are used to create
confidence intervals. We fitted the model using detection and survival data for five hosts
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and the potential pathogens Colletotrichum and Cylindrocarpon. Maximum likelihood
estimates from the model reveal that mean infection probabilities do not vary much
between species of hosts or fungi (Figure 3.2), with the exception of the high probability
of Colletotrichum infecting Acer barbatum. Infection with Colletotrichum or Cylindrocarpon
tends to decrease survival in three of the five hosts. Although we have no prior
information to suggest that fungi are mutualistic, we find that infection is associated
with higher survival in two other host species. In addition to these point estimates,
confidence intervals on all of these survival probabilities are broad and overlap to such a
degree as to provide little insight on infection probability or its consequences.

Figure 3.2: Infection and survival probabilities estimated using maximum likelihood.
Complete legend on following page.
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Figure 3.2 (continued) Probabilities for infection (upper panels) and survival with and
without infection (lower panels) of five tree seedling hosts with two fungi calculated
using maximum likelihood. Dots represent means; bars are 95% confidence intervals
estimated using a parametric bootstrap. Abbreviations for seedling hosts are as
follows: acba=Acer barbatum, divi=Diospyros virginiana, list=Liquidambar
styraciflua, nysy=Nyssa sylvatica, pita=Pinus taeda.
Despite the value of providing direct solutions for parameters based on data, the
inference that results is limited. As previously mentioned, infection and incidence are
not uniquely identifiable, so we have to assume that the fungus is present, or that we are
actually drawing inference on a 'combined parameter' λθ. Second, estimates of survival
probabilities lack precision; the uncertainty is simply too large to provide much insight.
Finally, the majority (over 80%) of the seedlings assayed for potential pathogens were
found to be infected by multiple fungal morphotypes, and this may be an underestimate
because morphotypes of fungal symbionts were defined macroscopically. This method
does not allow for analysis of impacts of multiple infections on survival. To better
exploit the causal modeling framework and the data themselves, we discuss how the
analysis can be extended through hierarchical structures and computational tools.

Multiple hosts, multiple fungi, and covariates
The foregoing model treats host species and fungi independently, such that
parameters for each combination of host and fungus are calculated separately. For at
least three reasons, it makes sense to combine all hosts and fungi in a single analysis.
First, the probability of fungal incidence on a plot depends on observations obtained for
all species on the plot, because many fungi can infect multiple tree species (see Chapter
2). Second, host survival could depend on the full fungal load, not just on a single
fungus. Multiple infecting fungi could directly or indirectly compete, or even benefit one
another (Al-Naimi et al. 2005). Non-additive interactions between pathogens within
plants have been observed for viruses, bacteria, and fungi (Power 1996, Morris et al.
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2007, Bradley et al. 2008). Therefore, we extended the model to host species h, host
individual i, location j, and fungus k. Although we will discuss some individual
components of the results here (i.e. effects of a certain fungus or combination of fungi on
a certain host), as these specific interactions are of particular ecological interest, the
output comes from an integrated run which fits separate parameters for all hosts and
fungi.
In addition to relationships among co-infecting fungi, both fungal incidence and
host response to infection depend on the environment. Changing environmental and
resource conditions can impact survival and dispersal of fungi outside of the host,
infection rates, and host health, which can in turn affect a host’s ability to survive
infection (Agrios 2005, Desprez-Loustau et al. 2006, Roberts and Paul 2006). For
example, Discula quericina, a fungus that can reside asymptomatically in its oak tree
hosts, can enter a more pathogenic stage under drought conditions (Moricca and
Ragazzi 2008). Here we include light and soil moisture as covariates that can affect
fungal incidence and host survival. The covariates affect incidence of fungus k at a
location j (soil moisture) and survival of seedling i of host h (light, soil moisture,
infection status; Figure 3.1). We extend the modeling approach to incorporate multiple
fungi and hosts, with environmental interactions. We discuss these issues broadly here;
for a formal treatment, see Clark and Hersh (2009).
For the first step of the process (Figure 3.1), incidence of fungal taxon k at plot j
(Pkj), we model incidence probability λ as a logistic function of soil moisture. Incidence
can be informed by detection information on any seedling in a plot, regardless of
species, making this component of the model particularly strengthened by using data
from all seedling hosts. Although we have little information on how different fungi
respond to soil moisture, we do know that many fungi require moisture for resource
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acquisition and dispersal (Alexopoulos et al. 1996). Therefore, we constrain the soil
moisture parameter for incidence to be non-negative.
Infection probability θhk of host species h with fungus k has a non-informative
prior density, reflecting limited knowledge. The detection probabilities for each fungal
taxon have a non-informative prior on the central part of the probability scale, but
truncated at (0.2, 0.95). We estimated survival probabilities for uninfected (s0) and
infected (s1) hosts using a logistic relationship with light, soil moisture, and the full
fungal load as covariates.
Assessing interactions between multiple hosts and multiple fungi results in a
huge model space, one that cannot be explored with traditional inference tools.
Therefore, we developed a reversible jump Markov Chain Monte Carlo (RJMCMC)
algorithm to determine which the many combinations of fungi influence survival
probability of all hosts (Clark and Hersh 2009). Results from Clark et al. (2004) were
used to specify prior densities for the effects of light and soil moisture on seedling
survival, but prior densities for fungal effects on survival were flat truncated to describe
two different prior densities. Effects of fungi were constrained based on understanding
of fungal lifestyle from the literature. A uniform distribution on the logit scale unif(-10,
10) allowed that fungi might have negative or positive effects on survival. A second
prior distribution unif(-10, 0) allows that fungi can have negative effects, but not
positive. The second case is like a one-tailed hypothesis test for negative survival effects-each fungal taxon can be included in the model or not depending whether it has an
effect on survival. Both analyses predicted the same combinations fungal taxa have
negative effects on survival of particular hosts.
We implemented the full model with the five hosts used in the previous analysis
and two fungi using Gibbs sampling. The Gibbs sampler was initially run for 500,000
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iterations until convergence was observed graphically in all parameters. This initial set
of iterations was discarded as burnin, and the model was run for an additional 500,000
Gibbs steps. Here we discuss selected results to illustrate the differences between this
approach and traditional maximum likelihood estimation. Details of the approach are
provided in Clark and Hersh (2009).

Figure 3.3. Infection probabilities given incidence of Colletotrichum and
Cylindrocarpon on five plant hosts, estimated using a hierarchical Bayesian approach.
Points are median parameter estimates, while lines show 95% credible intervals.
Abbreviations for hosts follow Figure 3.2.
Figure 3.3 shows infection probabilities given incidence, comparable to the
traditional analysis in Figure 3.2a. Among the differences between these approaches are
that we can now can estimate the probability of infection, θ, given fungal incidence, a
much more specific quantity than the product of incidence and infection shown in
Figure 2a. Information on incidence comes from all host species. Median infection
probability estimates are low, generally ranging from 0.2 to 0.4, with the exception of
infection of Acer barbatum by Colletotrichum.
We can also estimate the effects of these fungi on seedling survival, given infection.
Figure 3.4a shows estimates of survival probabilities for the five target host seedlings
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with Colletotrichum, Cylindrocarpon, or a combination of the two when detections are
present. The overall trend for all combinations of hosts and fungi is a tendency for fungi
to decrease survival. Estimates of survival without infection (Figure 3.4a, black bars)
from the hierarchical model have more precision than estimates from likelihood,
although in many cases credible intervals on survival remain fairly broad. In addition,
we can also look at the effects of co-infection. In the third panel, estimates of survival
given infection (Figure 3.4a, red bars) are shown for the three species in which coinfection with Colletotrichum and Cylindrocarpon was detected more than twice. Although
effects of multiple infections on survival appear similar to those of single infections in
Acer barbatum and Pinus taeda, in Nyssa sylvatica, co-infections have stronger negative
effects on survival than either fungus alone. This result could not have been obtained
using a maximum likelihood approach, which cannot allow for non-additive impacts of
multiple fungi. Finally, using the RJMCMC algorithm, we can assess how well different
submodels of particular host and fungus combinations fit the data by calculating
posterior model probabilities (pM), the fraction of times in which each submodel is
selected over a reduced model not including any fungal effects. Submodels with pM >
0.5 are marked with asterisks in Figure 3.4a.

58

Figure 3.4: Upper panels: Estimates of survival of five host plants with and without
infection with Colletotrichum, Cylindrocarpon, or a combination of the two. Red bars
represent p(S|I=1) and black bars represent p(S|I=0). Lower panels: estimates of
survival given incidence marginalized over infection (red bars; p(S|P=1)), compared
to survival of uninfected individuals (black bars; p(S|I=0). Points are median
parameter estimates, while lines show 95% credible intervals. Abbreviations for hosts
follow Figure 3.2. Stars over certain host/fungus combinations indicates a posterior
model probability of greater than 0.5 for that submodel in upper panels.
Breaking apart the process of seedling infection into its component parts using
conditional probabilities sheds additional light into this system. Figure 3.4b shows
similar estimates of estimates of survival probabilities, but this time survival is
conditional only on fungal presence in the plot, but not necessarily infection (Figure
3.4b, red bars). Incorporating the low infection probabilities of many of these plantfungus combinations (Figure 3.3) makes median estimates of survival probabilities when
the fungus is present or absent similar, although the slight tendency for survival given
incidence to be lower remains. Without a strong ability to infect potential hosts, fungi
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that may otherwise have large effects on survival of individual hosts may not have a
substantive effect on populations.

Discussion
Ecological studies of disease in systems with multiple hosts and/or pathogens
must allow for a suite of interactions between hosts, pathogens, and the environment.
Like epidemiological studies in humans, research on disease in natural settings must
include observational data. It is often impossible to design and execute the
“counterfactual” experimental design (i.e. randomized manipulations) required by a
traditional hypothesis testing framework (Plowright et al. 2008). Disease exposure and
risk involves multiple factors, not only one host and one pathogen, but also
environmental conditions having many direct and indirect effects (Lafferty and Holt
2003) and co-infection (Pedersen and Fenton 2007). Hierarchical modeling for causal
inference allows us to quantify multiple potential causal factors and to sort through a
large number of variables that could be important in different settings (Clark and Hersh
2009).
Our approach provides new insight on the Janzen-Connell hypothesis, allowing
us to reduce a large number of potentially pathogenic interactions to small number
associated with infection and mortality risk that can be the subject of targeted studies.
In this system, Colletotrichum and Cylindrocarpon are capable of infecting multiple tree
seedling hosts, and they increase mortality risk. Low infection probabilities may limit
their impact. The large credible intervals in estimates of survival given infection make
assessments of the strength of these negative effects challenging. For Nyssa sylvatica the
impacts of multiple infection are estimated to be greater than the impacts of either
fungus alone. Most importantly, co-infection impacts introduce the possibility of many
more ways to regulate hosts, thus increasing the efficacy of Janzen-Connell effects. .
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Using this hierarchical model on observational data sets the stage for future work
by creating strong hypotheses of fungal effects on hosts to test empirically, and
highlighting critical components of the process for sharpened observational or
manipulative studies. In a multi-host, multi-pathogen system such as tree seedlings and
their fungal symbionts, empirically testing all combinations of hosts and fungi using
field inoculations can be infeasible in terms of effort and time. This approach generates
hypotheses about which combinations of hosts and fungi have large effects on seedling
survival, such as Nyssa sylvatica and a combination of Colletotrichum and Cylindrocarpon.
Using this information, more targeted empirical tests can be designed, such as
experimental inoculations to demonstrate Koch’s postulates under the relevant
environmental conditions. This can be an important part of the triangulation approach,
which combines observational data, experimental manipulations, and statistical models
to better understand disease (Plowright et al. 2008). In addition, Figure 3.4 illustrates the
importance of precise estimates of infection probabilities in the process of seedling
disease. Given that this has been highlighted as a limiting factor, we would next want to
strengthen our assays for fungal symbionts deemed important by the model using
fungal-specific primers or quantitative PCR, to ensure that our assessments of infection
are as thorough as possible. In a system where multiple infections and lifestyle
switching are common, hierarchical modeling allows us to isolate salient information
despite complexity.
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4. Impacts of fungal co-infection on temperate
forest diversity
Ecologists have long hypothesized that diverse tree communities are maintained
by a rare-species advantage, with host-specific natural enemies disproportionately
attacking dominant tree species when they are abundant (Gillett 1962, Janzen 1970,
Connell 1971). Under this hypothesis, hosts harbor specialist enemies that suppress their
own offspring, and negative feedbacks prevent dominance by any one species (Bever
1994). Host specificity is critical to this hypothesis to assure that rare species do not
suffer together with their abundant competitors. For this mechanism to explain
diversity, each host must have a unique set of natural enemies. The high diversity of the
microbial community living in plant tissue (Rodriguez et al. 2009) and soils (Torsvik and
Ovreas 2002, O'Brien et al. 2005) lends credence to this hypothesis, especially given that
the ecological function of many of these organisms remains almost entirely unknown.
Spatial relationships between juveniles and conspecific adults (e.g. Augspurger 1984,
Packer and Clay 2000) and the effects of conspecific densities on juvenile survival and
recruitment (e.g. Webb and Peart 1999, Harms et al. 2000, Comita and Hubbell 2009) are
widely cited in support of this hypothesis.
Determining if host-specific pathogens explain coexistence of tens to hundreds of
tree species requires inference on incidence of pathogens, infection risk, and survival in
the context of natural environmental variation, because hosts and pathogens respond
differently to the environment. This inference is substantially more challenging than has
previously been appreciated. First, interactions resulting in significant disease need to be
distinguished from more benign associations involving plants and microbes (Schulz and
Boyle 2005). Once pathogens are identified, confirmation that they have host-specific
effects is required, along with assessment of how interactions vary across environmental
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gradients. Other than notable cases where host-specific pathogens have been identified
(Packer and Clay 2000, Seiwa et al. 2008), most studies on pathogen-driven diversity
maintenance attribute mortality to known diseases, such as damping-off (Augspurger
1983b, 1984) or stem cankers (Gilbert et al. 1994, Gilbert et al. 2001), that cannot be
attributed to one particular causal agent. Studies involving targeted biocides or
sterilization treatments have also demonstrated clear biotic effects on host survival, but
again do not identify specific causal agents (Bell et al. 2006, Petermann et al. 2008).
Although much previous work has targeted single pathogen infections in a given
host, multiple pathogen infections are in fact common (Fitt et al. 2006, Seabloom et al.
2009) and hosts could be regulated by combinations of pathogens, depending on the
interactive effect of co-infection. In other words, the rare species advantage need not
derive from one pathogen per host, but rather from one pathogen combination per host.
The model space represented by combinations of pathogens attacking diverse tree
communities is large, given by H× 2K for H host species and K pathogens. The inherent
complexity requires a synthetic analysis that can address the interactions between
communities of fungi and plants, along with environmental conditions that may alter
the nature of these interactions.
Table 4.1: List of seedling hosts and potential fungal pathogens used in this study

To determine if biodiversity regulation could result from differential
consequences of co-infection, we assayed for potential fungal pathogens on seedlings of
five tree species (Table 4.1) in a temperate mixed hardwood forest (Duke Forest, Orange
County, NC) and developed a new modeling approach for analysis of their high63

dimensional interactions (Clark and Hersh 2009). The approach allowed us to test for
efficacy of all host-fungus combinations, integrating infection and survival risks and
their dependence on environmental variables. Host species were selected to incorporate
a range of shade tolerance and relative abundance. Density-dependent effects on
survival have been observed on N. sylvatica (HilleRisLambers and Clark 2003), and
distance-dependent effects have been observed on L. styraciflua (Streng et al. 1989).
Potentially pathogenic fungi were isolated from experimental seedlings using culturebased methods and identified using DNA sequencing; five of the thirteen most common
fungi we identified that are known pathogens or members of genera containing known
pathogens were selected for analysis (Chapter 2). Data on detection of fungi are
combined with seedling survival data and covariates to predict the full effects of each
multi-fungus combination.
We developed a hierarchical Bayesian model of fungal effects on seedling
survival that breaks down the process of disease into its component parts: fungal
incidence (P), host infection (I), host survival (S), and fungal detection (D). We can only
observe survival and detection, and must model infection and incidence as latent states.
The model fits five parameters—incidence, infection, detection, and survival
probabilities (with and without infection). All parameters are evaluated on an individual
level, with the exception of incidence, which is assessed on the plot level. Environmental
conditions are incorporated into the model as covariates on incidence (soil moisture) and
survival (light, soil moisture). Combinations of hosts and fungi are evaluated as a
network of interactions, using a reversible jump Markov chain Monte Carlo algorithm to
reduce the model space to combinations of fungi that have consequential impacts on
host survival. We examine different stages of the process jointly using conditional
probabilities, such as detection given infection, survival given infection or lack thereof,
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and infection given incidence. For a more detailed description of the model, see chapter
3 of this document. The ability of the model to distinguish fungi with deleterious effects
on survival from commensalists has been demonstrated with simulation experiments
(Clark and Hersh 2009). We use the model output to re-assess the rare species
advantage, determine which fungi or combinations of fungi may affect survival of
specific hosts, and determine how those effects may depend on environmental variables.
Figure 4.1 shows posterior model probabilities for combinations of fungi
infections (rows) on seedling hosts (columns). We assess which combinations of fungi
affect host survival using posterior model probabilities, or the fraction of times in which
each submodel is selected over a reduced model not including any pathogen effects.
Posterior model probabilities greater than 0.5 (warm shaded boxes) indicate coinfections that reduce survival. Probabilities less than 0.5 (cool unshaded boxes) indicate
no effect. The many empty cells represent co-infection combinations that do not occur in
the dataset. Extensive simulation studies demonstrate that false positive and false
negative rates are less than 5%, allowing for confidence in these probabilities (Clark and
Hersh 2009).
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Figure 4.1: Posterior model probabilities of effects of different combinations of fungi
on host survival. Rows are fungi, columns are hosts following Table 4.1. Posterior
model probabilities > 0.5 indicate co-infections that reduce survival; probabilities <0.5
indicate no effect. False positive and false negative rates are less than 5%, based on
simulations (Clark and Hersh 2009). Empty cells represent co-infection combinations
that do not occur in the dataset.
Results demonstrate that although many of these fungi infect multiple hosts,
their impacts differ from host to host (Figure 4.1, rows 1-5). For example, infection with
Cylindrocarpon alone affects survival of P. taeda, but not any of the other four species that
it can infect. Similarly, Phomopsis sp. B alone affects D. virginiana, but not two of the
other four hosts for which there was sufficient detection. These results are consistent
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with current knowledge that fungal plant symbionts can display multiple lifestyles,
depending on host identity (Redman et al. 2001). Even strong pathogens can infect
alternate hosts in which effects on survival are weaker, including Cryphonectria parasitica,
the causal agent of chestnut blight (Nash and Stambaugh 1987), and Phytophthora
ramorum, the causal agent of sudden oak death (Rizzo et al. 2005). Our modeling
framework allows us to distinguish between commensalist and parasitic lifestyles within
fungal species, and generates a targeted set of hypotheses of which fungi affect which
hosts for future empirical testing.
The effects of co-infection can differ from infection by individual fungi. In some
hosts, fungi reduce survival only in combination with others (Figure 4.1). None of the
five fungi tested affect the survival of N. sylvatica alone, yet the combination of
Colletotrichum and Cylindrocarpon did. Similarly, survival of L. styraciflua was reduced
only in combination—Phomopsis B/Cylindrocarpon and Phomopsis A/Phomopsis D.
Alternatively, P. taeda was reduced by both the combination of Colletotrichum and
Cylindrocarpon and by Cylindrocarpon alone. The effects of combined infections may not
be additive because of potential interactions between infecting fungi. Multiple infecting
fungi could directly or indirectly compete for resources within a host, compete indirectly
by stimulating plant immune responses, or even facilitate one another (Adee et al. 1990,
Nolan et al. 1999, Al-Naimi et al. 2005, Pedersen and Fenton 2007). Non-additive
interactions between pathogens within plants have been documented in systems with
various plant pathogens, including viruses, bacteria, and fungi (Power 1996, Morris et al.
2007, Bradley et al. 2008). Our approach allows us to assess the importance of these
combined effects when the number of combinations is large and the nature of these
interactions is unknown.
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Figure 4.2: Predictive distributions of survival probabilities. Complete legend on
following page.
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Figure 4.2 (continued): Predictive distributions of survival probabilities of uninfected
hosts (Pr(S|I=0), dashed black lines), infected hosts (Pr(S|I=I), dotted colored lines),
and the probability of survival given incidence (Pr(S|P=1), solid colored lines). Only
combinations of fungi and hosts with a posterior model probability greater than 0.5
are included. Color coding for fungi is as follows: Colletotrichum-red,
Cylindrocarpon-yellow, Phomopsis sp. B-blue, and combinations accordingly. The
combination of Phomopsis sp. D and A is brown.
In addition to identifying co-infections that reduce survival, this model provides
inference for incidence and infection, and it allows us to combine them, to determine
effects on different scales (Fig. 4.2). Infection reduces survival, as demonstrated by the
differences between probabilities of survival of uninfected individuals, p(S|I = 0), and
probabilities of survival given infection, p(S|I = 1) (dashed black vs. solid colored curves
in Fig. 4.2). Even if the fungus is present, not all individuals are infected, so the
probability of survival given incidence, p(S|P = 1), marginalizes over infection
probability (dotted colored curve) and is intermediate. Effects of fungi on survival
probabilities can be large, but depend on infection rates, which differ for each hostfungus combination. The predictive intervals in Figure 4.2 marginalize over incidence,
infection, and survival. The effects of fungi on survival could be large if these annual
rates compound each year, since trees can remain in the seedling stage for years to
decades depending on species and environmental conditions (Streng et al. 1989, Marks
and Gardescu 1998, Szwagrzyk et al. 2001).
The effects of infection are mediated by the environment, which affects both
fungi and hosts. Adequate soil moisture can improve spore dispersal and germination,
and invasion into plant tissue, but it can also improve plant growth and survival (Agrios
2005). Figure 4.3 shows predictive distributions of the five fungi at the range of soil
moisture levels observed during the time of this study. The probability of incidence for
all five fungi is positively associated with soil moisture. The importance of soil moisture
in host survival is also illustrated by the predictive distributions of survival probabilities
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at low (blue lines) and high (red lines) soil moisture values from our study (Figure 4.4).
We compare survival of uninfected seedlings, Pr(S|I=0) (dashed lines) to survival
probabilities marginalized over infection and incidence, Pr(S) (solid lines). When
Colletotrichum can infect A. barbatum (left panel), the magnitude of the difference in
survival probabilities when the fungus is present or absent does not change. However,
when Phomopsis sp. B can infect D. virginiana (right panel), soil moisture shifts the nature
of the interaction. At low soil moisture, survival probability does not change with
incidence, but at high soil moisture, the fungus depresses survival. Both host and fungus
respond positively to soil moisture, but effects of the fungus negate any survival benefits
to the host at high soil moisture.

Figure 4.3: Predictive distributions of fungal incidence probabilities, Pr(P), at the
range of soil moisture levels observed in this study for five fungal taxa (abbreviations
following Table 4.1). Solid lines represent mean incidence probabilities; dotted lines
are 95% credible intervals.
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Figure 4.4: Predictive distributions of survival probabilities of uninfected plants
(Pr(S|I=0), dashed lines) and survival probabilities marginalized over infection and
incidence (Pr(S), solid lines) at different levels of soil moisture. Red lines show
survival at low soil moisture (10% quantile of observed values); blue lines show
survival at high soil moisture (90% quantile). Fungus and host names are in upper left
corner of panels.
By accounting for the interactions among potential fungal pathogens, their hosts,
and environmental variation, we show evidence of specialization that is consistent with
the rare species advantage. Effects of fungi on survival could be magnified given the
range of environmental variation present in ecosystems. A single fungal infection could
have differential impacts on the survival of each of its hosts, depending on how it
interacts with other fungi at different moisture levels. Each additional fungus could help
support the coexistence of multiple hosts, through its 2K potential interactions with other
pathogens, each of which can be modified by the environment. The full effects of the
fungi analyzed in this study will depend on how they compound over years. Higher
levels of soil moisture tend to increase the probability of fungal incidence, but increased
opportunity for infection may not translate to stronger effects on survival, depending on
host benefits from improved moisture status. Thus, interactions between seedlings,
fungi, and the environment must be considered in a unified framework.
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A synthetic study that incorporates the effects of multiple types of host-specific
enemies (fungi, oomycetes, bacteria, herbivores, seed predators) could provide further
insight concerning whether or not a large number of interacting enemies regulate plant
biodiversity at a large scale. The diversity of the microbial community within individual
plants can be considerable (Vandenkoornhuyse et al. 2002), and the microbial
community can vary depending on the spatial distributions of multiple hosts and
environmental conditions. The analytical approach presented here helps to manage the
complexity of these interactions, thereby focusing hypotheses for further testing. Modelbased analyses, such as this one, are an important contribution to a triangulation
approach to disease ecology (Plowright et al. 2008), in which field, laboratory, and
modeling studies are combined to improve our understanding of the complex web of
factors causing disease in unmanaged systems.
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5. Synthesis: Moving the Janzen-Connell
hypothesis forward
This research provides evidence that both supports and contradicts the JanzenConnell hypothesis. In Chapter 2, we confirmed that the diversity of fungi inhabiting
both dead and live seedlings is quite high; we identified 130 fungal taxa and estimate
that at least 200 fungi inhabit the thirteen tree species sampled. However, all common
fungi were isolated from multiple hosts. In Chapter 3, we outlined a new analytical
method for assessing the impacts of fungal infection in tree seedlings, breaking down
the process into its component parts: fungal incidence, infection, seedling survival, and
fungal detection. We discussed how a Bayesian approach to causal inference allows us
to directly incorporate the unavoidable complexity of multiple hosts, multiple
pathogens, and the environment into our analysis, and used conditional probabilities to
draw inference on different parts of this process in the context of one another. In the
final chapter, we combined the fungal data from Chapter 2 with the modeling approach
in Chapter 3 to assess impacts of selected fungi on seedling survival. We found that
although many common fungi could infect multiple hosts, effects on survival vary
between hosts. In addition, we found that some fungi only had effects on survival when
found in combination with other fungal symbionts. We were able to identify specific
combinations of hosts and fungi in which host survival is reduced, and generate
targeted hypotheses for future empirical testing.
The Janzen-Connell hypothesis remains a widely discussed mechanism for
maintaining forest diversity. However, this hypothesis is in need of updating given the
current state of knowledge about fungal seedling pathogens, and their effects on
seedling survival. Here we outline several components of the Janzen-Connell
hypothesis that can be improved in the context of not only this research, but also other
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recent studies: host specificity, spatial distribution of fungal incidence, and
environmental context.

Host specificity and co-infection
For a pathogen to be consistent with the mechanisms predicted by JanzenConnell, it needs to be host-specific, having far greater impacts on the survival of its
primary seedling host than other co-occurring species (Freckleton and Lewis 2006).
Although in some systems there is a clear relationship between one host and one hostspecific pathogen (Packer and Clay 2000), we found few fungi that were strict host
specialists in this system. However, many of these polyphagous fungi appear to have
unequal effects on their different hosts (Chapter 4), consistent with other studies on
necrotrophic fungal pathogens (Redman et al. 2001, Gilbert and Webb 2007). In addition,
the impacts of combinations of infections may also influence survival, increasing
potential opportunities for host specificity. The question remains as to whether these
differences in pathogenicity between hosts are large enough to translate into strongly
differential mortality in seedlings. Seemingly weak survival impacts in any one year
could be compounded if they continue to occur over the entire residence time of a
seedling in the seedling bank. Finally, other strict specialists may exist in this system, as
we did not sample all the potential natural enemies. Obligate fungal biotrophs,
oomycetes, bacteria, viruses, and insect herbivores likely all contribute to seedling
mortality. A truly integrated study of Janzen-Connell effects must include a broader
suite of enemies.

Defining specificity
Unequal impacts on seedling survival within a single fungal species may be
driven by specificity at the strain level (Burdon 1987). Lumping both fungi and seedlings
at the species level may mask differences between virulent and non-virulent pathogen
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genotypes, and susceptible and non-susceptible host genotypes. We also cannot ignore
the possibility that the methods used to delineate fungal taxa did not make sufficiently
fine divisions. Different methods for designating OTUs and thresholds for making OTU
divisions exist throughout the literature, and in fact there may be no universal cutoff or
method appropriate for delineating taxa based on DNA sequences for all fungi (Arnold
et al. 2007). The groups we designated are generally phylogenetically consistent based
on genetic markers we used, but these markers are not precise enough to define strains
within species. Using microsatellites, AFLPs, or other fine-scale genetic markers to
define strains within existing OTUs and assess strain-level specificity would be a natural
extension of this work. Finally, even if pathogens are generalists or affect multiple host
species, this does not mean they do not influence plant community structure.
Phytophthora cinnamomi, a generalist pathogen with a broad host range, has large impacts
on plant community structure in Australia, changing the understory of eucalypt
woodlands from shrubs to sedges (Burdon 1987). Resistance to any generalist pathogen
could influence plant communities by acting as another axis in the high-dimensional
framework of niche differentiation or trade-offs.

Spatial distribution of fungi
Another important assumption inherent to the Janzen-Connell hypothesis is that
natural enemies of a given seedling host have a clumped distribution at the landscape
scale, and are clustered near adults (Gilbert 2002). Dispersal of fungi needs to be
relatively poor in order to maintain the “distance effect” of Janzen-Connell (Adler and
Muller-Landau 2005). Broadly distributed, multihost fungi seem initially unlikely to
meet this criterion. There are several ways in which we may be able to reconcile these
differences. First, although a fungus may be well-dispersed throughout the landscape,
genotypes or strains that are more virulent to particular hosts may be clumped around
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those hosts. Second, fungi with strong impacts on one particular host may have a much
greater relative abundance near that host, increasing infection probabilities through
increased levels of inoculum. Finally, when combinations of infections are important,
areas in which combinations of fungi are present necessary for impacts on survival may
be patchily distributed despite individual species having broader distributions. More
detailed spatial studies on the patterns of fungal incidence in forests can elucidate
whether the spatial signal of Janzen-Connell, in terms of fungal incidence, is a true
phenomenon.

Environmentally mediated lifestyle switching
Interactions between hosts and fungi cannot be taken out of the context of the
environment. In this study, we found that soil moisture influences incidence of fungi on
the landscape, and that these elevated levels of incidence and subsequent infection can
negate positive direct effects of soil moisture on seedling survival (Chapter 4). Unequal
impacts on survival could also be driven by environmentally induced lifestyle
switching, as environmental context can play a large role in determining the nature of
interactions between plants and fungi (Desprez-Loustau et al. 2006, Moricca and Ragazzi
2008). For example, dispersal into light gaps reduced the amount of pathogen-induced
mortality near parent trees (Augspurger 1984). Clearly, future studies assessing the
importance of JC or other negative feedbacks will need to incorporate interactions
among hosts, pathogens, and the environment.

Conclusions
The Janzen-Connell hypothesis has played an important role in shaping
discussions of how forest diversity is sustained. However, we can refine this hypothesis
by incorporating our understanding of seedling disease from a microbial perspective.
Most importantly, we need to reconsider our definition of host specificity, and allow for
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both the inclusion of multihost pathogens with differential effects and co-infection by
multiple pathogens. Future research should focus on not only identifying pathogens, but
also determining whether distributions of pathogens at the landscape scale match the
predictions of Janzen-Connell. And finally, environmental conditions that may mediate
host-pathogen interactions need to be more explicitly considered in future analysis of
Janzen-Connell effects. By addressing this hypothesis not only from the perspective of
the hosts, but also from that of the pathogens, we can improve our understanding of this
important mechanism for maintaining forest diversity.
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Appendix 1: Seedling survival and sampling
Appendix 1: Total number of tree seedlings, survival data, and sampling amounts.
Shade tolerance classifications follow Burns and Honkala (1990).
Tree species
Acer barbatum
Acer rubrum
Carya ovata
Diospyros virginiana
Fagus grandifolia
Liquidambar styraciflua
Liriodendron tulipifera
Nyssa sylvatica
Pinus taeda
Quercus alba
Quercus phellos
Quercus rubra
Quercus stellata

Seed
size

Shade
tolerance

Total
seedlings

Proportion
survived

small
small
large
medium
large
small
small
medium
small

tolerant
tolerant
intermediate
tolerant
tolerant
intolerant
intolerant
tolerant
intermediate
to intolerant
intermediate
intermediate
intermediate
intolerant

131
36
183
51
23
150
29
116
153

0.618
0.361
0.940
0.549
0.696
0.347
0.034
0.534
0.052

34
9
2
14
6
42
10
39
48

15
1
1
11
0
15
0
12
7

49
10
3
25
6
57
10
51
55

107
193
123
77

0.935
0.933
0.878
0.818

3
6
8
5

2
2
1
0

5
8
9
5

large
large
large
large
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Sampled
seedlings
died surv

Total
sampled

Appendix 2: Complete list of all fungal taxa
Appendix 2. Complete list of all 130 fungal taxa identified, and the BLAST results of representative samples from each
OTU. Names were assigned to fungi based on NCBI BLAST results if the top named fungal sequence had an E-value of 0.0 and
Max Identity greater than 97 percent. Top BLAST hits are reported for all taxa; if a lower hit met the aforementioned criteria and
was used for naming, it was also included and preceded by its rank among BLAST hits in parentheses. Class and order were
assigned by phylogenetic analysis, except when marked with an asterisk, in which case they were assigned by BLAST ID. Top
fungal BLAST hits not concordant with phylogenetic analyses are marked by a pound sign. Tables are divided by phylum.
2a. Phylum: Ascomycota
Class

Order

OTU label

Number
isolations
65
52
25
21
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Sordariomycetes
Sordariomycetes
Sordariomycetes
Sordariomycetes

Incertae sedis
Hypocreales
Xylariales
Diaporthales

Colletotrichum acutatum
Cylindrocarpon sp. A
Pestalotiopsis sp. A
Phomopsis sp. B

Sordariomycetes
Dothideomycetes
Leotiomycetes

Diaporthales
Pleosporales
Helotiales 8

Phomopsis sp. D
Alternaria sp. A
Phialocephala sp. A

21
20
20

Sordariomycetes
Taphrinomycetes*
Eurotiomycetes
Sordariomycetes

Xylariales
NA
Eurotiales
Xylariales

20
18
17
16

Leotiomycetes
Sordariomycetes
Dothideomycetes
Dothideomycetes
Sordariomycetes

Incertae sedis
Diaporthales
Pleosporales
Capnodiales
Hypocreales

Pestalotiopsis sp. C
Taphrina sp. A
Penicillium sp. A
Unknown fungus 38/
Xylariales sp. A
Cryptosporiopsis sp. A
Phomopsis sp. A
Epicoccum sp. A
Cladosporium sp. A
Bionectria sp. G

Leotiomycetes

Incertae sedis

10

Sordariomycetes
Dothideomycetes
Sordariomycetes
Leotiomycetes

Incertae sedis
Pleosporales
Diaporthales
Incertae sedis

Unknown fungus 70/
Leotiomycete sp. A
Colletotrichum sp. B
Microdiplodia sp. A
Pilidiella sp. A
Leptodontidium sp. A

15
13
12
11
11

10
9
9
8

Top fungal BLAST hit

Accession
AB443950
AJ875329
EF055194
AF373046
EU002933
AY577815
AB470912
FJ803971
AY394921
FJ947050
AF492088
AB505424
AY853244

Bit
score
1011
944
1050
949
906
910
960
975
969
924
1014
1003
710

Evalue
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Max
Ident.
100.00
100.00
100.00
99.28
97.23
97.48
100.00
100.00
99.81
100.00
99.66
100.00
94.75

Glomerella acutata
Neonectria radicicola
Pestalotiopsis cocculi
(1) Fungal endophyte MUT 885
(8) Phomopsis sp. VegaE4-74
Diaporthe phaseolorum
Alternaria alternata
(1)Uncult. ecto.(Phialocephala)
(2)Phialocephala fortinii
Pestalotiopsis sp. Ht-3
Taphrina communis
Penicillium sp. CLF-S
Cylindrium elongatum
Cryptosporiopsis ericae
Phomopsis vaccinii
Epicoccum nigrum
Cladosporium sp. MH6
(1) Uncultured Bionectriaceae clone
(2) Bionectria ochroleuca
(1) #Basidiomycete sp. OS-S4
(2) Lachnum nudipes
Colletotrichum truncatum
Microdiplodia sp. G16A
Pilidiella sp. B8-71
(1) Uncultured ascomycete clone
(2) Leptodontidium orchidicola

EF114392
EU571096
FM991735
FJ950740
EU754945
AB369487
AM084751
AF505517
AJ301985
EF432267
AB465200
EU003001
AF486133

940
1000
939
951
982
982
868
742
985
998
1058
1065
1058

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

99.81
99.82
100.00
100.00
100.00
100.00
89.46
84.43
99.82
100.00
99.66
100.00
99.83

Leotiomycetes

Incertae sedis
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Unknown fungus 27/
Leotiomycete sp. B
Amphisphaeria sp. A

8

Uncult. mycorrhizal fungus PHIALO1

AY656940

919

0.0

99.42

Sordariomycetes

Xylariales

8
8

EF619630
AF346545
EU680554

942
921
964

0.0
0.0
0.0

99.26
97.83
100.00

Diaporthales
Dothideales*
Pleosporales
Eurotiales
Hypocreales
Incertae sedis
Diaporthales
Hypocreales*
Hypocreales

Unknown fungus 6/
Xylariales sp. B
Dicarpella sp. A
Aureobasidium sp. A
Phoma sp. A
Penicillium sp. C
Fusarium sp. A
Rhexocercosporidium sp. A
Discula sp. A
Bionectria sp. AB
Cylindrocarpon sp. D

(1) Uncult. Amphisphaeriaceae clone
(2)Amphisphaeria sp. Kobayashi 6-(4)
Sordariomycete sp. 7423

Sordariomycetes

Xylariales

Sordariomycetes
Dothideomycetes*
Dothideomycetes
Eurotiomycetes
Sordariomycetes
Leotiomycetes
Sordariomycetes
Sordariomycetes*
Sordariomycetes
Sordariomycetes

Hypocreales

Pochonia sp. A

5

Sordariomycetes*
Sordariomycetes*
Dothideomycetes

Hypocreales*
Hypocreales*
Pleosporales

5
5
4

AY853241
DQ680687
AF218792
AB465208
EU750678
EU543257
FN386280
AF210690
FJ524310
AB369414
FJ553724
EU999952
DQ379015
AF108467
FN386299

901
982
895
1007
969
926
998
911
940
922
975
975
1041
949
937

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

99.81
99.00
98.27
100.00
99.81
99.24
99.82
99.80
100.00
99.80
99.82
99.82
99.83
97.28
99.24

Dothideomycetes

Pleosporales

4

Pyrenochaeta sp. CF-2008

EU885415

818

0.0

95.45

Eurotiomycetes
Leotiomycetes
Leotiomycetes

Eurotiales
Incertae sedis
Incertae sedis

4
4
4

Penicillium daleae
Gloeosporium sp. DAOM 233252
Mycorrhizal asco. of Rhododendron

AF033442
EF672242
AB089660

729
949
921

0.0
0.0
0.0

99.78
100.00
99.61

Leotiomycetes

Incertae sedis

4

Uncultured soil fungus clone 9a13

DQ420921

930

0.0

99.05

NA
Sordariomycetes

NA
Hypocreales

4
4

Uncultured fungus clone A48
Annulohypoxylon truncatum

EF040841
FJ478107

911
710

0.0
0.0

99.42
86.73

Dothideomycetes
Dothideomycetes

Botryosphaeriales
Pleosporales

Trichoderma sp. A
Verticillium sp. B
Unknown fungus 24/
Pleosporales sp. A
Unknown fungus 8/
Pleosporales sp. B
Penicillium sp. E
Gloeosporium sp. A
Unknown fungus 20/
Leotiomycete sp. C
Unknown fungus 25/
Leotiomycete sp. D
Unknown fungus 4
Unknown fungus 26/
Hypocreales sp. A
Botryosphaeria sp. A
Phoma sp. C

Dicarpella dryina
Aureobasidium pullulans
Phoma herbarum
Penicillium soppii
Fusarium sp. 08025
Rhexocercosporidium sp. Dzf14
Discula quercina
Bionectria compactiuscula
(1) Uncult. endophytic fungus clone
(3) Cylindrocarpon sp. BGS16
(1) Uncultured Clavicipitaceae clone
(2) Pochonia bulbillosa
Trichoderma koningiopsis
Verticillium cf. aranearum
#Trichocladium opacum

3
3

Leotiomycetes

Incertae sedis

3

EF638749
AM901824
AY354263
EU113213

1005
839
792
908

0.0
0.0
0.0
0.0

100.00
97.59
97.27
99.80

Leotiomycetes

Incertae sedis

3

Uncultured ectomy. (Helotiales) clone

DQ974826

962

0.0

100.00

Sordariomycetes*

NA

Unknown fungus 9/
Leotiomycete sp. E
Unknown fungus 41/
Leotiomycete sp. F
Colletotrichum sp. C

Botryosphaeria dothidea
(1) Uncult. asco. clone BF-OTU277
(2) Phoma cava
Uncultured fungus isolate H5

3

Sordariomycetes

Hypocreales

Fusarium sp. B

3

(1) Fungal sp. ARIZ L90.p
(2) Colletotrichum crassipes
Fusarium sp. AJH20

FJ612887
FJ515007
EU605879

989
989
937

0.0
0.0
0.0

100.00
100.00
100.00

7
6
6
6
6
5
5
5
5
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Dothideomycetes

Pleosporales

Dothideomycetes

Pleosporales

Eurotiomycetes*
Eurotiomycetes*
Leotiomycetes

Eurotiales*
Eurotiales*
Incertae sedis

NA
NA
NA
NA
Sordariomycetes
Sordariomycetes
Sordariomycetes*
Sordariomycetes
Sordariomycetes

NA
NA
NA
NA
Diaporthales
Diaporthales
Hypocreales*
Ophiostomatales
Xylariales

Sordariomycetes

Xylariales

Dothideomycetes*
Dothideomycetes*
Dothideomycetes
Dothideomycetes*

Botryosphaeriales*
Botryosphaeriales*
Botryosphaeriales
Pleosporales*

Dothideomycetes

Pleosporales

Dothideomycetes

Pleosporales

Dothideomycetes

Pleosporales

Dothideomycetes*
Eurotiomycetes

Xylariales*
Chaetothyriales

Eurotiomycetes*
Leotiomycetes

Eurotiales*
Incertae sedis

Leotiomycetes

Incertae sedis

Leotiomycetes*
Leotiomycetes*
Leotiomycetes*
NA

NA
NA
NA
NA

Unknown fungus 23/
Pleosporales sp. C
Unknown fungus 44/
Pleosporales sp. D
Penicillium sp. B
Penicillium sp. F (FG)
Unknown fungus 49/
Leotiomycete sp. G
Paecilomyces sp. A
Unknown fungus 1
Unknown fungus 2
Unknown fungus 66
Didymella sp. A
Phomopsis sp. E
Fusarium sp. C
Sporothrix sp. A
Unknown fungus 5/
Xylariales sp. C
Unknown fungus 53/
Xylariales sp. D
Botryosphaeria sp. B
Botryosphaeria sp. C
Botryosphaeria sp. D
Saccharicola sp. A

2

Uncult. ascomycete clone C32_A05

EU490095

744

0.0

92.97

2

AY969642

1061

0.0

99.67

2
2
2

Uncultured asco. isolate
dfmo0690_212
Penicillium glabrum
Penicillium sp. 17-M-1
Uncultured ascomycete clone

EU128643
EU076929
EU003078

980
957
810

0.0
0.0
0.0

100.00
98.73
93.75

2
2
2
2
2
2
2
2
2

Paecilomyces carneus
Gloeosporium sp. DAOM 233252
Uncultured ascomycete clone
Uncultured fungus clone
Didymella clavulata
Phomopsis sp. A57
Fusarium sp. DSCF10
Sporothrix sp. 1-CMW9488
Monochaetia sp. PSH2004I-1032

AB258369
EF672242
EF619849
FJ820764
EU254820
EF564153
AB470905
AY546720
DQ078307

1088
778
931
695
890
958
910
1005
838

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

99.35
93.56
99.06
93.81
100.00
99.44
99.80
98.15
91.74

2

Xylariaceae sp. VegaE1-70

EU009957

930

0.0

96.79

1
1
1
1

Unknown fungus 45/
Pleosporales sp. E
Unknown fungus 47/
Pleosporales sp. F
Unknown fungus 69/
Pleosporales sp. G
Anthostomella sp. A
Unknown fungus 68/
Chaetothyriales sp. A
Penicillium sp. H
Unknown fungus 22/
Leotiomycete sp. I
Unknown fungus 34/
Leotiomycete sp. H
Botryotinia sp. A
Cadophora sp. A
Oidiodendron sp. A
Unknown fungus 7

1

Botryosphaeria corticola
Botryosphaeria parva
Botryosphaeria sp. GU071005
(1) Uncultured fungus, clone
(2) Saccharicola bicolor
Uncultured ascomycete clone

AY268421
EU249466
AB472081
AM260897
AF455415
EU490040

1002
686
951
899
892
659

0.0
0.0
0.0
0.0
0.0
0.0

100.00
99.50
99.64
98.83
98.64
90.02

1

Uncultured ascomycete clone

EU489946

1002

0.0

99.64

1

AY969370

980

0.0

100.00

AY908989
AY970158

760
944

0.0
0.0

98.24
98.24

1
1

Uncultured asco. isolate
dfmo0688_072
Anthostomella sepelibilis
Uncultured ascomycete isolate
dfmo1059_160
Penicillium canescens
Uncultured soil fungus clone

DQ658168
DQ420918

957
857

0.0
0.0

97.83
96.74

1

Pseudoclathrosphaerina spiralis

EF029231

818

0.0

96.04

1
1
1
1

Botryotinia porri
Cadophora luteo-olivacea
Oidiodendron citrinum
Uncultured Entrophospora clone

FJ169672
FJ430742
AF307762
EU516767

888
1052
805
814

0.0
0.0
0.0
0.0

98.44
97.87
99.15
90.78

1
1
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NA
NA

NA
NA

Unknown fungus 10
Unknown fungus 11

1
1

Ascomycete sp. DAR 73142
Uncultured fungus, clone YJ4-61

AY568066
AJ877190

682
446

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Unknown fungus 12
Unknown fungus 13
Unknown fungus 16
Unknown fungus 17
Unknown fungus 19
Unknown fungus 28
Unknown fungus 29
Unknown fungus 30
Unknown fungus 31
Unknown fungus 32
Unknown fungus 33

1
1
1
1
1
1
1
1
1
1
1

Uncultured asco. clone 3S1.10.F05
Pleosporales sp. MH179
Pochonia chlamydosporia
Fungal sp. KF-4
Uncult. asco isolate dfmo0688_130
Uncultured fungus clone IVP4-17
Fungal endophyte, isolate 3487
Uncultured Pleosporales clone
Uncultured fungus clone OTU19
Uncultured Dothideomycetes clone
Pseudorobillarda texana

EF619871
FM995624
EU733637
EU051626
AY969421
EU516846
FN392306
EF619741
EF521221
EU726287
FJ825372

874
821
807
668
737
803
1065
868
818
928
488

NA
NA
NA

NA
NA
NA

Unknown fungus 35
Unknown fungus 37
Unknown fungus 39

1
1
1

Hypocreales sp. HLS104
Fungal endophyte, isolate 3351
Alternaria sp. KL-2008a strain Tax-4

FJ770062
FN392307
EU442281

946
818
466

NA

NA

Unknown fungus 40

1

Uncultured Sarcosomataceae clone

EU516860

610

NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA

Unknown fungus 42
Unknown fungus 57
Unknown fungus 58
Unknown fungus 59
Unknown fungus 60
Unknown fungus 61

1
1
1
1
1
1

Uncultured ascomycete clone
Soil fungal sp. 14-M-1
Uncultured fungus isolate Ba12
Fungal sp. ARIZ B364
Dictyochaeta fertilis
Acremonium sp. CCF3791

EU490073
EU076922
EU113206
FJ612995
AF178540
FJ430713

967
816
879
782
769
580

NA
NA
NA
NA

NA
NA
NA
NA

Unknown fungus 62
Unknown fungus 63
Unknown fungus 64
Unknown fungus 65

1
1
1
1

Xylariales sp. JP150
Leptosphaeriaceae sp. HKC16
Lophiostoma sp. CBS 109932
Paecilomyces lilacinus

AB255288
DQ092530
EF042107
EU553303

821
874
744
520

NA
Sordariomycetes

NA
Chaetospheriales

Unknown fungus 71
Chloridium sp. A

1
1

Sordariomycetes

Coniochaetales

1

Sordariomycetes

Diaporthales

Unknown fungus 52/
Coniochaetales sp. A
Cryptodiaporthe sp. A

Sordariomycetes

Diaporthales

Phomopsis sp. F

1

Gliocephalotrichum simplex
(1) Fungal sp. R38
(2) Chloridium virescens
(1) Fungal sp. R52
(2) Lecythophora luteoviridis
(1) Diaporthales sp. MosID14
(2) Cryptodiaporthe cf. hystrix
Phomopsis sp. GFP1

DQ366704
AY699679
EF029220
AY699696
DQ404354
AY961405
EU255020
AB302248

886
946
926
957
931
930
919
982

0.0
4.00E
-122
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.00E
-134
0.0
0.0
3.00E
-128
2.00E
-171
0.0
0.0
0.0
0.0
0.0
3.00E
-162
0.0
0.0
0.0
2.00E
-144
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Sordariomycetes

Diaporthales

Unknown fungus 48/
Diaporthales sp. A

1

Uncultured sordariomycete clone

EF619767

964

0.0

1

94.70
84.47
100.00
99.58
95.20
99.73
99.52
96.72
99.34
99.19
98.13
98.34
81.82
98.89
99.56
92.97
89.29
99.63
99.56
99.80
93.86
95.83
92.46
96.99
98.82
95.91
93.39
96.98
100.00
98.87
100.00
98.01
98.01
100.00
99.28
99.81

Sordariomycetes*
Sordariomycetes*

Hypocreales*
Hypocreales*

Acremonium sp. A
Fusarium sp. D

1
1
1
1
1

Acremonium alternatum
(1) Sordariomycete sp. 7670B
(2) Gibberella moniliformis
Fusarium lateritium
Nectria sp. olrim133
Polyscytalum fecundissimum

AB470879
EU680539
EU364864
FJ459977
AY590785
EU035441

944
897
897
960
774
810

0.0
0.0
0.0
0.0
0.0
0.0

99.81
100.00
100.00
100.00
97.59
90.59

Sordariomycetes
Sordariomycetes*
Sordariomycetes

Hypocreales
Hypocreales*
Xylariales

Sordariomycetes

Xylariales

Sordariomycetes

Xylariales

Fusarium sp.F
Nectria sp. A
Unknown fungus 55/
Xylariales sp. E
Unknown fungus 67/
Xylariales sp. F
Xylaria sp. A

1

Seiridium ceratosporum

AY687314

845

0.0

94.65

1

(1) Sordariomycete sp. 7653
(3) Xylaria sp. ntu33

EU680529
FJ205466

1002
944

0.0
0.0

100.00
97.85

Top fungal BLAST hit

Accession

(1) Uncultured Ceratobasidiaceae
(3)Thanatephorus cucumeris AG6-HGI
Uncultured ecto. (Ceratobasidiaceae)

EF619649
AF354102
AY634121

Bit
score
335
870
1047

Evalue
0.0
0.0
0.0

Max
Ident.
99.81
97.67
95.57

Bit
score
1068
1003
1063
1182
1038
1025
895
690

Evalue
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Max
Ident.
100.00
94.60
99.84
99.42
99.66
98.50
96.80
86.78

2b. Phylum: Basidiomycota
Class

Order

OTU label

Agaricomycetes*

Cantharellales*

Thanatephorus cucumeris

Number
isolations
1

NA

NA

Unknown fungus B2

1
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2c. Basal fungal lineages (formerly Zygomycota)
Class

Order

OTU label

NA
NA
NA
Basal fungi
Basal fungi

NA
NA
NA
Mortierellales*
Mucorales*

Mortierella sp. B
Unknown fungus Z2
Unknown fungus Z4
Mortierella sp. A
Umbelopsis sp. A

Number
isolations
8
7
3
2
2

NA
NA

NA
NA

Unknown fungus Z3
Unknown fungus Z6

1
1

Top fungal BLAST hit

Accession

Mortierella sp. dd08032
Uncultured fungus clone TF4_OTU158
Fungal sp. GD9C
Uncultured Mortierella clone
(1) Uncultured fungus isolate E2-4
(6) Umbelopsis ramanniana
Gonapodya sp. JEL183
Rhizomucor sp. Rm-33

FJ810149
EF434088
EF031104
EU517054
EU113211
AB193533
AY349112
EF583634

Appendix 3: Dothideomycete phylogeny

Appendix 3: Dothideomycete phylogeny. Complete legend on following page.
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Appendix 3 (continued):Maximum likelihood tree of the Dothideomycetes, and
constraint tree used in building phylogeny (inset). Cultures from this study are in red;
the number of sequences for each taxon is in brackets following the taxon name.
Numbers above nodes represent percent bootstrap support for 1000 replicates; only
values above 50 are shown. Branches with greater than 70% support are bolded.
Colored dots after named taxa represent nutritional mode following Schoch et al. (in
press), and are labeled as follows: brown-saprobes, blue-plant associates, yellowanimal pathogens, purple-mycoparasites, green-lichen-forming fungi.
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Appendix 4: Eurotiomycete phylogeny

Appendix 4: Maximum likelihood tree of the Eurotiomycetes, and constraint tree used
in building phylogeny (inset). Labeling follows Appendix 3.
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Appendix 5: Leotiomycete phylogeny

Appendix 5: Maximum likelihood tree of the Leotiomycetes, and constraint tree used
in building phylogeny (inset). Labeling follows Appendix 3.

87

Appendix 6: Sordariomycete phylogeny

Appendix 6: Maximum likelihood tree of the Sordariomycetes, and constraint tree
used in building phylogeny (inset). Labeling follows Appendix 3.
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