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Abstract

F. M. Diggs. Contrasting Mycorrhizal groups through the soil profile. 39 pages, 0
tables, 3 figures, 2014.

Mycorrhiza, the association between plants and fungi, can be separated into groups
based on morphology. The distribution of this association is well understood in
terms of the global distribution of plant communities, but in terms of depth, there
are fewer investigations. The history and development of current mycorrhizal
theories regarding depth are explored in Chapter 1. These assumptions are tested
through observational data gathered within Chapter 2. Three broad groups were
investigated here, the ectomycorrhizas, the arbuscular mycorrhizas, and the dark-
septate endophytes. These three groups broadly associate with the plants in our
region of investigation. | had thought that plant colonization by any of these groups
would respond to depth, as the soil environment changes by, instead this
investigation finds that depth is unsatisfying in explaining much of mycorrhizal
distribution.
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Chapter 1: The Relationship of Mycorrhiza to Soil Depth: A Historic
Perspective

In the 1890’s, A. B. Frank, asserted that the fungi he was observing on plant
roots on the trees in Prussia were not parasites as his colleagues believed, but were
instead a kind of symbiosis, a term he coined. This was not the first observation of
mycorrhizas, another term which he coined, but Frank was able to correctly
describe their symbiosis and role within a plant community. It has been over a
hundred years since this discovery. Within that time many parts of this symbiosis
have been described, and mycorrhizal investigations have become their own field of
study. Much of this investigation has been on the level of physiology of a single
plant, or even on a single root. However, the role of many environmental factors on
the development and distribution of these mutualisms remains unknown and
previous studies provide conflicting information concerning their role in the
formation of these plant-fungal communities. [ will attempt to briefly summarize
the course of mycorrhizal research from Frank to the present with a focus on the
idea that depth may be a controlling variable in the distribution of mycorrhizas.
Within this narrative, [ hope to show how mycorrhizal research priorities have
shifted, grown more broad, and how, in the present, the methodologies allow us to
address new questions.

The turn of the century, from the 19t to the 20th, was marked by radical
change. This maybe true concerning any historical transition, but the change from
the 19t to the 20t century seems stark through the lens of history. It is a period

filled with contention and strife. For some context, in France, the Dreyfus was to



leverage anti-Semitism over Europe for the next half century, gold was discovered in
Alaska, Jack the Ripper haunted the streets of London, and, in what would become
Germany, Otto von Bismarck, the man who unified the nation, was dismissed by
Wilhelm II. The scientific world was being rapidly advanced, Darwin had published
not a century past, Mendeleev’s periodic table seemed to be correct and his table
could incorporate even the newly discovered “noble gases,” and, in a personal
favorite escapade in the history of science, Roentgen had discovered “Roentgen
rays,” now known as “X-rays.”

It was during this time that an administer in Prussia appointed A. B. Frank to
discover what made truffles grow, how to grow them, and where to find them
(Frank 1885; Trappe 2004). Frank failed in growing truffles, but he no doubt found
and enjoyed a few. What he did achieve was finding that truffles grew in
conjunction with certain trees; he posited that they were grown in “symbiotismis”
(which would now be symbiosis) in what he called a “mycorrhiza.” In the same
paper, he described a greater abundance of (ecto)mycorrhizas in the shallow soil,
with colonization declining through the soil profile.

Frank’s bold paper was a lot for the biological community to digest. Darwin
had said of cooperation that it was his theory’s most difficult conundrum, yet these
mutualists seemed to be cooperating across species. Mycorrhizal research for the
next several decades would test his claim, that these associations where mutualistic
in nature, and test whether these symbioses were a real phenomenon or a
theoretical construct. Questions as to the abundance, communities, and

distribution were impossible to address before a basic understanding of the



physiology of the mutualism was explored. The question of mycorrhizal
distribution across the soil depth profile was also set aside during this time, leaving
Frank’s paper as the sole description of depth distribution before the twentieth
century, and it is one of a meager handful of such works created by end of the
twentieth century’s first half (Frank 1885).

The question of depth is important. Soils are formed over geological time by
the breakdown of parent material and the incorporation of organic matter. The
processes that form soil are both chemical and physical, but water plays a key role.
As water percolates through the soil it picks up soluble material to then deposit the
material in lower horizons, or to leach the material out of the system. In areas
without organisms that turn the soil, this can result in extreme differences in the
chemical and physical behavior of the soil. This makes Spodosols model soils in
which to look for effects of depth.

Modern scholarship now recognizes at least six groups of mycorrhizas, but
Frank dealt with only with those that were associated with Ascomycota and
Basidiomycota. While he did recognize that those forming structures inside cell
walls were different than those that did not, he had only ericatious and orchid roots
as endomycorrhizal (Frank 1885; Koide and Mosse 2004; Trappe 2004). This is in
contrast to the literature sinse his death, which refer to those mycorrhizas that form
with glomeromycota as endomycorrhizas.

It is now known that most plants do not form this association, most plants
form arbuscular mycorrhiza, and the story of mycorrhizal distribution in depth

would be incomplete without a discussion of their history. I must here admit some



bias, as my work is concerned with only the arbuscular and ectomycorrhizal groups,
with some attention given to the enigmatic dark-septate endophytes. Because of
this focus this review will concentrate on these mycorrhizas to the exclusion of the
others. This may not be as great a gap as it first seems, as many of the other
mycorrhizas are formed in association with rare plants such as orchids, or with
plants that parasitize the mycorrhizal networks (mycoheterotrophy) or are formed
in ecosystems that are not in the scope of the current work. All mycorrhizas are
morphologically defined, and these symbioses may not be functionally different
from their ectomycorrhizal counterparts despite their strange forms and structures.

Nageli first described the arbuscular mycorrhizas in 1842. His observations
are mainly descriptive. It was not until the turn of that century that arbuscular-
mycorrhizal features began to be fully described. By 1925, the arbuscule, the
vesicle, and the appresorium of arbuscular mycorrhizas had been described (Koide
and Mosse 2004).

Research during these early investigations into the mycorrhizal condition
were both enhanced by and suffered from the influence of plant pathologists. For
example, the Bordeaux mixture was developed to treat downy mildew in
1885(Money 2006), and Koch’s postulates grew in prominence (Koch 1978). They
were:

1: The microorganism must be found in abundance in all of the organisms
manifesting symptoms of the disease, but should be absent in healthy organisms.
2: The microorganism must be isolated from an infected organism and grown in

pure culture.



3: The cultured microorganism should cause the disease when introduced into a
healthy organism

4: The microorganism must be able to be reisolated from the diseased hosts and
shown to be identical to the organism first isolated from a diseased organism in (1).

These techniques began to lead to the identification of disease-causing
pathogens. Meanwhile, plant diseases continued to ravage the world with little
treatment. For example, the potato blights hit England and Ireland in the mid and
late 1800’s, coffee rusts hit Sri Lanka in the 1870’s, and the downy mildew epidemic
hit Europe. This shifted the focus of academic research on fungi from questions of
basic ecology to the utilitarian questions raised by crisis after crisis.

The investigative techniques used for plant pathology are not always
appropriate for mycorrhizas. So, while during this time the appresorium was
discovered, Koch'’s postulates also led to a half-century long struggle to get
arbuscular mycorrhizas to grow in pure culture, according to his second postulate.
Fungi did not have a good reputation, they were decomposers and diseases, and few
scientists were willing to investigate the kingdom. Instead, the botanists of the time
preferred to spend their time working with the plants that were their speciality.
Even those scientists who chose to work on the fungi were limited, as the
microscopic and subterranean or internal nature of the organisms made (and
continues to make) investigations of the fungi in natural systems difficult. Until
1970, when Phillips and Hayman (1970) developed arbuscular staining with KOH
and Tryphan blue, investigations were laborious and no techniques were

standardized. The confusion of early mycorrhizal investigations may be glimpsed in



Lohman'’s 1927 conjecture that arbuscular mycorrhizas might just be
ectomycorrhizas on different plants, and that these fungi might be nitrogen fixers
(Koide and Mosse 2004; Lohman ML).

The 1970s saw the techniques of tissues staining applied to mycorrhizal
questions. This allowed questions of arbuscular mycorrhizal distribution, as
techniques became standardized and consistant (Phillips and Hayman 1970; Koide
and Mosse 2004). Though molecular techniques have allowed for new tools in
mycorrhizal investigations over the last two decades, Koide and Mosse consider this
period, the 1970’s, as the beginning of modern mycorrhizology. They quote Harley
( 1969) that the study of arbuscular mycorrhiza had emerged as a “reputable
pursuit” (Harley 1969; Koide and Mosse 2004). Harley’s publication was the first
textbook attempting to codify mycorrhizal research to that point.

It was during this period, from the 70’s through the 90’s, that radiolabeling
began to be used within mycorrhizal studies, and the larger scale ecological
questions started to be addressed. If mycorrhiza were mutualists, what were they
doing? During the 60’s, and especially 70’s, the arbuscular mycorrhiza became
linked to the phosphorous cycle (Gerdemann 1968). Prior to that time, it was
assumed that most plants were nitrogen limited and that the arbuscular mycorrhiza
would have something to do with the nitrogen cycle (Koide and Mosse 2004).
However, the early 1970’s tied arbuscular mycorrhiza to the phosphorous cycle,
showing that plants in phosphorus-limited environments benefited from

colonization, and that higher amounts of phosphorus were present in infected



plants (Mosse 1973). About the same time the ectomycorrhizal condition began to
be linked to the nitrogen cycle (Olson 1963; Catalfomo and Trappe 1970).

The global distribution of mycorrhizas started to become clearer during this
time. Went and Stark (1968) described arbuscular mycorrhizas as being “primarily
in the Amazon rain forest,” whereas by Mosse’s (1973) review, it was “easier to
think of families without arbuscular mycorrhizas than to list those with it”. This
coupling of the ectomycorrhizas to nitrogen and arbuscular mycorrhiza to
phosphorous that begin to emerge in the 1970’s was one of the first major
functional distinctions between these two groups, and this idea has only gained
momentum as time and experimentation have given it credibility. This may, to some
extent be a bias based on experimental approaches, as nitrogen methodologies are
thought to be more difficult than those for phosphorus, and the work of Dr. Read
with nitrogen led many of his successors in ectomycorrhizal studies to focus on this
nutrient, while the arbuscular mycorrhizal researchers were beginning to focus on
phosphorous.

[ do not know the backgrounds of the scientists working with mycorrhizas
during the 1950’s and 1960’s, but in retrospect, it seems that mycorrhizology was a
realm dominated by botanists, with a very select few fungal enthusiasts among the
ranks. Indeed, you can read mycorrhizal history, if you want, as a struggle between
mycocentric and phytocentric scientists. Around the 1970s then, the pendulum
began to swing away from a photobiont-dominated point of view. Prior to this,
mycorrhizas had been largely interpreted as extensions of the root system, with

Katznelson et al. (1962) treating, at least linguistically, mycorrhizas as roots.



However, in 1970 Trappe pressed for fungal identification (Catalfomo and Trappe
1970). Since it was methodologically impossible to trace hyphae from fruit bodies
back to root tip, though some published methodologies claimed to do so, a method
to identify ectomycorrhizas morphologically began. It continues to this day, as
Agerer (1987-2002) publishes morphological description of mycorrhizas,
advocating a naming system that includes both plant and fungal partners. To an
emerging scientist, born after 1980 and not encountering mycorrhizas until the
twenty-first century, this approach seems antiquated. Tom Bruns, in 1990, and
again in 1993 led a team in publishing protocols for generating fungal specific
primers, and then sequences for fungal specific primers themselves (White et al.
1990; Gardes and Bruns 1993). Indeed, these primers and this technique were so
useful to the field that the 1990 paper has received more than 10,000 citations,
(Affairs et al. 2002). It must be said that if you can identify fungi morphologically, it
is probably better than identifying them genetically, if the morphological
distinctions hold at the genetic level, because morphological identification is
cheaper. The ease of genetic techniques, however, makes Agerer’s morphological
approach look like a horse-and-buggy next to your automobile; it gets you there, it
just takes more time and a lot more work, and can still be wrong.

Between the 1970’s and 1990’s, ectomycorrhizal researchers turned
outward, moving away from the function of the plant root towards the function of
the plant community. However, in order to ask the really large-scale questions, a
better idea of global mycorrhizal distribution and diversity was needed. It was

during this time that some of the first descriptions from China and Australia started



to appear in the English literature, as well as more thorough reporting from the
Amazon (R. Singer and de Ja 1979; Malajczuk et al. 1982). Without a doubt, the most
notable publication during this period was “Mycorrhizal Symbiosis” (Harley and
Smith 1983). This book has become “the bible” for mycorrhizologist, though Harley
seemed to view it as a continuation of his previous summary. Though Harley has
left us, Smith and Read continue to publish periodically updates to this textbook
providing over 10,000 citations (Harley 1969; Harley and Smith 1983; Smith and
Read 2008).

This period can also be remarked upon for the increased dialog between
these two groups, the ectomycorrhizal and arbuscular mycorrhizal camps. To a
large extent, these two camps had become separated by their different settings and
motivations. Arbuscular mycorrhizologist spent a good part of the middle of the
century on applications in crop settings (Koide and Mosse 2004), whereas
ectomycorrhizal researchers tended to work in temperate and boreal forests, with
some exceptions, like Trappe, who frequented rainforests in his quests for truffles.
To this day a given researcher’s interests tend to fall into one mycorrhizal group or
another, much like a plant root tends show fidelity to its mycorrhiza.

From the late 1970’s through the early 1980’s ectomycorrhizal and
arbuscular mycorrhizal researchers were beginning to review questions of depth
distribution. Arbuscular mycorrhizas were shown to decrease remarkably in
agricultural settings below 40 cm depth (Jakobsen and Erik Nielsen 1983; Levy et al.
1983). Arbuscular mycorrhizal fungi were also found to colonize more strongly in

low water conditions, and their growth, as well as root growth, was found to be



inhibited by plowpans (Levy et al. 1983). One of the more interesting attempts
during the period of the 1970’s through the 90’s to show relationships between
these two groups came from the idea that maybe AM are succeeded by EcM
(Lapeyrie and Chilvers 1985), though so many late-successional species are AM that
the idea of a successional gradient within mycorrhizas was immediately contested.
Succession is just one area where the role of plant hosts and the role of their fungal
partners are so intertwined as make any conclusions on such a time scale dubious.
To what extent is succession a switch from shade-intolerant to shade tolerant
species? To what extent is it a switch from plants that are colonized by fungi from
spores to fungal colonization by mycelia? Do late successional plants establish
because of a greater mycorrhizal resource network not required by early
successional species? Successional models could be accurate, and in many seem to
be, but the interdependence of these communities makes it difficult to create a
comprehensive model.

Contemporary mycorrhizal research has access to new tools and can explore
new questions. Most notably, the advent of molecular genetic technologies allows
for the identification of fungi from otherwise unidentifiable hyphae. The emphasis
in mycorrhizology now is more and more taxonomic. In the ectomycorrhizal world,
Agerer (2000) suggested that ectomycorrhizal forms might relate to their function
in a ecosystem, and put forth “exploration types.” This served to refocus those
mycorrhizologists still interested in microscopy and has spawned numerous studies
as to whether these exploration types matter in natural settings. Molecular tools

have allowed researchers to identify fungi from root tips alone, getting rid of all of
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the difficult to distinguish morphological identifiers and replacing them with
laboratory procedures. For those interested in mycorrhizal behavior through the
depth profile, these techniques have allowed new questions to be asked.
Contemporary with the research carried on in during the course of this thesis,
Taylor conducted a survey of Alaskan fungi, capturing what he believes is an
accurate prediction as to their abundance (Taylor et al. 2013). He found that fungi
do segregate based on soil horizon, and that this segregation is happens along
phylogenetic lines, that is, two species of the same genus may be found on top of
each other, one in the lower horizon, and one in the upper, with little overlap.
Prior to my investigation, the only investigation that I found that looked at
the distribution of ectomycorrhizas and arbuscular mycorrhizas across the depth
profile and within the same ecosystem was Neville et al.'s 2002 study of Populus
tremuloides. This species is of special interest because the trees are clonal and
hectares of forest can be genetically identically. Also, while it prefers to host EcM
fungi, it can and does host AM fungi. Neville believed that by focusing on a clonal
species growing in monoculture, he would be able to detect vertical stratification by
mycorrhizal group, as the area he chose to study was carefully selected to diminish
the effects of the confounding factors inherent in a more diverse plant community.
As such, these settings would allow AM to colonize roots more thoroughly in the
mineral horizon, a hypothesis which his evidence supports after some data
transformation and non-parametric tests. The new tools and methods have
allowed for a reinvigoration of old questions, including the question of soil horizons

as an influencing factor on mycorrhizal behavior.
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Until this point, [ have delved into the history of mycorrhizas, attempting to
show that investigations into the relationship to the soil-depth profile were, in the
beginning, impossible, and more recently, a low priority. Itisimportant to address,
even if only briefly, why soil depth matters

EcM fungi and AM fungi are thought to specialize in different soil environments
(Treseder and Cross 2006). EcM fungi are usually found in forests in which there is
considerable accumulation of organic litter (Allen 1993; George et al. 1995). The EcM
condition is thought to have evolved from saprotrophic fungi that once broke down this
organic litter for their entire sustenance, and though evolution has now linked them to
trees, they still dominate in those environments where they presumably evolved,
environments with heavy organic accumulation (Wang and Qiu 2006; Smith and Read
2008; Tedersoo et al. 2009). This evolutionary history has left the fungi with a suite of
enzyme-relics that seem to be absent from both plants and AM fungi, enzymes that
specialize in the acquisition of mineral nutrients from organic debris (Dighton 1991;
Allen 1993, Martin et al. 1998). Ectomycorrhizas often dominate temperate forests, areas
in which nitrogen is traditionally thought of as limiting to plant growth, and so the role of
ectomycorrhizas in the acquisition of nitrogen has become of particular concern to those
studying ectomycorrhizal symbiosis (Martin et al. 1998).

The biosynthesis of many plant compounds results in a pool of nitrogen in
recalcitrant organic forms that are accessible mainly to saprotrophic and ectomycorrhizal
fungi within these ecosystems (Martin et al. 1998). Bacteria may also be able to break
down many of these compounds, but in forest systems with low pH and high organic

matter concentrations fungal decomposition, both from mycorrhiza and from saprotrophs,
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tend dominate over bacterial decomposition (Lindahl et al. 2007). In many of these
ecosystems, primary productivity is high, but with little to no nitrogen fixation.
Therefore, in these systems, below ground competition focuses on nitrogen (Lindahl et al.
2007). EcM, unlike saprotrophic fungi, can seek nitrogen in the environment to the
exclusion of carbon. Whereas saprotrophic fungi must seek after sources rich in both
carbon and nitrogen, EcM have a bank of photosynthate that allows them to seek this
mineral to the exclusion of carbon, which is supplied via the plant. While both
saprotrophic fungi and EcM fungi will seek the same organic sources of nitrogen, ECM
can mine nitrogen not only from fresh organic debris fallen to the forest floor, but also
from those parts of the soil where the C:N ratio would make it inefficient for saprotrophic
fungi.

The glomeromycotan fungi that form AM symbiosis are common in environments
dominated by herbaceous plants and environments that have exposed mineral soil
(Treseder and Cross 2006; Wang and Qiu 2006). They are far more common than EcM
fungi, which associate almost exclusively with woody roots, and AM are common in soil
environments with a high pH, where nitrogen is not limiting, and in low latitudes.
However, as the tropics become better cataloged, this final generalization has been called
into question. Certainly tropical plants such as those in the family Dipterocarpaceae, or
Pisonia, show fidelity to the EcM condition (Redhead 1982; Wang and Qiu 2006). It is
even possible that the Diptocarps were among the first plants to adopt the EcM condition
(Bacon and White 2000; Berbee and Taylor 2007; Tedersoo et al. 2009).

It is certain that the majority of terrestrial plants form arbuscular mycorrhizal

symbiosis. This seems to be the more primordial form, and evidence shows that even
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trees that are typically thought of as exclusively EcM, such as pine, can still contain AM
fungi or can be induced to the AM condition (Cézares and Trappe 1993). Such
observations support the idea that AM is the ancestral mycorrhizal condition (Smith and
Read 2008). All of these lines of evidence have created a model in which EcM are
thought of as nitrogen specialists, and AM as phosphorous specialists, EcCM as the
association for the high latitudes, and AM as the association for the low latitudes.

Soils and plant communities develop over time, not just space, and as such, there
has been some attempt to describe general and specific patterns of mycorrhizal
associations within a community over time. In general, non-mycorrhizal plants colonize
novel environments more quickly than their mycorrhizal counterparts (Lapeyrie and
Chilvers 1985). This is presumably because non-mycorrhizal plants are not limited to
colonizing environments at the same time as their fungal associates, or colonizing areas
that have an established mycorrhizal network. In addition, many of these plants have
adaptations, such as windblown seeds and basal rosette growth forms, that reflect a
history of colonizing environments that may not have other plants or fungi (Smith and
Read 2008). If we accept that mycorrhiza derive most of their nutrition from organic
sources that they are able to exploit using extracorporeal enzymes, those environments
where soil is absent should resist immediate mycorrhizal establishment. This is reflected
in the proliferation of non-mycorrhizal plants in extreme latitudes, as well the lack of
mycorrhizas in bryophytes, save for a few liverworts (Koide and Mosse 2004; Wang and
Qiu 2006; Brundrett 2009). Just as the model for mycorrhizal distribution across the

globe is an over-simplification, the model for mycorrhizal succession is also crude.
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However, it still provides a useful framework for thinking about the development of
mycorrhizal communities over time.

From a fungal perspective, almost all plant communities are mycorrhizal
communities. Differences in the functioning between these two mycorrhizal groups
rarely result in sharp ecotones between the two fungal communities. Rather, in many
places, such as in the northern hardwood forest, the AM and EcM systems coexist. While
mycorrhizal communities do seem to gradually shift from one system to another as one
moves across the landscape of the globe, at the local scale, mycorrhizal distribution is
seemingly random or unpredictable. The local distribution of plant roots and fungi may,
in fact, be sorting or segregating by processes that we have not yet examined.

With the ideas gathered from biogeography, evolutionary theory, and succession,
better hypotheses can be generated concerning the mycorrhizal relationship with the soil
depth profile. There is nevertheless a paucity of information concerning the
interactions and behaviors of both mycorrhizal groups across soil depth. These
mycorrhizal systems coexist and compete with each other, and our understanding of
the processes that regulate this coexistence is poor. With a fungal diversity between
6-18 times greater than the plant community (Taylor et al. 2013), it is obvious that
different strategies must have evolved to prevent niche exclusion. Segregation by
soil horizon may be one way to limit competitive interactions between these groups.
Though roots and mycorrhiza may be present at all levels of throughout the soil
profile, those fungi better adapted to mineral environments should favor mineral

horizons in soils with sharp vertical stratification.
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Chapter 2: Mycorrhizal groups decline similarly with depth: a case study from
a northern-hardwood ecosystem

Abstract

Ecosystems with both ectomycorrhizal and arbuscular mycorrhizal
symbioses may show differences in colonization by fungi with soil depth. Theory
suggests that there could be vertical partitioning if arbuscular mycorrhizal fungi
have strong preference for mineral soils and ectomycorrhizas for organic soils.
Beech, maple, and birch are often found growing near each other in the
northeastern United States, yet each plant shows a high degree of fidelity to one
mycorrhizal group or another. While these plants are often competing above
ground in terms of basal area or crown dominance. It remains unclear whether the
below ground component of these plants, the mycorrhizas, exhibit vertical
partitioning.

[ sampled roots from two stands of northern hardwoods at two depth
intervals: 0-10 & 30-50 cm. I found that both groups colonized roots more
thoroughly in the shallow soil compared to the deep (Ectomycorrhizas, p<0.001:
Arbuscular mycorrhizas p<0.001). The shallow soils also had greater abundance of
arbuscular mycorrhizal structures (vesicles p=0.14, hyphal coils p=0.10). The ratio
of colonization by EcM and AM fungi did not differ between shallow and deep
horizons (p= 0.45), or between mineral and organic horizons (p=0.29). However
EcM and DSE showed preference for organic soil (EcM: p=.05, DSE: p=0.04). The
ratio of colonization did not change by organic or mineral horizons (p=0.90). Our

results indicate that these groups do not strongly segregate by depth or soil horizon.
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Introduction

The coexistence of arbuscular mycorrhizas (AM) and ectomycorrhizas (EcM)
networks is a poorly understood phenomenon (Allen 1993; Neville et al. 2002; Pringle
and Bever 2002). While observations of mycorrhizal biogeography have revealed many
patterns within each of the major mycorrhizal groups, as well as patterns between these
groups across the landscape of the globe, few studies have attempted to analyze patterns
in places where these mycorrhizal types co-dominate (Neville et al. 2002). However, the
observations of mycorrhizal spatial patterns, as well as analysis of mycorrhizal enzymes,
have created a picture of multiple mycorrhizal groups performing similar yet different
functions within the environment (Martin et al. 1998; Treseder and Cross 2006). This
paradigm could be summarized as follows: AM fungi specialize in the acquisition of
phosphorous in environments where it is limited, while ECM acquires nitrogen in
environments where nitrogen is more limited. AM fungi are thought to specialize in
mineral soil environments, whereas EcM seem to favor environments with a high amount
of organic accumulation (Treseder and Cross 2006; Tedersoo et al. 2009). This paradigm
leaves many questions for the intermediate, temperate zones where both groups of
mycorrhizas compete and coexist. This paradigm does, however, provide a possible
mechanism for coexistence, that of vertical segregation, with AM dominating lower,
mineral soil, and EcM dominating in the shallow organic horizons(Neville et al. 2002). 1
tested whether there was a segregation by soil depth between these two groups using the
proportion of fine roots colonized and then adjusted by root length for each group within

two mid-aged stands of northern hardwoods.
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Both EcM and AM colonization have been shown to differ by depth (Dickie et al.
2002; Kuyper and Landeweert 2002; Baier et al. 2006a; Shukla et al. 2013). However,
these studies have often been conducted in systems completely dominated by one of these
groups, and few have worked on systems in which these groups co-dominate. In
addition, while depth has been examined, the average depth that studies explore is 13 + 3
cm, and few observations go as deep as 50 cm (Pickles and Pither 2014).

To investigate the way in which these two networks may interact or respond to
environmental factors, | sampled roots from two stands within a northern hardwood
ecosystem, at sites within the White Mountain National Forest. In this study, | took roots
from the field and measured the length of the roots as well as the proportion of the roots
that were colonized by the different groups of mycorrhizas. | used these measurements,
as well as combination and transformation of these measurements to try establishing
whether or not soil depth (as a proxy for soil environmental factors) could be a variable
by which these groups were separation. 1 also tested organic and mineral components in
the soil as factors by which mycorrhizas could vary. Further, | tested whether the
measures of root colonization were appropriate or easily adaptable to the study of
mycorrhizas in complex, natural systems.

Temperate forests of New Hampshire:

Northern hardwood forests occupy an area of interest for the mycorrhizologist
because they are positioned at an intermediate space in terms of the latitudinal gradient,
where EcM and ericoid mycorrhizas dominate nearer the poles, and AM seem to
dominate nearer the equator. The northern hardwood forests are dominated by American

beech (Fagus grandifolia), yellow birch (Betula alleghaniesis), and sugar maple (Acer
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saccharum) (Kricher et al. 1998). If we consider the three typical northern hardwood tree
species just mentioned, we find sugar maple has strong fidelity to AM, while yellow
birch and American beech predominately are EcM (Wang and Qiu 2006). Younger
stands of northern hardwoods contain early successional species, notably pin cherry
(Prunus pensyvanica), which is strongly AM, whereas older forests sometimes often
contain shade tolerant or late successional species, such as Eastern hemlock, that are
strong EcM hosts. This pattern does not necessarily mean that the fungal community is
driving succession, but we do observe the pattern that many early successional species
are AM and many later successional species are ECM. Since this observed pattern does
fit a model whereby the fungal community is driving or is at least connected to
succession, we intend to incorporate succession into our experimental design. In order to
prevent successional patterns from deluding the pattern that may exist in depth, we chose
to sample from stands that are within the middle of this possible successional gradient. .
We identified sites for our study that avoid the extremes of both the potential latitudinal
gradient and the potential successional gradient in order to capture the complexity that
both gradients may impart.
Objectives

The differences in habitat preference for the two groups of mycorrhizas found in
northern hardwood forests could lead to observable differences in rooting behavior of
plant species and the colonization of roots by mycorrhizal fungi across the soil profile. To
test whether there was such an observable difference in root colonization by these groups,
AM and EcM, two stands of northern hardwood forests were sampled for roots in the

north-eastern United States.
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In addition to examining whether mycorrhizal types segregate based on soil-
depth categories, we chose to examine some of the specialized microscopic structures
arbuscular mycorrhizas create and how they vary with depth. Arbuscular mycorrhizas
use a number of specialized structures to store, transfer, and use nutrients (Mosse 1973;
Smith and Read 2008). The presence or absence of mycorrhizal features may be an
indication of mycorrhizal activity. These structures should provide a better clue as to
how mycorrhizal function changes with depth than the degree of colonization. As the
largest yearly input to the forest system comes from litterfall, we expect these structures
to be greatest in the shallow soils. The greater presence of functional structures in nearer
the forest floor is predicted regardless of patterns of vertical segregation within
mycorrhizal group.

In addition to looking at mycorrhizal structures, the ratio of AM/EcM
colonization was examined. This is because, if mycorrhizal activity is greater in the
shallow soil across all mycorrhizal types, the signal for vertical segregation may be
missed, however, the ratio made between the colonized roots may be a more robust
measure for detecting a vertical segregation signal, if total colonization declines
similarly, this ratio could still change. This ratio is expected to vary across the depth
profile, with proportion to which AM colonized a root being in greater in the mineral
soils.

Methods
Site description
This study was conducted in Bartlett Experimental Forest in the White

Mountains of New Hampshire. The soils at the site are mixed to poorly sorted
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Haplorthods developed in glacial drift derived mainly from granite and gneiss
(Brissette 2015 ). Mean monthly temperatures average -8°C in January and 21°C in
July, with an average annual precipitation of 1300 cm (Brissette 2015).

Bartlett stands C5 and C7 were chosen from among the sites being used in
the Multiple Element Limitation in Northern Hardwood Ecosystems experiment.
White and yellow birch dominate C5, with the two species accounting for more than
two thirds the standing biomass; red and sugar maples make the second largest
contribution. C5 is about 35 years in age, young enough that a few pin cherries are
still standing in the plots, though more pin cherries sit on the ground fallen and
decaying. Both sites are located roughly at 44° N 71° * W; more detail is provided in
a map of the experimental plots within Bartlett Forest found in the appendix. The
stand C7 is older, roughly 110 years since its last cutting. It is co-dominated by
beech and maple. If we use the basal area of trees greater than 10 cm and classify
all trees into either AM or EcM host categories based on Wang and Qiu (2006), then
C5 would be 17% AM and 83% EcM, and C7 would be 38% AM and 62% EcM.

There are differences in the rooting behaviors of the plants in these stands,
for example maples often proliferate small low-order roots in high-nutrient
microenvironments, and beech is able to graft roots and sprout clones from roots
(Kessler 1966; Williamson 1975; Eshel and Beeckman 2013). Stands in Bartlett and
nearby Hubbard Brook Experimental Forest have been tested for differences in the
rooting behavior of these trees. Though fine roots were not found to segregate by
species in the first 25 cm of soil, the average rooting depth of birch was found to be

more shallow than that of American beech, which in turn was more shallow than
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sugar maple (Yanai et al. 2008). While these averages were not statistically
difference, the trend among the averages is that of the most strongly EM species
having a shallower average rooting depth and the most strongly AM species having
the deepest average rooting depth.

Sampling methods

Each of the stands is characterized by four 0.25-ha plots. Each plotis divided
into nine 10 m x 10 m subplots surrounded by a 10 m buffer, an area in which no
samples were collected. Within each stand, two types of cores were collected
pertaining to two different depths. Shallow and deep samples were collected from
each of the corner and the center sub-plots, for a total of five samples per plot or 20
samples per stand.

Shallow cores were collected on September 22 and October 10, 2010, using a
polyvinyl chloride core with a diameter of 2 inches, hammered into the soil to a
depth of 10 cm, after removing the Oi (litter layer). These cores were split into
mineral and organic components, resulting in 37 organic and 34 mineral samples, as
in 3 cases an organic layer was not present and in 5 cases the organic layer was
deeper than 10 cm. The average depth of the organic layer (Oe and Oa horizons) in
the shallow cores was 3.2 + 0.5 cm.

The deep cores were taken using a gas-powered rotary corer with a 10-cm
diameter diamond-tipped cylindrical drill bit (Levine et al. 2012) in July 2010.
Intact root branches were separated from the 30-50 cm depth increment and frozen
until they could be processed for use in this study. There were a total of 32 deep soil

cores, as 2 were missing from C5 and 3 from C7. The depth of the power cores was
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measured from the top of the mineral soil, as is conventional; this does not
correspond to the depths reported for the shallow cores, where zero corresponds to
the surface of the Oe horizon. We refer to the shallow cores as 0-10 and the deep
cores as 30-50 even though the depths differ by the thickness of the Oea (3 cm).
Sample treatment

Roots from each sample were washed free of soil material over 2 mm and 0.2 mm
mesh sieves. Roots <1 mm in diameter and > 3 cm in length were preserved in ethanol
until analysis.

Under a dissecting microscope (50x), roots were sorted into ectomycorrhizal and
nonectomycorrhizal categories based on root morphology. When a root tip was
questionably ectomycorrhizal, a cross section of the root tip was examined under 400-
1000x magnification in tryphan blue or Chlorozal black E for the presence a Hartig net
and mantle. The lengths of ectomycorrhizal and nonectomycorrhizal roots in each sample
were measured using a grid intersection method (Brundett et al. 1996).

Plant tissues were opaque, and needed to be cleared before the AM roots could be
quantified for the extent of colonization. Roots were first exposed to 10% by volume
potassium hydroxide solution for a 20-minute autoclave cycle at 22 ATM, 120 °C. Roots
were then exposed to 3% hydrogen peroxide for 10 minutes. Hydrogen peroxide
interferes with the stain, so the roots were subjected to an acid wash in 1% nitric acid.
Chlorazol black E was used selected to stain the fungi on account of its long history of
use and its supposed selectivity in staining chitin over keratin or cellulose (Elewski 1996;
Cannon 2011). The roots were then subjected to a 15 minute autoclave cycle, 22 atm, 120

°C in a mixture of 0.3% Chlorazol black E and equal parts water, lactic acid, and glycerol
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by volume. Finally, the roots were transferred to a 50% glycerol 50% water solution for
distaining for a period of 12 hours to several days (Brundett et al. 1996).

For each sample, 25 root segments (2 cm in length) were selected by floating the
roots in a petri dish and picking one segment from each of the 25 sections of the dish
(Brundett et al. 1996; Biermann and Linderman 2006). There were 12 samples that had
fewer than 25 segments of AM roots. These had a range from 4-23 segments. The root
sections were then placed parallel on glass slides and examined at 400x magnification
and presence or absence of the following fungal structures was noted at each transect:
coenocytic hyphae, septate hypha, clamped hypha, microsclerotia, vesicles, arbuscules,
hyphal coils, and other structures (McGonigle et al. 1990; Brundett et al. 1996). Sugar
maple, one of the more prevalent AM hosts in our sites, produces arum-type arbuscules,
which may have been scored as hyphal coils as dendritic hyphae as these structures can
be difficult to distinguish after staining.

To quantify colonization of the roots by EcM fungi, ectomycorrhizal roots were
examined under the dissecting microscope. The number of root tips that were colonized
by EcM fungi was counted and compared to the total number of tips.

The length of colonized roots was estimated as the percent colonization multiplied
by the root length in the sample. The length per unit volume was calculated by taking the
quotient of this and the volume of core.

Statistical methods

For each group of fungi (AM, EcM, and DSE), we compared colonization of roots

by depth (shallow versus deep) and by horizon (organic versus mineral). We also

analyzed the ratio of ECM to AM colonization and the of AM features (vesicles,
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arbuscules, and hyphal coils) as dependent variables. In each of these analyses of
variance, either depth (deep or shallow) or horizon (organic or mineral) was treated as a
categorical variable with two levels, with stands incorporated into the model as a
blocking factor.

Power analysis was conducting using PWR package in R (Champely 2012) on the
tests where AM colonization was compared to EcM colonization by depth.

It is generally considered inappropriate to conduct hypothesis tests using percent
data without transformation (DeVore and Berk 2007). Currently, the trend is to use
Arcsine or Logit transformations for conducting hypothesis testing on proportional or
percent data (Warton and Hui 2010). However, neither transformation strongly changed
the results of the test, and since both arcsine and logit transformations alter observations
at near extremes (conventionally (>0 and <0.05), and (>0.95 and <1.0) where more than
10% of our data lie, our statistics are presented from untransformed data.

Results

Root length density declined significantly with depth. The length of EcM roots
was 12.2 cm/cm3 in the top 10 cm (including the Oea horizon) and 5.1 cm/cm3 30-50 cm
deep in the mineral soil (p = 0.05). The length of AM roots was 9.1 cm/cm3 in shallow
samples and 4.2 cm/cm3 in the deep samples (p = 0.01) (Figure 2.2).

The proportion of ECM root tips colonized declined from an average of 64% in
the top 10 cm to 34 in the 30-50 cm depth (p < 0.001). Similarly, the proportion of root
length with AM features declined from 66% in the top 10 cm to 34% at 30-50 cm depth
(p < 0.001). The pattern of decline was similar between EcM and AM colonization: the

ratio of the EcM to AM root length colonized did not vary by depth (p=0.45). Dark
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septate endophytes (hyphae or microsclerotia) were found to have colonized 27% of the
shallow root length and 18% of the length of deep roots (p = 0.12) (Figure 2.1).

The shallow samples included both organic and mineral horizons in 34 of the 40
samples. We compared colonization rates of the organic and mineral portions of the
shallow samples, and found greater colonization in the organic portion for EcM (p=0.05)
and DSE (p=0.04) but not for AM roots (p=0.29). The ratio of EcM to AM roots did not
differ significantly between organic and mineral horizons (p=0.89).

Since both root length density and mycorrizhal colonization rates declined with
depth, the root length colonized by each mycorrizal group also declined with depth. (AM:
p<0.001, EcM: p=0.005). This decline with depth was similar for the two types: the ratio
of EcM to AM root lengths colonized did not differ with depth (p=0.27). The lack of
significance was due to small differences between the two mycorrhizal types, rather than
to high variability: a power analysis revealed that it would take a difference of at least
16% in these ratios to be detectable (alpha=0.05, beta=0.11, n=84).

The over 93,000 microscopic slide transects viewed in the study allowed for
testing whether certain AM features were more common in the shallow or the deep soils.
Vesicles, hyphal coils, and arbuscules were each found to be more abundant per unit
length of colonized root in the shallow soils, though statistical significance was low
(vesicles p=0.12, coils p=0.10, arbuscules p=0.88) Figure 2.3. There were few (< 100)
observations of arbuscules. Dark septate endophytes were examined simultaneously with
the AM observations; DSE were found to vary by depth, with DSE being more common

in the shallow soils (p=0.12).
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Discussion

These results indicate that regardless of mycorrhizal type, mycorrhizal
colonization is strongest in the shallow soils, where annual input of nutrients from
atmosphere and litter takes place. This is in agreement with prior observations on
fungal distribution (Malajczuk et al. 1982; Read 1991; Dickie et al. 2002; Kuyper and
Landeweert 2002; Koide and Mosse 2004; Baier et al. 2006b; Shukla et al. 2013).

Similarly, there were more fungal structures in the AM in the shallow soils.
We had few observations of arbuscules, possibly because these are seasonal
structures, and our sampling missed their peak. However, it is possible that our clearing
protocol was too aggressive. Arbuscules are composed of hyphal tissue that maximizes
surface area by proliferating extremely fine hyphae. These fine hyphae may have been
damaged by the vigorous acid/base treatments.

Contrary to our expectations, we did not find vertical stratification of EcM
and AM fungi. EcM and DSE significantly favor organic over mineral soils.
Competition in the organic soils seems to favor EcM fungi and saprotrophic fungi
because both EcM and saprotrophic fungi possess extracellular enzymes which
target organics (Martin et al. 1998), but enough AM host roots are available as to
provide a refuge for the AM fungi in the shallow soil, preventing complete
dominance by EcM fungi and preventing the ratio of Ecm/AM to change across these
horizons or depths.

Alternatively, each mycorrhizal group could have could have fungal
members specializing in each horizon, and the lack of difference in percent

colonization could accurately reflect similar colonization levels at each depth, but
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this colonization could be by different species or individuals of each group
specialized to a specific soil horizon. Lee Taylor (2013) cataloged fungi in Alaska
and found that the shallow and deep soils were often colonized by different species
within the same genus. If niche partitioning by depth were happening at this lower
phylogenetic scale it would be undetectable by our methodology.

Mycorrhizal symbiosis depends upon the presence of both plant roots and
fungi. Root density decreases with depth (Figure 2.2). It is reasonable to assume
that fungal spores also decrease with depth. Mycorrhizas can, of course, also
colonize from mycelium, but with lower root density, that mycelium would need to
travel further before finding new roots to colonize. A worthy analysis could be the
comparison of the rooting behaviors of plants to the groups of mycorrhizas with
which they are associated, especially for plants that exist in settings multiple
mycorrhizal groups co-occur.

There are no methodologies for looking at the proportion of roots colonized
by mycorrhizas that can be applied to both AM and EcM samples. This is a critical
drawback, as it makes it difficult to measure responses of each group using the same
criteria. The development of a methodology that could be used with both these
groups of fungi to score colonization would allow for more informative questions to
be asked.

Percent root length colonization cannot be interpreted as a measure of the
strength of the mutualistic interaction or a measurement of fitness for either
partner in the symbiosis (Brundett et al. 1996). Within AM alone, two equally

colonized roots could have major differences in the number of transfer structures.
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Two roots that are 50% colonized, with one root being all hyphae traversing
otherwise inactive root material, and the other a combination of hyphae, arbuscules,
and vesicles are not equal contributors. Mycorrhizas have been shown to be
seasonally variable (Rabatin 1979; Giovannetti 1985; Pringle and Bever 2002);
temporal variation could be an alternative mechanism by which these mycorrhizal
groups could avoid direct competition for soil resources. This mycorrhizal
phenology may have caused us to miss the signal we were searching for.

The findings of this study are in agreement with much of what is known
about mycorrhizal distribution with depth. Since the 1890’s, when Frank first
started observing the mycorrhizas, more activity was consistently found in the
upper portions of the soil profile(Frank 1885; Dickie et al. 2002; Koide and Mosse
2004). Few studies have attempted to simultaneously observe the activity of both
mycorrhizal groups. Our understanding of both plant and mycorrhizal behavior is
limited by our knowledge of how roots and fungi behave at depth.
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Figure 2. 3. Proportion of arbuscular mycorrhizal hyphal length in which hyphal coils or vesicles

were encountered
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