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1.0 ABSTRACT 

 The Kingdom Fungi holds a wealth of biodiversity and potential for better supporting 

both natural and human communities (Lange, 2014). Mushroom-forming fungi have potential 

value as sustainable and accessible sources of food in public green spaces (Rombach & Dean, 

2023). The purpose of this investigation was to examine the effect of trailside disturbance and 

tree communities on the diversity and community composition of mushroom-forming fungi in 

New London, Connecticut. Six public green spaces were identified and surveyed for species 

richness of mushroom-forming fungi. At each site, two foraging areas of equal area were 

defined: one along either side of a trail, and one in an undisturbed section of forest adjacent to 

the trailside area. Each site and both foraging areas within each site were visited twice between 

the months of September and October of 2022. Temperature and precipitation data were gathered 

for the 72 hours surrounding each sample collection, and the number of days since September 1 

at the time of sampling was recorded as a measure of seasonality. Tree diversity and the 

proportion of tree species that associate with ectomycorrhizal fungi (ECM) were also assessed at 

each site. Fungal species richness was found to be associated with sites that had higher 

proportions of ECM tree species. Disturbance caused by the presence of a trail in the foraging 

area did not have a significant impact on fungal species richness observed. Fungal community 

composition varied between sites and with seasonality of the sampling date. Tree diversity, 

temperature and precipitation levels, and sampling site did not significantly impact fungal 

species richness. Identifying the proportion of ECM tree species present as a predictor for fungal 

diversity is helpful in expanding our knowledge of fungal biodiversity and making mushroom 

foraging more accessible to people in urban environments. 
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2.0 INTRODUCTION 

2.1 Global Significance of Fungal Biodiversity 

Fungi play many influential ecological roles, and yet they are vastly understudied 

compared to the Plant and Animal kingdoms. While global fungal biodiversity is estimated to be 

in the millions, only 120,000 species have been described thus far (Blackwell & Vega, 2018). 

Much more research is required to get an accurate estimate of their true numbers. Mycology is 

not only relevant to understanding the essential biology of Fungi, but also to the progression of 

antibiotic drug development, agriculture, climate adaptation, alternative medicine, plant 

pathology, and more (Lange, 2014). In the face of widespread global biodiversity loss due to 

climate change, it is more imperative than ever to improve our understanding of fungal 

biodiversity so that we can protect our ecosystems from further damage and loss. 

 Fungi are often cast aside as the “decomposers” of the natural world, simply breaking 

down organic matter so that it can be taken up and turned into new life by plants. This is far from 

an accurate representation of the variety and diversity found within Kingdom Fungi. Fungi 

influence nutrient cycling as well as soil carbon storage, soil structure, nutrient availability, plant 

productivity and microbial community composition (Frąc et al., 2018). Fungi can have a wide 

variety of interactions with their environment; they can exist as microscopic or macroscopic 

organisms, and within each of those categories exists a multitude of lifestyles and morphologies. 

Mycorrhizal fungi are soil fungi that live in a mutualistic, symbiotic relationship with a plant 

host, providing them with phosphorus and nitrogen in exchange for carbon (van der Heijden, 

2009). These symbiotic relationships have a significant impact on the health of plant hosts and 

even improve ecosystem productivity. Fungi also operate as both saprotrophs and opportunistic 

pathogens, utilizing the nutrients and potential hosts that are made available to them (Boddy & 
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Hiscox, 2016). Fungi inhabit a multitude of roles, and yet many species or categories of fungi are 

overlooked because of the challenges that come with studying these organisms. For example, 

species that are entirely microscopic, have ephemeral macroscopic structures, or are obligate 

symbionts are challenging to study in a lab setting.  

Macrofungi are fungi that produce macroscopic fruiting bodies, or what we think of as 

mushrooms, toadstools, and the like. The fruiting body is a reproductive structure formed by a 

fungus to disperse its spores (Fig.1). Most of the biomass of a fungus is its mycelium, or root-

like network of cells growing throughout or over the surface of its substrate. The substrate is the 

material from which a fungus is growing and obtaining nutrients (Molina et al., 1993; Arora, 

1986). Not all fungi form macroscopic fruiting bodies; some rely on abiotic factors or soil 

dynamics as means of dispersing their spores to new substrates and hosts or rely on the growth of 

their mycelium into new territories (Boddy & Hiscox, 2016). Mushrooms often serve as an easily 

observable marker of the mycodiversity in an area because of their visibility and identifiability 

(Halme et al., 2012). 

For species that form fruiting bodies, mushrooms provide a structure for spore creation 

and dispersal, playing an essential role in the fungus’ reproductive cycle. The hymenium is the 

region on a mushroom on which spores are produced; typically, the hymenium is on the surface 

underneath the mushroom cap (Molina et al., 1993). The hymenium is often covered by a web-

like structure, called a veil, during the early formation of a mushroom. Once mushroom 

formation is complete and the spores have reached maturity, the veil will naturally fall off or 

disintegrate and the spores are then dispersed both through the active release by surface tension 

catapults on the hymenium, or by the flow of air and water vapor beneath the hymenium which 

are able to dissipate the spores from the hymenium surface (Dressaire et al., 2016). The 
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hymenium differs in its structure and morphology between different species; two common 

descriptors for the hymenium type of a mushroom are those that are called “gilled” or “non-

gilled” mushrooms, which refers to the pattern of indentations (or lack thereof) on the 

hymenium’s surface. Common types of hymenia surfaces are forked gills, pores, tubes, and teeth. 

Macrofungi have evolved to create fruiting bodies with unique caps, surfaces, shapes, colors, 

textures, smells, tastes, and toxicities (Baroni, 2017; Arora, 1986). Identifying a macrofungus 

based purely on observation of its fruiting body is a common practice, given that the mycelium 

of fungi can be difficult to see with the naked eye, let alone identify morphologically. In 

comparison, a mushroom can be collected and examined in the field or in the lab to help identify 

the species. Analyzing the spores found on a fruiting body can also provide further clues about 

the identity of that fungus (Molina et al., 1993). 

 

Figure 1. The lifecycle of a macrofungus. Mycelia grow outward in search of nutrients until the 
fungus is mature enough to form fruiting bodies. The stipe, cap, gills, volva, annulus, and scales 
are all features that a mushroom may or may not have, the presence and characteristics of which 
help to identify the mushroom’s species (Molina et al., 1993). 
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The importance of mushrooms also goes beyond their reproductive function. There are 

many edible species of mushrooms, some of which are even considered delicacies. Mushrooms 

provide nutritional value through their mineral, vitamin, and protein content (van Dijk et al., 

2003). Edible mushrooms can be found across many genera, including Agaricus, Boletus, 

Pleurotus, Cantharellus, and Auricularia (Karwa & Rai, 2009). Popular examples are common 

morels (Morchella esculenta), and truffles (Tuberaceae family) (Arora, 1986; de Mattos-Shipley, 

2016). Many edible species of fungi can be foraged in parks and forested areas across the world, 

making them an accessible food source for visitors to green spaces (Rombach & Dean, 2023; 

Arora, 1986). Additionally, mushrooms have had cultural significance for centuries as food, 

medicine and ceremonial practices (Pérez-Moreno et. al., 2021). Ancient civilizations such as 

those in China, various nations across Africa, and in eastern Europe are known to have utilized 

the medicinal properties of mushrooms. In Central and South America, indigenous groups such 

as the Aztecs were known to use hallucinogenic mushrooms in the Psilocybe genus 

(Subramanian, 1995). Many of those traditions persist to this day. In Chinese medicine, the 

Reishi or Lingzhi mushroom (Ganoderma lucidum) has been used for centuries to promote 

general health as well as being anti-inflammatory and an immunostimulant (Subramanian, 1995). 

G. lucidum is even being investigated for its ability to promote anticancer activity in the body 

(Monroy et al., 2021; Jin et. al., 2012). In Japan, a natural product called PSK extracted from the 

turkey tail fungus (Trametes versicolor) has been approved for use in cancer treatment (de 

Mattos-Shipley, 2016). Fungi are also an essential part of antibiotic drug development. In the 

coming decades, the need for alternative medicines and new antibiotics will continue to increase 

(Karwehl & Stadler, 2016). Fungi can provide possible answers for these problems. Investigating 

the full extent of fungal biodiversity and better understanding how mushrooms interact with their 
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environment will allow us to better utilize their potential for drug development, agriculture, and 

food accessibility and sustainability (Lange, 2014). 

2.2 Mushroom Biodiversity and the Environment 

The Kingdom Fungi encompasses multiple life history strategies, including saprobes, 

parasites, pathogens, and mycorrhizal symbionts. Saprotrophic fungi fill the ecological role of 

breaking down nutrients and returning them to the soil. They retrieve nutrients by secreting 

enzymes into their substrate; many utilize lignin-cellulose degrading enzymes to break down 

organic matter from plants (Boddy & Hiscox, 2016). Common examples of saprotrophic 

macrofungi are turkey tail (Trametes versicolor), chicken of the woods (Grifola frondosa) and 

oyster mushrooms (Pleurotus species). The growth and development of saprobes can be 

influenced by competition for available detritus, as well as stress and disturbance from their 

surroundings (Boddy & Hiscox, 2016; Elevitch, 2004). Saprotrophic fungi and other 

decomposers are essential components of ecosystems like forests with high rates of nutrient 

turnover; without them, plants would not have available nutrients to grow and support the 

biodiversity of other organisms.  

Fungal parasites and pathogens pose serious concerns to farmers, arborists, and public 

health experts alike. A large portion of research within mycology, especially in fungal genetics, 

is dedicated to improving our understanding of fungi that could potentially become or are already 

pathogenic (Kogel et. al., 2006). Fungal pathogens are parasites that cause a disease in their host, 

such as Batrachochytrium dendrobatidis, which causes chytridiomycosis in frogs and other 

amphibians (Fisher et. al., 2009). There are many common types of fungal infections in humans, 

such as minor skin infections like athlete’s foot, but there are also serious diseases such as 

aspergillosis and systemic candidosis that have high mortality rates in humans (Kavanaugh, 
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2005). Common forest macrofungi that are parasitic include Armillaria species and conks (e.g. 

Heterobasidion annosum), which can both persist as saprobes as well (Molina et al., 1993). 

Fungi are constantly adapting to their environment and the resources that are made available to 

them. While parasites and pathogens are a serious concern for both environmental and human 

health, these species still contribute significantly to the processes of returning nutrients to an 

ecosystem and to the biodiversity of the Kingdom Fungi, as well as some edible species such as 

honey mushrooms (Armillaria mellea) (Arora, 1986). 

Mycorrhizae form networks of hyphae in the soil around the root tips of their host plant, 

essentially increasing the spread of the plant’s root system and allowing for greater access to 

available nutrients and minerals in the soil, especially phosphorus and nitrogen. Mycorrhizal 

plants can obtain up to 80% of their required nitrogen and up to 90% of phosphorus from their 

fungal symbionts (van der Heijden, 2009). Plants tend to have multiple fungal symbionts 

connected to their root systems, and mycorrhizae tend to expand their networks to multiple hosts, 

even reallocating resources between different areas of their network, between hosts that have 

greater or lesser amounts of certain nutrients (van der Heijden et al., 2003; 2009). Mycorrhizal 

fungi play host to their own endosymbiotic bacteria and can also increase the populations of soil 

bacteria in their proximity; hence, their presence in the soil can change the dynamic of the whole 

soil microbial community (Andrade, 1997). 

The four categories of mycorrhizae are arbuscular mycorrhizal fungi (AMF), 

ectomycorrhizal fungi (ECM), ericoid mycorrhizal fungi, and orchid mycorrhizal fungi 

(Brundrett & Tedersoo, 2018). Approximately 80% of all plants are associated with arbuscular 

mycorrhizal fungi (AMF), including a majority of food crops (Pele, 2018). AMF are 

characterized by their arbuscules, which are clusters of hyphae which grow inside the cells of 
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their host plant’s roots and facilitate the direct transfer of nutrients to their host in exchange for 

carbon-containing molecules. Ectomycorrhizal fungi (ECM) are the only kind of mycorrhizal 

fungi that produce mushrooms (Molina et al., 1993). ECM do not penetrate their plant host’s 

cells, but instead their hyphae grow in between the cells and form what is called a Hartig net. 

ECM belong to the phyla Basidiomycota and Ascomycota (van der Heijden, 2009). Only 2% of 

vascular plants (around 8,000 species) associate with ECM, but among them are many common 

tree species within the Birch (Betulaceae), Pine (Pinaceae) and Beech (Fagaceae) and 

dipterocarp (Dipterocarpaceae) families, among others, which dominate many boreal, temperate, 

and tropical forests (Dahlberg et al., 2001).  ECM fungi and their tree hosts are often key players 

in ecosystem health and resilience (Usman et al., 2021); these organisms are worth studying to 

expand our knowledge of how to protect the biodiversity of fungi, plants, and other taxa. 

Mycorrhizae can directly influence the diversity and identity of plants in their 

environment (Tendersoo et al., 2020). Mycorrhizal fungi, including both their hyphal networks 

and their fruiting bodies, can potentially be used to tackle problems such as environmental 

contamination. Bioremediation is the process of using a living organism to remove or degrade a 

harmful substance from the environment. Reforestation and bioremediation utilizing plants along 

with their inherent symbionts are two strategies for decreasing the concentration or spread of 

contaminants at a polluted site, especially in the case of heavy metals (Henke et al., 2015). 

Establishing a plant community, such as a forest that hosts ectomycorrhizal trees, is one such 

method to remove a pollutant from the environment by accumulating it into the biomass of the 

fungi or trees present. 

White rot fungi, such as common button mushrooms (Agaricus bitorquis), brown rot 

fungi (such as Gloephyllum species) and even portobellos (Agaricus bisporus) are commonly 
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studied for mycoremediation of heavy metals (Budzynska et al., 2022). One study in northern 

Croatia observed several species of mushrooms, including wood hedgehog mushrooms (Hydnum 

repandum) and porcinis (Boletus edulis), that were able to accumulate radioactive carbon from 

soil that had been contaminated from the nuclear meltdown at Chernobyl (Tucaković et al., 

2018). Additionally, multiple species of fungi such as Turkey tail (Trametes versicolor) and 

oyster mushrooms (Pleurotus ostreatus) are capable of transforming organic pollutants such as 

polycyclic aromatic hydrocarbons (PAHs) into non-toxic compounds (Budzynska et al., 2022). 

Some pathogenic fungi and xerophilic fungi including Aspergillus glaucus and Botryosphaeria 

laricina have been investigated as potential remediators for pesticides as well (Budzynska et al., 

2022; Maqbool et al., 2016). Fungi not only support ecosystem health through nutrient cycling 

and their symbiosis with plants, but also through their potential to remove contaminants from 

their environment (Harms et al., 2011). 

Quantifying mycodiversity in an area is a valuable lens through which to view the 

functioning of an ecosystem because fungi directly impact the chemistry of their surroundings 

and the soil microbiome, play important roles as plant-symbionts, and are a significant food 

source for animals and insects as well as humans. Understanding the impact of disturbance on 

mushroom diversity could help improve our overall understanding of fungal diversity in different 

environments and the best ways to make mushroom foraging more accessible to nearby 

communities. As fungi are essential for nutrient cycling and have strong benefits for plant 

communities, it is imperative to understand how anthropogenic forces as well as natural ones 

affect fungal biodiversity. In the coming decades, knowledge of fungal communities and their 

interrelatedness with the environment and other organisms will continue to shape how we 
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improve our agriculture, progress our biotechnology research, and protect our natural ecosystems 

from biodiversity loss. 

2.3 What Influences Fungal Biodiversity? 

 Climate and habitat are two of the most influential factors on the ability of fungi to thrive. 

Each mushroom or fungus has their own preferences for substrate, temperature, and moisture 

level, but many are apt to thrive in damp, shaded environments (Tomao et al., 2020; Boddy et al., 

2014). The presence of a consistent nutrient source is essential for sustained fungal growth in an 

area. Soil fungi and saprotrophic fungi tend to grow in areas with more vegetation and organic 

matter upon which to grow (Boddy & Hiscox, 2016). Precipitation and soil water retention are 

key factors in enabling fungal growth because fungi rely on soil water potential to uptake and 

retain water in their mycelia. Additionally, fruiting body formation depends on carbon and 

mineral nutrient availability, along with temperature, water availability, light, and interactions 

with other microbes in the soil (Moore et al., 2008; Boddy et al., 2014). 

Fungal metabolism is higher at warmer temperatures, which causes the mushroom 

fruiting season to generally last from late spring to early fall; some species prefer the beginning 

of the season, while others prefer the end when temperatures begin to drop. As climate change 

causes elongated periods of summer in regions like Europe and North America, mushroom 

fruiting season has also begun to expand for some species, while shrinking for others (Boddy et 

al., 2014). In a global study done on soil fungi, researchers found that overall, fungal biodiversity 

increased with closer proximity to the equator. Diversity of most fungal groups was highest in 

tropical regions except for ECM species, for whom biodiversity was highest in temperate or 

boreal ecosystems. After climate, they concluded that edaphic factors (such as pH, mineral 



 

 13 

composition, and soil texture) and spatial patterning (habitat zone, latitude) were the best 

predictors of soil fungi richness and community composition (Tedersoo et al., 2014). 

For soil fungi that associate with a plant host, the distribution of host plants is one of the 

largest influences on the presence of those fungi. Tree communities and fungal communities are 

inherently linked, and so the diversity and species composition within those communities also 

influence each other (Frąc et. al., 2018). A higher presence of mycorrhizal fungi supports soil 

microbial diversity as well as plant health (Tendersoo et al., 2020; Andrade et al., 1997). Fungal 

populations are also significantly impacted by the plant communities around them (Frąc et al., 

2018). Community composition of ECM fungi is largely determined by host plant identity and 

the soil conditions (Molina et al., 1993). For example, oak trees and oak dominated forests are 

likely to favor the presence of specific fungi in the Amanita, Boletus, and Hygrophorus genera, 

among others (Nguyen et al., 2016). Many edible mushroom species belong to these genera, 

making ECM tree-fungi associations critical for improving accessibility of mushroom foraging 

as a means of decreasing food scarcity (Arora, 1986; Rombach & Dean, 2023). Old growth 

forests have also been observed to support a diversity of ECM species (Tomao et al. 2020). 

Furthermore, AMF-dominated forests have been shown to have more saprotrophs and parasites 

along with greater soil fungal diversity overall compared to ECM-dominated forests (Eagar et 

al., 2022). This goes to show how fungal communities and their tree associations can have 

largescale implications on the diversity found in an ecosystem. 

Disturbance is also a factor that influences mushroom growth and fungal diversity. 

Natural disturbance events like animal movements, storms causing trees to fall, wildfires and 

other natural disasters are examples of disturbance to which fungi adapt regularly. There are 

some species that thrive most in disturbed ecosystems, likely due to different nutrients being 
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made available and the pH and moisture content of the soil being changed by the disruption 

(Arora, 1986). In other circumstances, anthropogenic disturbance can negatively impact plant 

and soil communities, and in turn, fungal communities. A study done in Japan investigated 

whether soil microbial communities and fungal communities differed in natural versus artificial 

forests. They looked specifically at forests that had previously been transformed into plantations 

or other curated forest areas. They found that the fungal and bacterial communities in the soil 

were different between natural and modified forests. The diversity indexes of microbes did not 

change between the two, but the microbial co-occurrence network was changed (Nakayama et 

al., 2019). Forest management practices, which can involve the modification of tree 

communities, available deadwood, and other ecological factors, can also impact fungal 

communities. Forest management has been seen to increase the species richness of saprotrophic 

fungi, but current research has come to contrasting conclusions on forest management’s effects 

on ECM fungi, depending on if ECM diversity was measured by observing sporocarps or ECM 

root morphotypes (Tomao et al., 2020). 

Another form of disturbance that comes with proximity to human activity is compaction, 

which can occur during events such as logging or heavy footfall on walking or running trails. 

Compaction limits the air and water conductivity in soil, making it more difficult for fungi to 

retrieve nutrients. A study done on the effects of compaction caused by logging showed that 

compaction significantly reduced abundance, but increased the diversity of fungi (Hartmann et 

al., 2014). Parks and green spaces that are in immediate proximity to cities are exposed to 

additional disturbance. In a study on fungal biodiversity in urban forests of Portland, Oregon 

compared to Mount Hood National Park, greater diversity of mycorrhizal fungi was seen in the 

national forest, but overall fungal community composition was not significantly different 
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between the two ecosystems (Leis, 2022). Human activities in green spaces, whether rural or 

urban, can have unseen impacts on biodiversity. 

 Mushroom foraging can provide an accessible and sustainable additional source of food 

to people who have access to parks and other green spaces. Foraging for edible mushrooms has 

been gaining popularity in the US over the past decade as a way to procure additional food and 

connect with nature at the same time (Rombach & Dean, 2023). Improving our understanding of 

mushroom biodiversity in urban parks and green spaces will help better inform local and regional 

mushroom foragers on where they can most reliably find edible species. Trails provide 

convenient avenues for mushroom foragers; but whether mushrooms grow more readily along 

disturbed edges such as trails compared to off-trail patches of forest has not been thoroughly 

researched. This study investigated the impact of trailside disturbance on biodiversity of 

mushroom-forming fungi in public green spaces of New London, Connecticut. It was 

hypothesized that fungal species richness and fungal community composition would vary 

significantly between sampling sites, due to seasonality, and between foraging areas (trailside or 

in the undisturbed plot). It was predicted that tree communities present would also have an 

impact on the fungal communities. Foraging in the trailside sampling area was hypothesized to 

increase fungal diversity and affect fungal community composition due to the ecological 

disturbance caused by the presence of a trail and soil compaction, along with the effects of trail 

management practices on available deadwood and leaf litter. Seasonality was predicted to affect 

fungal species richness and community composition due to the variation in peak fruiting season 

timeframe between species of fungi. It was predicted that temperature and precipitation levels 

might also interact with seasonality and cause changes in fungal species richness observed. 
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3.0 METHODS 

3.1 Experimental Design and Sampling Methods 

 Six public parks and reserve areas were selected in the New London area, and each was 

sampled for mushroom specimens twice during the months of September and October, 2023. 

These sites were chosen based on their proximity to Connecticut College, accessibility of these 

sites for the public, and knowledge of areas used by local mushroom foragers. Limiting the 

number of sites included in the study allowed for each site to be visited twice during the 

experiment. As a measure of the effects of disturbance, two separate areas of equal size were 

sampled at each site: one along either side of a trail, and the other in a relatively undisturbed 

rectangular plot area away from the trail. Both foraging areas, trailside or non-trailside, had a 

total area of 600 square meters. The trailside sampling area included 3 meters on either side of 

the trail for a stretch of 100 meters. The undisturbed plot was selected at least 10 meters away 

from the trail or other disturbance, and was 20 by 30 meters in area. This strategy allowed for 

comparison to be drawn between trailside and non-trailside sampling areas within each site, as 

well as across all 6 sites. 

 Sample collection days were within 2-4 days of a rain event so as to maximize the 

presence of possible fruiting bodies. During sampling, a fruiting body of each unique species 

observed at that site was photographed, removed from the substrate, and collected for later 

identification (Fig. 2). Only one specimen of each species was collected in each respective 

sampling area, regardless of abundance. Specimens were identified using a combination of David 

Arora’s Mushrooms Demystified (Arora, 1986), as well as the online identification forum, 

iNaturalist, and other mushroom identification keys such as mushroomexpert.org (Kuo, 2022). 

Most specimens were identified to the genus level or lower. 
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Figure 2. Mushroom Collection Process. Top Left: Habitat adjacent to the foraging areas at 
Mamacoke Island. Top Center & Top Right, Bottom Left & Bottom Center: Mushroom 
bodies collected during the sampling process from the genera Trametes (top center) Amanita (top 
right), Russula (bottom left) and Mycena (bottom center). Bottom Right: Foraging in the 
undergrowth of Bates Woods Park. 
 
3.2 Foraging Sites 

 The sites chosen for the study were Avery Nature Reserve (41 24’27”N 72 06’04”W), 

Bates Woods Park (41 21’18”N 72 07’34”W), Mamacoke Island within the Connecticut College 

Arboretum (41°23’29”N 72°06’01”W), Virginia Conover Nature Reserve (41°24’07”N 

72°08’34”W), Stenger Farm Park (41°21’05”N 72°07’53”W), and Mitchell Woods (41°19’36”N 

72°05’57”W). These sites were chosen based on their proximity to Connecticut College and the 
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accessibility of these sites for both students and the public (Fig. 3). Trailside and undisturbed 

sample areas within each open space were selected based on prior mushroom foraging and 

habitat parameters, e.g. relatively mature forest, dominance of ectomycorrhizal host trees, 

proximity to streams, creeks, or other wetlands, and previous foraging experience in the area.  

Trailside and undisturbed areas within each site were adjacent to each other. 

 

Figure 3. Map of the study sites, each with a blue pin showing their position in the greater New 
London and Waterford area of Connecticut (Google Earth version 7.3). 
 
3.3 Further Data collection 

 After identification had been attempted for all specimens, the number of unique species 

(including unidentified but morphologically unique specimens) at each site and in the trailside or 

non-trailside area was recorded. Precipitation data for the days surrounding each mushroom 
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collection were gathered from the National Oceanographic and Atmospheric Administration 

(National Centers for Environmental Information, 2022). A representation of the tree community 

composition at each site was gathered by recording the observed tree species richness and 

abundance within a 20 m x 30 m transect along both foraging areas at each site (undisturbed plot 

and trailside) as well as recording the proportion of those tree species that form ectomycorrhizal 

(ECM) associations at each site. To include a measure of seasonality over the course of the 

experiment, we coded each sampling date as the number of days since September 1. This was 

used as an approximate measure of the change in season from late summer to early fall over the 

course of the experiment, as fruiting season varies between species of fungi (Boddy et al., 2014). 

3.4 Statistical Analyses 

 The data was initially visualized to compare the richness of mushroom-forming species 

observed at each site and within each foraging area (trailside or undisturbed forest plot). Fungal 

species richness was also plotted with seasonality (number of days since September 1 at the time 

of sampling), precipitation, and temperature. The initial visualizations of the fungal richness data 

across each site and foraging area also indicated that there was a potential interaction between 

these two predictor variables, and we therefore added an interaction term for site and disturbance 

(foraging area) to our statistical analysis. Based on all of the preliminary visualizations, a four-

way ANOVA was conducted to test whether fungal species richness was influenced by the 

predictor variables of sampling site, foraging area, and seasonality (Anderson et al., 2001). 

Comparison of fungal communities between sites was conducted at the genus level. The 

assessment of fungal communities refers only to the variety of mushroom-forming fungal species 

that were found at a site; microscopic soil fungi or non-ECM fungi species were not included in 

this study. The fungal species richness measure in our data was reflective of the number of 
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distinct morphological species within each genus and was included (as opposed to 

presence/absence of each genus) to give weight to the potentially ecologically and culinary 

significance of the number of different species within each genus at a given sampling. A 

Constrained Analysis of Principal Coordinates (CAP) (Anderson & Willis, 2003) using Bray-

Curtis dissimilarity (Bray and Curtis, 1957) was used to visualize differences in fungal 

communities among sites and foraging areas through an ordination plot. To examine the effects 

of site, disturbance (foraging area) and seasonality on fungal community structure, we conducted 

a three-way PERMANOVA (Anderson et al., 2001) using the ‘adonis’ function in the R package 

‘vegan’ (Oksanen et al., 2016) with Bray-Curtis dissimilarity (Bray and Curtis, 1957). Indicator 

species analyses (De Caceres & Legendre, 2009) were also used to identify fungal genera that 

were found significantly more frequently at different sites and foraging areas.  

Finally, Shannon diversity indices of tree diversity and the proportion of ectomycorrhizal 

(ECM) tree species within the tree community at a site were incorporated into a six-way 

ANOVA with site, disturbance, the interaction between site and disturbance, and seasonality to 

assess the effects of those factors on fungal species richness. All statistical analyses were 

conducted using the program R (R Core Team, 2021), and the code that was used is available at 

the following link: https://osf.io/r6kje/. 

4.0 RESULTS 

4.1 Effects of Sampling Site, Disturbance and Climate on Fungal Species Richness 

 The trailside and undisturbed plots were not significantly different in species richness 

(F=0.718, P=0.41) as determined by the six-way ANOVA on fungal species richness. Trailside 

sampling areas had an average of 22 unique species with a standard deviation of ± 9 and the 

undisturbed sampling plots had an average of 19 ± 7 unique species (Fig. 4A). Fungal species 
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richness was higher on the trailside at four of the six sites, except for Bates Woods Park and 

Stenger Farm, where fungal species richness was higher in the undisturbed plots (Fig. 4B and 

4C). Mamacoke Island had the highest overall fungal species richness with of 27 unique species 

averaged between the two sampling occasions and foraging areas, while Mitchell Woods had the 

lowest overall fungal species richness with an average of 11. The highest average fungal species 

richness observed at any specific sampling area within a site was recorded at the Mamacoke 

Island undisturbed plot, with 44 unique species (Fig. 4B). There were no direct correlations 

between fungal richness and sampling occasion (first or second sample collection) (see Appendix 

4). Climate data also indicated no direct correlation between fungal richness and temperature or 

amount of precipitation in the previous 72 hours before sampling (see Appendices 2 and 3).  

 The four-factor ANOVA comparing the effects of site, foraging area, the interaction 

between site and foraging area, and seasonality on the species richness of fungi indicated that 

there was not a significant effect of these factors on the species richness observed, except 

perhaps for site (F=2.715, P=0.08). Initial analyses found a slight negative correlation between 

fungal species richness observed and seasonality (see Appendix 1), but there was not a 

statistically significant effect of seasonality on fungal species richness (F=0.366, P= 0.5573).  
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Figure 4.  Effects of sampling site and disturbance within that site (trailside vs undisturbed plot) on 
fungal species richness. A: Distribution of fungal species richness observed in trailside sampling (trail) 
versus in undisturbed sampling plots (plot). B: Fungal species richness observed at each site, including 
sampling occasion 1 and 2 as separate points, and distinguishing between fungal species richness 
observed on the trailside and in the undisturbed plot. C: Interaction plot displaying the effects of sampling 
site and disturbance on fungal species richness. 
 
4.2 Effect of Site and Disturbance on Fungal Communities 

 Fungal communities differed between sites and depending on seasonality (F = 1.71, P = 

0.004, and F = 2.17, P = 0.019, respectively) as determined by the three-way PERMANOVA. 

Foraging area did not have a significant impact on fungal community composition. The CAP 

ordination (Fig. 5) generated ellipses representing the 95% confidence interval of each site’s 

fungal community composition, where overlap in the ellipses indicates similarity in the fungal 
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communities of those sites. Mamacoke’s fungal community composition showed significant 

similarity with that of Bates Woods, Avery, and Stenger Farm, as well as some similarity with 

Conover. Avery’s fungal community showed similarity with the fungal communities of all other 

sites, but especially Bates Woods, Mamacoke and Conover. Meanwhile, Mitchell showed the 

least similarity with any other sites’ fungal community compositions, having no overlap at all 

with Mamacoke or Stenger, and showing minimal similarity to the fungal community 

composition of Conover, Bates Woods, and Avery. The Amanita genus was identified as an 

indicator genus for Mamacoke Island (P = 0.035), while Merulius was an indicator genus for 

Mitchell Woods (P = 0.011). Stereum was an indicator genus for the trailside foraging area. 

 
Figure 5. Constrained Analysis of Principal Coordinates (CAP) using Bray-Curtis Dissimilarity Matrix, 
comparing fungal community composition between different sites and displaying 95% confidence 
intervals as ellipses around the center symbol representing each site. Each symbol and corresponding 
ellipse represents the average of all four replicates, two sampling occasions and both foraging areas. 
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4.4 Tree communities and Fungal Communities 

Tree species richness showed only slight variation across sites and between foraging 

areas. Conover had the highest tree species richness on average with 8 in the undisturbed plot 

and 9 on the trailside, while Bates Woods Park had the lowest at 5 in the plot and 6 on the trail.  

Table 1. Tree diversity and percent ectomycorrhizal tree species (ECM) at each site and 
foraging area within that site. 

Foraging 
Area 

Site Tree Species 
richness 

Shannon 
Diversity Index 

Percent 
ECM 

Trailside Avery 8 1.992 84.615 
Bates 6 1.044 28.571 

Conover 9 1.947 87.180 
Mamacoke 5 1.772 92.857 

Mitchell 7 1.826 42.857 
Stenger 8 1.954 64.000 

Undisturbed 
Plot 

Avery 8 1.992 69.231 
Bates 5 1.088 35.294 

Conover 8 1.956 73.333 
Mamacoke 7 1.304 92.308 

Mitchell 5 1.459 40.000 
Stenger 6 1.712 69.231 

 
Initial comparison between of the proportion of ECM trees and the fungal species 

richness found at that site indicated a positive correlation between these two factors (Fig. 6), 

which was confirmed as statistically significant by the six-way ANOVA (F = 7.04, P = 0.023) 

which also tested site, foraging area, the interaction between site and foraging area, seasonality, 

and tree diversity. None of the other predictor variables had significant effects on fungal species 

richness. 
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Figure 6: Proportion of Ectomycorrhizal tree species found at a site and the fungal species 

richness found at that site. 
 
5.0 DISCUSSION 

5.1 Fungal Species Richness Impacted by Presence of ECM-Associated Trees 

 The proportion of ECM-associating tree species at a given site significantly impacted 

species richness of mushroom-forming fungi. The three sites with the highest proportions of 

ECM tree species were Mamacoke, Conover and Avery. These sites had high abundance of oak 

trees (Quercus) as well as some presence of birch (Betula). Notably, these sites were also high in 

fungal species richness and in their overlap with fungal community composition of other sites. 

Mamacoke had high diversity of species in the Amanita genus, many of which are ECM fungi 

(Yang et al., 1999). These results agree with the results of Cavard et al. (2011), which found that 

ECM fungal species richness increases with higher ECM tree diversity. ECM fungi have high 

variation in their spatial distribution within a forest ecosystem; most species aggregate together, 

leading to a high density of a species in one area and a very low density of that same species in a 

different area (Dahlberg et al., 2001). In a study on ECM fungi in boreal forests disrupted by 
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wildfires, spatial variation was shown to have a greater impact on ECM fungal species 

composition than the impact of disturbance caused by wildfires (Jonsson et al.,2003). The chosen 

study area at Mamacoke Island containing a high abundance of oak (Quercus), hickory (Carya) 

and birch (Betula) trees, all of which are ectomycorrhizal, could have played a role in the 

Amanita genus being highly associated with this site. The impact of ECM trees on the broader 

ecosystem has become of greater interest to plant and fungal ecologists as more research 

supports the importance of diverse mycorrhizal communities for forest resilience. Quantifying 

abundance and diversity of mushrooms can be used to assess the responses of fungal 

communities to disturbance and change, which will continue to be relevant as climate change 

progresses and more ecosystems are susceptible to disruption (Stephens et al., 2017). 

5.2 Fungal Species Richness Largely Uninfluenced by Disturbance, Seasonality, Tree 

Diversity, Precipitation or Temperature 

The results indicated that site, foraging area, and seasonality at the time of sampling did 

not have significant effects on fungal species richness observed. As foraging area served as a 

measure of disturbance for this experiment, the disturbance caused by the presence or absence of 

a trail in the foraging area was not deemed significant. This result did not support the hypothesis 

that trailside foraging areas would have greater fungal diversity due to increased compaction and 

available deadwood; however, the genus Stereum was identified as an indicator for the trailside 

foraging areas. Stereum is a common saprotrophic shelf fungus found on hardwood; it follows 

that this genus would commonly be found along the sides of trails where there is a plethora of 

cleared vegetation and fallen branches upon which those fungi could grow. This is supported by 

the findings of Tomao et al. (2020) whose results suggested that disturbances that lead to greater 

availability of deadwood could promote diversity of fungi that use wood as their substrate. 
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Tree species diversity did not significantly impact fungal species richness across 

sampling sites. This contrasts the findings of Tomao et al. (2020), who found that fungal 

diversity was positively correlated with tree species diversity. Their study was focused on the 

effects of forest management; they found that high intensity forest management correlated with 

lower fungal species richness. Tomao et al. (2020) also concluded that low impact forms of 

forest management, such as more sustainable logging practices and reduction of habitat 

fragmentation, can help to preserve fungal diversity. These findings could lead to improved 

understandings of how parks, forests and preserves can be responsibly managed to benefit the 

biodiversity of all taxa, including the Kingdom Fungi, that may be present. Maintaining trail 

systems and supporting ectomycorrhizal and native trees could augment the biodiversity and 

health of these spaces, as well as improving their accessibility and resiliency. 

Temperature and precipitation levels in the days leading up to the sample collection also 

had no correlation with fungal species richness. It is relevant to note that the summer before this 

experiment had lower rainfall than an average year (National Centers for Environmental 

Information, 2022). The inconsistency of mushroom fruiting patterns and the lower amounts of 

precipitation experienced in this area of Connecticut prior to the experiment could have affected 

the species richness observed. Mushroom fruiting can be triggered by a variety of factors and 

many mushrooms are ephemeral, only lasting for a few days if they do form. There are even 

species that do not form fruiting bodies annually (Boddy et al., 2014). Because of all these 

uncertainties, sampling mushrooms is more reflective of what fungi happen to be thriving and 

producing fruiting bodies in the conditions of that transient moment in time rather than all of the 

fungal diversity that may be present. 
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5.3 Differences in Fungal Community Composition based on Site and Seasonality 

 Fungal communities were significantly impacted by site and seasonality, while 

disturbance of the foraging area by the presence or absence of a trail had no significant impact. 

The CAP ordination showed overlap between many of the sites, such as Avery and Mamacoke, 

but also highlighted differences in fungal community composition between some key sites. The 

fungal community composition of Mitchell Woods was the least like other sites, and this site was 

also the lowest in fungal species richness. Mamacoke and Mitchell woods also were significantly 

associated with particular fungal genera, Amanita and Merulius respectively, which further 

emphasizes the difference between the fungal community composition of these two sites. 

Differences between the mycodiversity observed at each site could be due to the unique site 

histories and characteristics of the soil such as moisture retention and mineral composition 

(Tomao et al., 2020). Each site within this study had a different total area, as well as contrasting 

land uses in the adjacent areas. Grilli et al. (2017) found that habitat fragmentation largely 

negatively impacted fungal diversity, except occasionally in the case of pathogenic fungi. 

Mitchell Woods had the least amount of total area within that park, making its interior habitat 

more susceptible to the effects of fragmentation. Avery and Conover Nature Reserves had larger 

total areas; Mamacoke Island also had a large area, as well as being bordered by water and the 

Connecticut College Arboretum. The fungal diversity at these sites could have been supported by 

their greater land area and decreased proximity to urban development. 

 Seasonality is well documented as having an impact on which species of fungi undergo 

fruiting (Boddy et al. 2014). In our study, seasonality was shown to have a significant impact on 

fungal community composition, but not fungal species richness. Regarding seasonality, it is 

plausible that changes in niche availability occurred over the course of the experiment as 
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temperature and precipitation changed. Seasonal preferences of different species of fungi could 

explain why fungal species richness was not impacted by seasonality, unlike fungal community 

composition. Two additional hypotheses that attempt to explain the distribution of fungal 

diversity are 1) niche differentiation between species with contrasting competitive abilities, and 

2) stochastic factors which enhance coexistence of species with similar competitive abilities 

(Dahlberg et al., 2001). As fungi have little control of the dispersal of their spores once they have 

left the fruiting body, it is up to factors such as wind, rain, and animals to determine how far the 

spores will spread and upon which substrate they will land. Successional changes, such as the 

regrowth of primary vegetation after a disturbance, also goes hand in hand with primary 

colonization of mycorrhizal fungi, therefore influencing what fungal communities can be found 

in an ecosystem along a successional chrono sequence (Dahlberg et al., 2001). Furthermore, the 

timing of mushroom morphogenesis is influenced by a combination of environmental factors 

such as nutrient availability, temperature, water availability, and interactions with other soil 

microorganisms (Moore et al., 2008). Mushroom fruiting is therefore subject to seasonal 

conditions as well as short term weather events, which accounts for the individual variations in 

fungal species richness that may have been observed between different occasions or foraging 

areas within a site (Halme & Kotiaho, 2012). 

6.0 CONCLUSIONS 

 Fungal species richness was correlated with higher proportions of ECM trees within the 

tree community at a site, indicating the importance of ECM hosts in predicting fungal diversity. 

Fungal species richness was not significantly impacted by foraging area or tree diversity at the 

given site. Site and seasonality had significant impacts on fungal community composition, but 

not on the species richness. Niche availability likely played a role in the impact of seasonality on 
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fungal species richness, as different niches can emerge over the course of changing temperatures 

and precipitation levels between late summer and early fall. Factors such as the tree community 

composition and habitat fragmentation likely affected the fungal community composition at each 

site. Ultimately, foraging alongside a trail versus in an undisturbed area of forest did not impact 

the fungal richness observed, indicating that remaining on or off a trail in a public green space 

will not impact the accessibility of particular species of fungi, such as those that are edible or 

used for medicinal purposes. Fungi in urban environments can help improve our connection to 

nature, decrease food insecurity, and better support biodiversity and ecosystem resilience. As 

biodiversity continues to be threatened globally by anthropogenic forces and climate change, it is 

important to recognize both the inherent value of fungal biodiversity and the ways in which we 

can better protect and utilize our green spaces (Martinez-Garcia et al., 2017; Lange, 2014). 

 

7.0 APPENDICES 

Appendix 1. Seasonality and Fungal Species Richness, where each dot represents one 
observation at each foraging area within each site. 
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Appendix 2. Precipitation in the last 72 hours before sampling and Fungal Species Richness. 

 

 

Appendix 3: Fungal Species Richness and Temperature in the 72 hours prior to sampling. 
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Appendix 4: Sampling occasion (1st or 2nd collection) and Fungal Species Richness 
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