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Abstract 
Extensive green roofs (EGR) are novel ecosystems composed of shallow (2 - 20cm) lightweight substrate with a mix of intentional (planted) and unintentional (spontaneous) species that perform ecosystem services on roofs. Research has examined ways to reduce the obstacles of implementing EGRs to maximize accessibility and efficacy of the structure’s provision of ecosystem services. The success of various ratios of plant mixtures and interactions occurring between spontaneous and intentional plant species have been tested with the goal of utilizing spontaneous plants as viable additions to EGR plant diversity and ecosystem function. However, few studies focus on spontaneous plant activity of completely barren substrate, typically referring to the substrate immediately after EGR installation and before planting. Understanding initial spontaneous plant activity during this time could aid EGR designers and practitioners with innovative planting strategies by providing a list of potential spontaneous species. This project utilizes twelve 2.4 m raised bed units in the student-constructed Green Roof Experimental Lab (GREL) at The University of Tennessee, Knoxville to assess the occurrences of spontaneous vegetation immediately after installation. Each unit was split into equal quadrants, and each quadrant was assigned a substrate depth of 5cm or 15cm to assess substrate depth’s role in spontaneous species community composition. The spontaneous plant community included 55 individual plants belonging to 10 different species. The ecosystem services associated with the 10 species functional identities include nutrient cycling, pollinator support, thermal regulation, food/ fodder, disturbance prevention, water provision, and waste regulation. Depth treatments were not found to significantly differ in plant communities during the study. These results provide the foundations for further research into the utility of spontaneous vegetation in EGRs in Knoxville, TN. 
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[bookmark: _Toc170220476][bookmark: _Toc173250532][bookmark: _Toc162271492]Chapter 1. Introduction
Green infrastructure, such as green roofs, is a growing trend in constructing urban environments because it offers many benefits, such as storm water management, an increase in urban habitat and biodiversity, and thermal regulation leading to a reduction of the urban heat island (UHI) effect (McKinney, 2002; Getter and Rowe, 2006; Oberndorfer et al., 2007; Grimm et al., 2008). The UHI effect is a significant phenomenon in urban areas, whereby anthropogenic materials such as concrete and asphalt have high specific heat, increase local surface, and air temperatures (Getter and Rowe, 2006; Hass et al., 2016; Ellis et al., 2015). This can cause heat-related health risks in ‘gray spaces’ where these materials are more concentrated (Hass et al., 2016). Green roof installations have become an important strategy to reduce the denser concentration of gray spaces through converting bare roofs, which make up 20 - 30% of the total urban surface area, to combinations of growing media and plants, materials that mitigate the UHI effect and thus reduce heat risk (Frazer, 2005; Oberndorfer et al., 2007; Francis and Lorimer, 2011). The green roof’s efficacy in mitigating UHI relies on the plant’s physical characteristics (biomass, canopy cover, specific leaf area) which are dictated by how each individual plant responds to the design, management, structural intention, and climate of the green roof ecosystem (Oberndorfer et al., 2007; Lundholm et al., 2010). Additionally, the composition and diversity of plant communities also influences the ecosystem services performed by EGRs (Lundholm et al., 2010; Lee et al., 2014; Bevilacqua, 2015). For example, the distribution and diversity of plant traits within a community determines the density of canopy cover (amount of provided shade) which lessens solar exposure of substrate and increases albedo thus decreasing the amount of absorbed heat in the system (Lundholm et al., 2010; Cook-Patton and Bauerle, 2012; Lee et al., 2014). 

0. [bookmark: _Toc173250533]Types of Green Roofs  
There are two types of green roofs: intensive and extensive (Oberndorfer et al., 2007; MacIvor and Lundholm, 2011; Bevilacqua et al., 2015). Regardless of type, green roofs implementation includes installation of a roof membrane and a selected growing medium, however, the two types differ in weight, cost, depth, maintenance requirements, and vegetation possibilities (Oberndorfer et al., 2007; Getter and Rowe, 2006; Bevilacqua et al., 2015). Intensive green roofs (IGR) are more expensive, have deeper growing media (>20 cm), and thus can support the widest variety of plant life from mosses to deeper rooted trees (Oberndorfer et al., 2007; Bevilacqua et al., 2015). Due to increased weight and installation requirements, IGRs often must be included in the building plan and design during initial construction (Bevilacqua et al., 2015). Due to this and the more frequent labor-intensive management, IGRs require more funding (Oberndorfer et al., 2007; Bevilacqua et al., 2015). Extensive green roofs (EGR) have less of a structural requirement due to shallower growing media (< 20 cm), are cheaper, require less management, and are more readily retrofitted to existing roofs (Oberndorfer et al., 2007; Bevilacqua et al., 2015). As such, most green roof research focuses on the variables affecting the implementation and performance of extensive green roofs (Oberndorfer et al., 2007). 

0. [bookmark: _Toc173250534]EGR Plant Assemblage
Given the shallow growth media limits nutrient and water storage capacities and the elevated temperatures and strong sun exposure typical of rooftop environment, EGR designers’ intentional planting selections are limited to hardy stress tolerant species (Lundholm et al., 2010; Lee et al., 2014). The limitation lessens available cover that can be met by planted species without increasing management inputs, however, also introduces an unusual plant composition strategy being observed on EGRs versus other urban landscapes. EGR plant assemblages are often novel ecosystems with a mixture of planted (intentional) and spontaneous (unintentional) species, with percentages of each varying with management, ecological interactions, and time (MacIvor and Lundholm, 2011; Cook-Patton and Bauerle, 2012; Madre et al., 2014). 
Studies have attempted to explore the novelty of EGR plant communities by running various mixtures of intentional and spontaneous species to test the possibility of spontaneous plants as viable additions to EGR diversity and function (Bonthoux et al., 2019; Vanstockem et al., 2019b). It is reported that, over time, intentional green roof plant communities often transform to a new dissimilar community highly dominated by spontaneous species if not continuously managed (Dunnett et al., 2008; Olly et al., 2011; Vanstockem et al., 2019b). 

0. [bookmark: _Toc170220478][bookmark: _Toc173250535]Spontaneous Vegetation
Spontaneous vegetation refers to plant species that colonize, establish, and survive on a site without being intentionally planted (Madre et al., 2014; Bonthoux et al., 2019). The species composition is highly dependent on the local species pool (Bonthoux et al., 2019; Vanstockem et al., 2019b). Dispersal of these species occurs via animals, wind, or accidental anthropogenic introductions such as propagules within growing media (Brown and Lundholm, 2015; Li et al., 2019). Abiotic factors influencing the colonization of spontaneous vegetation include: substrate depth, shading, temperature, and moisture (Anderson and Minor, 2019; Li et al., 2019; Vanstockem et al., 2019b; Qian et al., 2020). Spontaneous species are often perceived as an indication of a failure or lack of proper management leading to physical or chemical removal (Oberndorfer et al., 2007). A common justification for the removal is that spontaneous species can include invasive or non-native species that can alter or damage the intended plant community structure and design intent (McKinney, 2006; Vila et al., 2011; Yee et al., 2021). However, research suggests that when spontaneous vegetation become dominant in an EGR’s plant community, they often exhibit successful stress-tolerant traits and provide beneficial ecosystem services resembling intentionally planted species (Deng and Jim, 2017; Thuring and Dunnett, 2019; Heim et al., 2024). 

0. [bookmark: _Toc173250536]Spontaneous Colonization Filters
The substrate depth on a green roof can significantly impact both plant survival, growth, and species diversity (Nardini et al., 2012; Catalano et al., 2016; Ksiazek-Mikenas et al., 2018). Deeper substrates generally provide more water and nutrient storage, reducing the frequency of drought stress and potentially supporting a wider range and higher abundance of plant species (Kohler and Poll, 2010; Nardini et al., 2012). As the plant community develops, sun exposure and growing media depth become limiting factors for plant establishment and survival due to shallower substrates having less available space for rooting and low buffering capacity against extreme or shifting temperatures (Rowe et al., 2012). Established plant communities begin responding to these stimuli and individuals initiate respective survival tactics to compete with one another for the required resources (Rowe et al., 2012). The community response to the stimuli introduces complex environmental intersectionality between the already established community, new colonizers, and the environment (Hodkinson et al., 2002; Rowe et al., 2012; Vanstockem et al., 2019a). The composition of the established plant community influences selective pressures for species with the ability to fill niches or gaps that are not occupied or otherwise lacking competitors that serve as a barrier to colonization (Grime, 2006; Bonthoux et al., 2019; Vanstockem et al., 2019a). For example, it was reported that colonist’s dry mass and richness decreased with increasing resident plant cover (Aloisio et al., 2019). Likewise, colonizing plants with similar growing requirements as preexisting individuals may not colonize as readily or successfully and additionally may have complications or interactions that affect the life cycles of both individuals (Vanstockem et al., 2019b). This suggests that the interactions between resident plants and colonizing species can be complex and may be influenced by factors such as niche overlap and complementarity in rhizosphere dynamics (Vanstockem et al., 2019b). 
For practitioners in Knoxville, Tn to successfully utilize spontaneous vegetation, we must first understand how local abiotic and biotic factors might influence the local vegetation’s colonizing ability. This understanding is vital for maximizing the diversity of plant communities as well as improving the overall design and sustainability of EGRs as effective providers of ecosystem services.

0. [bookmark: _Toc173250537]Research Question and Objectives 
Our study observed and inventoried spontaneous species that colonize experimental platforms during the summer (May – August) of 2023 to determine what spontaneous species colonize unmanaged bare substrate on extensive green roofs in Knoxville, Tennessee immediately following installation. Substrate depths of 5 cm and 15 cm were used to assess the influence of growing media depth on the two resulting plant communities in terms of species composition and abundance. Filling this knowledge gap of what happens to newly established, unmanaged, barren green roofs could prove useful to designers and landscape architects by: 1. identifying a list of observed, readily colonizing, spontaneous species on EGRs; 2. providing an example of how early spontaneous EGR plant communities develop in Knoxville, TN; and 3. evaluating the early performance and development of plant communities in two different substrate depths within the EGR range (5 and 15 cm). 
[bookmark: _Toc173250538][bookmark: _Toc162271521]Chapter 2. Methods 
[bookmark: _Toc162271500][bookmark: _Toc173250539][bookmark: _Toc162271505]2.1. Study Area 
[bookmark: _Toc162271501]The study utilized the student constructed Green Roof Experimental Lab (GREL) on The University of Tennessee, Knoxville’s campus in Knoxville, TN. Knoxville is in the Southeastern United States and has a humid subtropical climate. During the study (May – August 2023), average weekly temperatures range from 67.2°F – 82.67°F and total rainfall of 37.719 cm (NOAA-NWS, 2024). GREL is an experimental research station constructed and established in May of 2023 (35°56'37"N, 83°56'10"W). The design of GREL started in the Spring of 2022. The 200 m2 research area was once used as a storage area for soil and mulch (fig. 1). The construction of the twenty research units at 2.4 m high and four education and outreach units at 1.2 m high began in Summer 2022 and was completed by February 2023 (Table 1). All units are made of wood and have outer dimensions of 122 cm x 102 cm, planting area 92 cm x 112 cm with a maximum depth of 30 cm (fig. 2a, 2b). roofing paper was used as the roof membrane lining the inside of the boxes and drainage holes were drilled to mitigate water retention within the units and prevent wood rot. The units are placed in six rows of four at 35°56'36"N 83°56'10"W with site ground level elevation 250.69 m (fig. 3) 

[bookmark: _Toc173250540]2.2. Growing Media Depth Manipulation 
The study utilized 12 research (2.4m high) units from May 15 to August 29, 2023 (fig. 3). The 92 cm x 112 cm planting area of each raised bed was subdivided into 46 x 56 cm quadrants (fig. 4). All 12 green roof modules were installed using the same proprietary commercial substrate/growing medium, “OMNI Infinity” - comprised of lightweight mineral aggregate and cellulosic components (OMNI Ecosystems, 2022). The layering of the roof lining, mineral aggregate, and cellulosic components were implemented following the OMNI Ecosystems - Green roof Installation Manual (OMNI Ecosystems, 2022). The mineral aggregate and cellulosic components were sanitized pre-installation May 2023 using a Siebring SG15 Steam Generator and AB28 Aeration Blower that utilizes high temperature steam to remove any viable seeds that could have been deposited in transport or storage (Seibring Manufacturing, INC.). The green 
[bookmark: _Hlk170427957][image: A road with a body of water and a car

Description automatically generated]Figure 1. Aerial drone image of test site preinstallation of GREL. The test site (in green outline) is surrounded by a mix of heavily managed landscape (UTK Garden’s to the west), unmanaged [image: A black square with green border

Description automatically generated]landscape (weedy area to the north), riparian area (Third Creek to the east and the Tennessee River to the south), and urban development (Neyland Drive to the south).  








	Step 
	Date completed

	Final Materials Received 
	09-19-2022

	Placement of completed raised bed units 
	10-28-2022

	Substrate arrives from OMNI 
	10-28-2022

	Foam Arrives and Cutting starts 
	10-31-2022

	Finish construction of green roof experimental lab (GREL)
	02-11-2023

	Substrate is Sanitized 
	05-10-2023

	Start of Study 
	05-15-2023 Week 1

	Observation 1 
	06-21-2023 Week 6

	Observation 2
	07-07-2023 Week 9

	Observation 3
	07-17-2023 Week 10

	Observation 4
	07-27-2023 Week 11

	Observation 5
	08-04-2023 Week 12

	Observation 6
	08-18-2023 Week 14

	Observation 7
	08-29-2023 Week 16


Table 1. GREL Construction and Study Timeline
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Figure 2a (right) & 2b (below). Each unit is constructed from wood with a planting box with outer dimensions of 102cm x 122 cm (2a, solid line) and inner dimensions of 92 cm x 112 cm x 30 cm deep (2a, 2b dashed line) secured on top of a pallet. The research units elevate the substrate surface to reach 2.4 m above ground.
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Figure 3. GREL Unit Layout. The green and gray units are research units (2.4 m high), and the orange units are for outreach and education (1.2m high). The green units are numbered 1 to 12 and are the units used in this study. 
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Figure 4. Each of the 12 units were further divided into quadrants and assigned a depth in a checkered arrangement using foam slabs to elevate substrate to equal heights. Quadrants 1 and 4 contained 5cm of growing medium and quadrants 2 and 3 were set to contain 15cm of growing medium. 











roof installation and layering of OMNI infinity media followed the OMNI Ecosystems 2022 installation manual and included an application of proprietary probiotic element (OMNI Ecosystems, 2022). In each unit, the quadrants were assigned to have growing media depths of either 5 cm or 15cm resulting in a uniform checkered formation (fig. 4). Two-inch foam slabs were used to fill the needed space to get the substrate to the desired depth: 3 pieces of foam were set for each 5cm quadrant (1 and 4), and 1 piece of foam was set for the 15cm quadrant (2 and 3). The units were not irrigated for the duration of the study to eliminate any possible management biases affecting the colonization of spontaneous species that may occur during the study.

[bookmark: _Toc173250541][bookmark: _Toc162271506]2.3. Observations and Analysis  
[bookmark: _Toc173250542]2.3.1. Plant Community Assessment 
The presence of spontaneous vegetation was recorded in binary fashion: “1” was assigned when present and “0” for absent (no plants). The abundance of individual plants was counted and reported for each quadrant at each observation. Each plant was categorized by species, family, possible growth durations, growth habit, season, native or exotic, mode of reproduction, seed dispersal methods, documented performed ecosystem services, and the week a representative was first observed in quadrants of either depths. Species richness was found by counting the number of different species in each quadrant. Alpha diversity refers to the average species diversity in a community (Whittaker, 1972). Shannon’s diversity index (H) was the alpha diversity index used to compare the two depth’s resulting communities (Shannon, 1948). Species evenness was calculated by dividing Shannon’s diversity index value (H) by the natural logarithm of species richness (Shannon, 1948). 

[bookmark: _Toc173250543]2.3.2. Photo Collection and Observation
Periodic observations were recorded in the form of digital photos taken directly above each unit between 1100 - 1500 h from May 22, 2023 to August 29, 2023 to be used for plant identification and counts. Cloud cover was usually very low. The camera specs: 50 MP, f/1.8, 23mm (wide), 1/1.56", 1.0µm, dual pixel PDAF, OIS. The images were taken with the camera kept at about 1.5 m from the top of the canopy to prevent overestimation of coverage. 
[bookmark: _Toc173250544]2.3.3. Fixing Observation Camera Distortion 
Select observation images were subject to some angle distortion. To correct this, the images were uploaded to Adobe Photoshop and the images perspective was corrected using the Perspective Crop tool eliminating the angular distortion. All images were uploaded to photoshop then cropped into four equal rectangles using the quadrant reference lines drawn on each unit to ensure each cropped quadrant was correctly sized.

[bookmark: _Toc173250545]2.3.4. Canopy Cover Estimation
To assess canopy cover, the cropped images of each quadrant were uploaded to the mobile MATLAB based application Canopeo. Canopeo is an automatic color threshold classification (ACT) mobile application developed using MATLAB (Patrignani and Tyson, 2015). The application was used for percent canopy cover estimation. The mobile application uses a device’s camera to take media, such as pictures or videos, and convert them into high contrasting black and white images. It does this by calculating the Fractional Green Canopy Cover % (FGCC%) of each image by assigning white to pixels with mostly green color spectra (sensitivity = 91%) and all other colors default to black (specificity = 89%) (Patrignani and Tyson, 2015). It then calculates the ratio of white pixels to all pixels and reports it as a percentage. This percentage represents the amount of photosynthesizing, or active, above ground plant material represented in the image (Patrignani and Tyson, 2015).

[bookmark: _Toc162271511][bookmark: _Toc173250546]2.4. Statistical Analysis 
Open-source R 4.3.3 and R studio were used to conduct statistical analyses and create figures (R Core team, 2024). A Shapiro-Wilks test was used to check for normality (p > 0.05) among response variables. Normality was not observed as the data was not normally distributed due to the higher density of “zero” values when plants were absent in quadrants at each observation. To analyze the non-normally distributed data, the following nonparametric tests were used in their respective situations, the correlations amongst two independent variables Kendall Rank Correlation was used to measure the strength of dependence between two measured quantities and the Wilcoxen rank sum test was used when comparing two independent sample’s distributions. 
[bookmark: _Toc162271515][bookmark: _Toc173250547]Chapter 3. Results 
[bookmark: _Toc173250548][bookmark: _Toc162271516]3.1. Plant Presence Among Quadrants
Of the 336 total individual quadrant observations, 180 (~ 53.6%) had plants present (presence = 1) and 156 had no observed colonization at the time of observation (presence = 0) (fig. 5). The 180 individual quadrant observations with colonization occurred in 31 of the total 48 quadrants during at least one of the seven recorded over the 16-week study (fig. 6). Of these, 17 of the 31 quadrants had plants present at every observation (~55%). A general increase was observed in the number of quadrants that had plants with each sequential observation. The maximum number of quadrants with plant colonists was recorded in week 14. Between week 14 and 16, 4 quadrants belonging to 4 different units (fig 5) experienced complete plant mortality, decreasing the number of quadrants with living plant cover from 31 in week 14 to 27 in week 16 (fig 6). 

[bookmark: _Toc173250549]3.1.1. Presence by Depth 
Depth was not found to significantly influence the colonization (presence) of plants (Wilcox Rank Sum, p > 0.05). Among the 5cm depth quadrants, 16 of the 24 (~67%) had plant colonization, 11 of the 16 (~69% of the 16 with plants; ~49% of all) 5cm quadrants with presence had plants at all observations (fig. 7). Among the 15cm depth quadrants, 15 of the 24 (~63%) saw some plant colonization, 6 of those 15 (~40%; 25% of all) 15cm quadrants with presence had plants present at every observation (fig. 7). 
The two depths showed similar changes in total quadrants regarding plants’ presence over time. However, the number of 5 cm quadrants experienced the respective shifts first. The number of quadrants with plants present in the shallower 5cm depth was higher at both the initial and final observations. (fig. 7). The total number of 15 cm quadrants with plant presence did rise from initial observation until week 10, overtaking the number of 5cm depth quadrants with plants present in them due to the lack of colonization in the 5cm quadrats from week 9 to 11 (fig.7). This four-week lack of colonization was also observed in the 15 cm depths from weeks 10 to 12 after which the two communities had a respective total 14 quadrants each with plants present (fig.7). The week 16 observation saw a drop of 2 quadrants per depth treatment.
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Figure 5. Presence/absence of plants recorded at each observation. Each numbered box represents a unit. Each row represents a quadrant within that box. Each colored column is an observation. 
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Figure 6. This graph depicts the total number of quadrants with living plants present from June 21 to August 29, 2023. 










[image: ]Figure 7. This graph depicts the weekly total number of quadrants separated by depth with living plants present from June 21 to August 29, 2023. The purple line is the shallower 5cm depth. The orange line is the deeper 15 cm depth. 











[bookmark: _Toc173250550]3.2. Plant Community Dynamics
[bookmark: _Toc173250551]3.2.1. Spontaneous Colonizer Identification and Characteristics
A total of 10 different species belonging to 6 different families were found to colonize the raised beds. Each plant that colonized the 31 of 48 quadrants was identified by family and species then classified by various colonization traits such as reproductive and dispersal modes. Three different types of growth habits and both warm and cool season plants were observed in the following degrees, four (Eupatorium serotinum, Sonchus asper, Chenopodium album, and Pontentilla norvegica) non-leguminous warm season forbs/herbs, one (Trifolium repens) leguminous cool season forb/herb, two (Persicaria lapathifolia, Polygonum aviculare) warm or cool season non-leguminous forb/herb, one cool season grass (Lolium perenne), one warm season grass (Panicum virgatum), and one warm or cool season grass (Digitaria serotina). Four species (Eupatorium serotinum, Pontentilla norvegica, Digitaria serotina, Panicum virgatum) are native to Tennessee, six species (Chenopodium album, Sonchus asper, Polygonum aviculare, Persicaria lapathifolia, Trifolium repens) are exotic (USDA, 2023). 
Seven of the 10 colonizing species were observed over the full duration of the study. Two species, Sonchus asper and Pontentilla norvegica, were first observed during week 9, and one species, Trifolium repens, was not observed until week 11 (Table 2). All 10 colonizing species are adapted to thrive in various climate conditions, but most prefer well drained moist soil conditions. All 10 species are primarily dispersed through seed, with eight species having seed dispersal by wind (anemochory) and two species dispersing via birds (endozoochory) (Table 2). Panicum virgatum can also be dispersed in the form of a rhizome. Digitaria serotina, Trifolium repens, and Potentilla norvegica can also be dispersed in the form of stolons (Table 2). The potential ecosystem services based on functional identity of each species were taken from a review done by Brown and Anand, 2022 (table 3). 

[bookmark: _Toc173250552]3.2.2. Species Richness 
2

The average species richness per quadrant across the whole study was 0.8601 and median was 1 (fig. 8). The average species richness per quadrant increases from the minimum 0.52 at week 6 to the max average species richness at 1.1 by week 14, it then decreased back to 1 at week 16 
	Scientific Name
	Common Name
	Family
	Duration
	Growth habit
	Season 
	Native /Exotic
	Reproductive Mode
	Dispersal Mode
	Observed 
5 cm 
	Observed 15 cm

	Chenopodium album
	Common Lambsquarter
	Amaranthaceae
	Annual
	forb
	Warm
	E
	Seed
	Anemochory
	6
	-

	Digitaria serotina
	Dwarf Crab Grass
	Poaceae
	Annual
	Grass
	Warm/ Cool
	N
	Seed, Stolon
	Anemochory
	6
	6

	Eupatorium serotinum
	Lateflowering Thoroughwort
	Asteraceae
	Perennial
	forb
	Warm
	N
	Seed
	Anemochory
	-
	6

	Lolium perenne
	Perennial Ryegrass
	 Poaceae
	Perennial
	Grass
	Cool
	E
	Seed
	Anemochory
	6
	6

	Panicum virgatum
	Switchgrass
	Poaceae
	Perennial
	Grass
	Warm
	N
	Seed, Rhizome
	Anemochory
	6
	6

	Persicaria lapathifolia
	Pale Smartweed
	Polygonaceae
	Annual
	forb
	Warm/ Cool
	E
	Seed
	Endozoochory
	6
	6

	Polygonum aviculare
	Prostrate Knotweed
	Polygonaceae
	Annual Perennial
	forb
	Warm/ Cool
	E
	Seed
	Anemochory
	6
	6

	Pontentilla norvegica
	Mock Strawberry
	Rosaceae
	Annual Biennial Perenniel
	forb
	Warm
	N
	Seed, Stolon
	Endozoochory
	9
	10

	Sonchus asper
	Spiny Sowthistle
	Asteraceae
	Annual
	forb
	Warm
	E
	Seed
	Anemochory
	9
	10

	Trifolium repens
	White Clover
	Fabaceae
	Perennial
	legume
	Cool
	E
	Seed, Stolon
	Anemochory
	11
	14


	Table 2. Spontaneous Species Inventory and Characteristics

	[bookmark: _Hlk173170793]Scientific Name
	Nutrient Cycling
	Pollinator Support
	Thermal Regulation
	Food/ Fodder
	Disturbance Prevention
	Water Provision
	Waste Regulation

	Chenopodium album
	
	
	Shade, Transpiration
	
	
	Moisture Retention
	

	Digitaria serotina
	Soil Fertility
	
	Transpiration
	
	Drought Resilience 
	
	

	Eupatorium serotinum
	Decomposition
	Provision
	Shade,  Transpiration
	
	
	Moisture Retention
	

	Lolium perenne
	Soil Fertility, Decomposition
	
	Transpiration
	
	Drought Resilience
	
	

	Panicum virgatum
	Soil Fertility, Decomposition 
	
	Transpiration
	
	Drought Resilience 
	
	C4 - Soil Remediation

	Persicaria lapathifolia
	
	
	Shade,  Transpiration
	
	
	Moisture Retention 
	

	Polygonum aviculare
	
	
	Shade,  Transpiration
	
	
	
	

	Pontentilla norvegica
	Decomposition
	Provision
	Shade,  Transpiration
	Fruit
	
	Moisture Retention
	

	Sonchus asper
	
	Provision
	Shade,  Transpiration
	
	
	
	

	Trifolium repens
	Soil Fertility
	Provision
	Shade,  Transpiration
	
	
	Moisture Retention
	


Table 3. Reported Ecosystem Services Associated with Observed Spontaneous Species
The table shows links and associations of species functional identities (duration, growth habit, growing season, native /exotic, reproductive mode, dispersal mode) and ecosystem services based on a review of literature.   
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Figure 8. This graph depicts the weekly average species richness per quadrant from June 21 to August 29, 2023.
2


(fig. 8). The highest species richness in one quadrant was 4, containing Trifolium repens, Persicaria lapathifolia, Panicum virgatum, Lolium perenne in unit 2 quadrant 1 from week 11 to 16 (fig. 9). Depth was not found to be a statistically significant influence on the species richness (number of different species) in each quadrant (Wilcox Rank Sum, p > 0.05).
Similar community shifting as what was observed in presence by depth, the 15cm depth quadrants had higher species richness between week 9 and 12, and the 5cm quadrants have higher average species richness before and after that range (fig. 10). The maximum richness for both depths was observed in week 14 with a decline from week 14 to 16 observations (fig. 10). The 15 cm depth quadrants had a higher average species richness in most units (U1,3:8,10,12) at most observations (fig. 9). 

[bookmark: _Toc173250553][bookmark: _Toc162271517]3.2.3. Abundance 
A total of 55 individual plants colonized the raised beds by week 14 (fig. 11). Persicaria lapathifolia was the most abundant species with a sum of 15 individuals, and Chenopodium album is the least abundant species with only one individual observed (fig. 12). Depth was not influential on the abundance of the species in this study (Wilcox Rank Sum, p > 0.05). The 5cm quadrants reached a max plant abundance of 29 at week 14 (fig. 13). The 15cm quadrants had a max of 26 individuals at week 12 (fig 13). Panicum virgatum growing in the 15cm depth quadrants was the only plant to lose any individuals before week 14 observation (fig. 14). Both depth communities experienced some loss from week 14 to 16 (fig. 13). The 5cm quadrants lost 1 individual from the Panicum virgatum, Polygonum aviculare, and Lolium perenne populations and the 15cm quadrants lost 1 individual from both Polygonum aviculare and Lolium perenne, and two individuals from Persicaria lapathifolia (fig 14). All the species that experienced losses were species that had individuals present from week 6 (fig. 14). No species that colonized afterweek 6 experienced any losses during the study (fig. 14).
 
[bookmark: _Toc170220497]3.2.4. Plant Community Diversity  
Comparing depth treatments, statistically, the difference in depth did not have a significant influence in the alpha diversity (Shannon diversity, H) index for the green roof communities (Wilcoxen rank sum test, W = 37, p > 0.05, fig. 15). The only observed difference in the two 
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Figure 9. Observed species richness in each unit and quadrant. The top quadrants (3,2) in each unit are the deeper 15cm, and the bottom (4,1) are the shallower 5cm. The scale of high to low is 4(Highest) to 0(lowest) number of species in each quadrant. 
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Figure 10. This graph shows the average species richness in quadrants of each depth. The purple line is the shallower 5cm depth. The orange line is the deeper 15 cm depth. 
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Figure 11. This figure depicts the changes in plant abundance as a sum across the whole study. 
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Figure 12. This figure shows the changes in plant species abundance over time. 
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Figure 13. Plant abundance by depth. The red line is the shallower 5cm depth. The blue line is the deeper 15 cm depth. The graph shows the total number of individual plants in each depths quadrants.
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Figure 14. Plant Species Abundance by Depth. The purple line is the plant number of that plant species in the shallower 5cm depth. The orange line is the plant number of that plant species in the deeper 15 cm depth. 
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Figure 15. This figure shows the Shannon Diversity Index (H) for both depth communities over time. 












depth treatments’ final plant communities were in the species composition. Chenopodium album only appeared in the 5cm depth and Eupatorium serotinum only appeared in 15cm (fig 16).
The two communities were most alike at week 14 and most different, though still very similar, at week 9 (Table 4). The Shannon diversity index of the entire study site saw an increase from week 6 to 14, then decreased to week 16 (fig. 16). 

3.2.5. Percent Fractional Green Canopy Cover
	The average FGCC% per quadrant grew to ~1.71% by week 12 then decreased to 1.63% by week 16 (fig. 17). The difference in depth did not have a significant influence on the average cover per quadrant during this study (Wilcoxen Rank Sum  p>0.05, fig. 18). The highest FGCC% (27.2%) was found in unit 9 quadrant 4 where the single Chenopodium album was the lone plant observed (fig 19). 
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Figure 16. Shannon Diversity Index (H) of study site over time. 













Table 4. Each week’s Shannon diversity (H), Species richness (R), and species evenness (E) for both 5 and 15 cm communities. 
	
	Week 
	6
	9
	10
	11
	12
	14
	16

	5cm
	H
	1.54
	1.85
	1.89
	2.02
	2.03
	1.99
	1.97

	
	R
	6
	8
	8
	9
	9
	9
	9

	
	E
	0.86
	0.89
	0.91
	0.92
	0.92
	0.91
	0.90

	15cm
	H
	1.59
	1.63
	1.80
	1.80
	1.87
	1.96
	1.92

	
	R
	6
	6
	8
	8
	8
	9
	8

	
	E
	0.89
	0.91
	0.86
	0.87
	0.90
	0.89
	0.93
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Figure 17. Average Fractional Green Canopy Cover (FGCC (%)) per quadrant of the whole study by week.  
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Figure 18. Fractional Green Canopy Cover (FGCC) is a measure of the percentage of green plant cover present in the digital photos taken of each quadrant. The graph shows the average % of quadrants covered in green canopy in both depths. The purple line is the shallower 5cm depth. The orange line is the deeper 15 cm depth. 










[image: ]Figure 19. Fractional Green Canopy Cover (FGCC) is a measure of the percentage of green plant cover present in the digital photos taken of each quadrant. This graph shows the measured values with error bars. The blue indicates 15cm depth quadrants and the red indicates 5cm depth quadrants. 
[bookmark: _Toc173250554][bookmark: _Toc162271533]Chapter 4.Discussion 	Comment by Coats, Braden: needs expanded, 2 pages is not enough to explore the implications of your findings and you barely discuss any of the dozens of green roof articles that touch on the importance of soil depth for moisture retention, nutrient retention, temperature buffering, and other functions. Also, in Results please add a few sentences clearly point out exactly where the graphs show where the drought kicked in and began to affect the plants. As of now its hard to find that important point.	Comment by Coats, Braden: See figure 19 (page 36, above) for reason why it is not in results. 	Comment by Coats, Braden: Working on expanding	Comment by Coats, Braden: Speculate further on regional effects or even microclimate effects of specific location. In the water shed 15 ft from water body (increased humidity). 

Given how plants act normally we would have thought to see more plants. However, the climatic conditions actually might have a negative effect. 

Discuss the size and stuff 	Comment by Coats, Braden: With the inclusion of artifacts or habitat components might have helped in developing colonizing habitat. 	Comment by Coats, Braden: Talk about the different pieces. Trifol...introduces nitrogen...opens availability….increasing plant list….presence of graminoids could indicate the additions of components to design could be beneficial to other colonizing and the survival of present species. Those biotic interactions could also increase the survival and elasticity of existing species 	Comment by Coats, Braden: Add interactions of precip and pH	Comment by Coats, Braden: Do R^2 for interactions
[bookmark: _Toc173250555]4.1. What plants colonize barren substrate immediately following installation? 
	Immediately following installation of growing media, EGRs become available to seed dispersal. Our study didn’t have an observation of plant presence until week 6, however, this does not indicate that there were no seeds deposited on the roof before this time. Without studies who report observations during the time immediately following EGR installation it is unknown what factors might influence the initiation of spontaneous plant species seed deposition outside of the dispersal mode, seasonality, and expected stochasticity involved in seed dispersal.  
The primary dispersal mode shared amongst most of our observed species is wind dispersed seed with some species being colonized via endozoochory. The lack in variety of dispersal methods could be a consequence of abiotic colonization filters (Vanstockem et al., 2019b). A study by Vanstockem et al., 2019b found that the plant functional composition, or collection of traits present on their green roofs, was heavily influenced by landscape factors such as building height, age, and ecosystem connectivity (or distance a seed must travel to colonize). Similar to ours, nearly all the species on their sampled 129 extensive green roofs were long-distance wind dispersing species who could overcome the building height range (1.36 -25.93 m) required to colonize (Vanstockem et al., 2019b). Building height in this case is acting as an abiotic filter preventing spontaneous species that might be seen at ground level but lacking longer distance seed dispersal traits from colonizing on the roofs. 

[bookmark: _Toc173250556]4.1.1. What influenced the spontaneous plant community?
The number of empty quadrants observed in week 14 and the similar niche ranges of the observed species likely support the increase of abiotic stress over the possibility of limited niche availability (Vidaller et al., 2023). The plant loss observed to occur within quadrants of both depths after week 14 indicates some type of localized control or stress experienced by the plants during or previous to this observation. This implies possible abiotic control or limited resource driven response in the plant community. A likely inference based on EGR studies like Lonnqvist et al., 2021 is that this abiotic control or stress likely comes from water availability and experienced temperatures. Uncharacteristically low precipitation amounts and lack of events after day 91 (during week 13) resulting in a local drought. This inferred drought paired with the daily increases in max temperatures experienced by the plants most likely caused the mortality (Brown and Lundholm 2015; Lonnqvist et al., 2021). 

[bookmark: _Toc173250557]4.1.2. Substrate depth did not significantly influence the plant community in this study.
Many other longer-term studies (reporting 1 or more years) credit substrate depth as the main driver in plant species compositions and functional diversity (Madre et al., 2014; Brown and Lundholm, 2015; Heim and Lundholm, 2022; Vidaller et al., 2023, Muratet et al., 2024). This is an important consideration when discussing seed bank development on EGRs as successfully colonizing species are primary contributors to the density and richness of the filtered seed bank over time (Vidaller et al., 2023). However, when focusing on spontaneous colonization immediately following EGR installation, our study did not measure any significant influence of substrate depth on the plant community. In fact, there was no statistically significant influence from the difference in depth on the presence of plants within a quadrant, abundance of individual plants or specific species that colonized, species richness, calculated diversity, or measured plant canopy cover (FGCC%) in our study. Our newly installed and sanitized EGR substrates lacked an initial seed bank and thus was subject only to incoming seed dispersal for initial colonization. This could prompt further studies focusing on complementarity of intentional and spontaneous seeding of EGR substrate and the measured effect this planting strategy might have on observed plant functional identities and thus potential ecosystem services. 

[bookmark: _Toc173250558]4.1.3. Hinted substrate depth influence on specific plant species
Though it did not statistically influence the abundance of specific species, an observed short-term occurrence of an initial colonization preference to the shallower depth was observed in Trifolium repens, Sonchus asper, and Potentilla indica. These species were observed in the 5cm quadrants one to three weeks before being observed in any of the 15cm depth quadrants. Due to this potential growth preference, the 5cm depth community reached its max diversity (H = 2.02) two weeks prior to the 15 cm depth community that peaked at week 14 (H=1.96). The 5cm plant community did not increase in species richness after week 11 whereas the 15 cm community continued developing after week 11 where Potentilla indica and Sonchus asper were observed at week 10 and finally Trifolium repens at week 14. 

[bookmark: _Toc173250559]4.2. Identifying potential ecosystem services from species functional identities
	Plant functional traits have been used to categorize and characterize plant species into potential ecosystem services they can provide on green roofs (Lundholm et al., 2010; Mechelen et al., 2014; Brown and Anand, 2022). The measure of functional traits can affect how well the ecosystem services are performed (Lundholm et al., 2010; Mechelen et al., 2014). In this study we used the functional identities (or labels based on characteristic plant traits) of observed spontaneous plant species to characterize what ecosystem services we might receive from them (table 3; Mechelen et al., 2014; Brown and Anand, 2022). 
	The ecosystem service potentially performed by all observed plants at some capacity is thermal regulation. Thermal regulation involves the mitigation of temperature changes (Brown and Anand, 2022). All plant identities have been shown at varying degrees to cool EGR substrate surfaces through transpiration, a process by which the plant transpires water through the stomata reducing the surrounding surface and air temperatures (Brown and Anand, 2022; Heim et al., 2024). It has been stated that in addition to transpiration, herbaceous plants provide efficient thermal regulation by providing shading below their canopy (MacIvor and Lundholm, 2011; Brown and Anand, 2022; Heim et al., 2024). It is also supported that grasses could potentially provide thermal regulation as well (MacIvor and Lundholm, 2011). MacIvor and Lundholm, 2011 reported graminoids (grasses) as performing the best in reducing green roof surface temperatures when compared to creeping shrubs and tall forbs, however this could be due to the higher survival rate in their grasses versus the lower survival rates of the other two life forms. Findings like these highlight the importance of focused yet inclusive studies on specific measurements of performed ecosystem services and the plant functional traits of the plant species performing them. 
The provision of ecosystem services can also depend on plant types and their specialized relationships to other organisms (Lundholm, 2015). For example, biological nitrogen fixation is a natural process in which inert atmospheric N2 is converted into biologically available NH3 improving soil fertility (Raza et al., 2020). In nature this process can only be mediated by N-fixing rhizobia bacteria that form symbiotic relationships with leguminous plants like the one observed in our study, Trifolium repens (Raza et al., 2020). Other species in our study (Digitaria serotina, Eupatorium serotinum, Lolium perenne, Panicum virgatum, and Pontentilla norvegica) have different plant traits and relationships that potentially also improve growing media fertility through processes involving carbon sequestration and decomposition of plant matter (Lundholm, 2015; Brown and Anand, 2022). 

[bookmark: _Toc173250560]4.3. Practical Implications 
	Freshly installed barren EGR substrates, like in situations where they are awaiting intentional planting, have the potential to be colonized by spontaneous species if left unmanaged. The inclusion of spontaneous species, in support of the novelty associated in extensive green roofs, could be beneficial to the installation’s success and performance of ecosystem services. However, our final measurements of canopy cover were largely below 10% indicating not much coverage was achieved in the first 16 weeks. The only exception involved a lone Chenopodium album covering 27.2% of the quadrant it inhabited. Our study highlighted the importance of spontaneous vegetation’s part in the novelty of EGRs and the ecosystem services they provide. We also give insight to what spontaneous species can colonize barren freshly installed EGRs in Knoxville, TN. Using the found data, design should account for the complex, non-static novelty occurring along green roof succession to maximize the utility and sustainability of these structures and improve urban biodiversity, habitat availability, and ecosystem services. 
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Figure 20. Daily reported max temperature (Fahrenheit) and precipitation (inches) from May 13 to August 30, 2023. The red line represents maximum temperature and the blue bar graph in measured daily precipitation. Open source data from NOAA National Weather Service 2023









[bookmark: _Toc173250561]Chapter 5. Conclusion and Future Work
Our study focused on the immediate colonization following the installation of barren extensive green roof research units at two different depths (5 and 15 cm), the observed spontaneous plant community included 55 individual plants belonging to 10 different species. Depth did not significantly influence the planting communities in this study, but substrate depth has been shown to be a leading influence in multiyear studies. This could indicate a lack of substrate depth influence in the early or initial plant colonization of barren substrates and could be due to the presence of more pressing controls such as sun exposure, temperature, or precipitation. Published ecosystem services associated with the observed 10 species functional identities included nutrient cycling, pollinator support, thermal regulation, food/ fodder, disturbance prevention, water provision, and waste regulation. The potential of these ecosystem services being performed on the green roof could prove helpful in supporting the use of spontaneous plants as a viable early-stage planting strategy. Further work should build on this data with focuses on spontaneous plant community development in response to substrate depth differences, measured changes to environment such as substrate fertility, and below surface interactions should be conducted in order to build a more complete understanding of spontaneous colonization of EGRs in Knoxville, TN. 
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