
 

ABSTRACT 

ISLAM, MD MAHFUZ. Soil Improvement and Protection with Compost Amendment Application 

and Mixed Vegetation Establishment in Post-Construction Landscapes. (Under the direction of 

Drs. Richard A. McLaughlin and Joshua L. Heitman). 

 

Construction of roads, buildings, and other engineered structures frequently disturbs and 

compacts the construction area soils, reducing fertility, soil organic carbon, and infiltration rates. 

Such soil degradation poses challenges for post-development vegetation establishment and 

contributes to soil erosion and greater runoff volume into the stormwater management systems. 

This project addressed these challenges with an overarching goal to enhance stormwater 

infiltration and promote sustainable erosion-control vegetation cover in urban landscapes, utilizing 

compost incorporation. A 6-month laboratory study investigated the impacts of woodchips-food 

waste and poultry manure-food waste composts incorporation at different rates on soil hydraulic 

properties. At least 30% compost incorporation was necessary to improve soil porosity, infiltration 

rates, bulk density, and soil organic carbon in this study. However, compost types had no impact 

on these properties. Subsequent 2-year field studies evaluated the effectiveness of 30% compost 

incorporation to 15 cm depth on i) soil physical properties, including infiltration rate; ii) grass, 

wildflower, and grass-wildflower mix covers establishment; and iii) nutrient availability. Compost 

consistently reduced soil bulk density by 19-24% and increased infiltration rate 2-3 times 

compared to 0% controls. Compared to controls, compost treatments exhibited significant 

increases in grass, grass-wildflower mix, and wildflower cover up to 13 months in both studies, 

reaching about 95-98% coverage. There were significant improvements in soil chemical properties 

(pH, CEC, humic matter, SOC) and nutrient availability (N, P, K, S, Ca, Mg, Mn, and Zn) even 2 

years after compost incorporation. Additionally, a two-year field experiment assessed the 

effectiveness of ground cover and vegetation types for permanent vegetation cover establishment 



 

on 3:1 type fill and cut slopes on active construction sites. While one site experienced failure due 

to environmental factors, the other site demonstrated the viability of wildflower and grass-

wildflower mixes as erosion control covers in steeper fill slopes. Collectively, the findings of these 

studies emphasized the importance of compost incorporation as a potential management practice 

for stormwater management, erosion control, and vegetation establishment in urban landscapes, as 

well as opportunity in incorporate wildflowers as a possible alternative or supplemental vegetation 

ground cover. 
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 1 

CHAPTER ONE 

Research Background 

1.1 Introduction 

Urbanization has undergone a substantial global surge in recent decades, driven in part by 

the imperative need for efficient movement of humans and the conveyance of goods (Bochet et al., 

2010). The environmental impact of infrastructure development prevails across the entire life cycle 

from the initial on-site construction phase, the operational period, and concluding with the final 

demolition. While the construction period is relatively shorter compared to other phases, its 

environmental consequences are diverse and significant (Ametepey and Ansah, 2015; Azqueta, 

1992). This transformative development has led to the permanent alteration of geomorphic, 

hydrological, and vegetative features of landscapes, resulting in limited infiltration and intensified 

soil erosion (Rivers et al., 2021; Ramos-Scharron and Macdonald, 2007). 

The conversion of natural landscapes into urban development results in impermeable 

surfaces, such as roads, buildings, dams, and other engineered structures. The remaining areas may 

undergo intentional or unintentional compaction from construction equipment during vegetation 

clearing, topsoil removal, land grading, cutting, filling, and other activities (Mohammadshirazi et 

al., 2017; Olson et al., 2013). Compaction has been reported to alter soil structure (Rivier et al., 

2022), diminish soil porosity (Shestak and Busse, 2005; Schafer-Landefeld et al., 2004), and 

reduce stormwater infiltration (Mohammadshirazi et al., 2017; Woltemade, 2010), potentially 

leading to greater runoff, stream flows, and subsequent stream instability and dysfunction (Violin 

et al., 2011; Line and White, 2007; Konrad et al., 2005). Compaction can lower infiltration rate by 

several orders of magnitude, with reported infiltration rate falling below 0.1 cm h-1 in many post-

development landscapes (Schuster et al., 2014; Yang and Zhang, 2011; Price et al., 2010). 
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Moreover, root growth in compacted soils might be constrained regardless of management 

practices (Rivers et al., 2021; Randrup and Dralle, 1997; Alberty et al., 1984).  

Soil erosion, a natural process involving the detachment and downslope or downwind 

transport of soil particles due to weathering factors such as water and wind (Julien, 2010; Xiao et 

al., 2010), is significantly exacerbated by construction activities (Mohammadshirazi et al., 2017; 

NRCS, 2000). Annually, construction activity in the United States generates millions of tons of 

sediments, contributing to widespread environmental concerns. Erosion rates on construction sites 

vary based on site conditions and soil types, typically ranging from 100 - 200 tons/ac and, in some 

cases, reaching up to 500 tons/ac (NCDEQ, 2013). In North Carolina, a substantial portion of 

eroded soil, ranging from 15-32%, is transported to critical water resources, emphasizing the 

profound impact of construction-related erosion on valuable ecosystems (NCDEQ, 2013). 

Sediment pollution is estimated to cause $16 billion in damage in the United States, according to 

MARC (2017). Moreover, Vice et al. (1969) described that construction site erosion surpassed that 

in agricultural, grassland, and forested areas by 10, 200, and 2,000 times, respectively. Faucette et 

al. (2005) reported that construction site erosion can be as much as 20 times that of agriculture. 

Water erosion is demonstrated in various forms, including splash, sheet, rill, and gully erosion. 

The absence of vegetation cover exacerbates the disintegration of soil through raindrops splash, 

raising vulnerability to erosion by diminishing the soilôs shearing strength (Jankauskas et al., 

2008). Splash erosion, as a secondary effect, has the potential to block surface pore spaces, 

impeding stormwater infiltration and resulting in increased runoff velocity and volume (Al-Kaisi 

and Licht, 2005). Sheet and splash erosion are usually grouped as "interrill" erosion (Rivas, 2006), 

with ground cover recognized as an effective control method and fixed with tillage if it occurs 

(Haan et al., 1994). Gully erosion is often challenging to remediate by tillage since it usually forms 
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on exposed slopes, drainage ways, and broken terraces (Rivas, 2006). Additionally, steep 

gradients, rainfall intensity, lack of vegetation cover, and soil characteristics contribute to 

heightened gully formation (Seutloali and Beckedahl, 2015; Cerda, 2007). 

Concentrated runoff from impervious landscapes enhances sediment yield and soil loss 

downslope, ultimately impairing nearby open water quality (Sheridan and Noske, 2007; Ramos-

Scharron and Macdonald, 2007; Forsyth et al., 2006). The United States Environmental Protection 

Agency has identified soil erosion and stormwater runoff as the primary nonpoint source of water 

pollution, especially in urban and suburban areas (US EPA, 2003). Increased erosion can elevate 

turbidity levels in receiving water bodies (US EPA, 2019), impeding photosynthetic activities and 

adversely affecting aquatic organisms (NOAA, 2020). Sediment-laden water can transport 

contaminants such as heavy metals, nutrients, and pathogens attached to soil particles, intensifying 

water quality issues (Davies-Colley and Smith, 2007; Davis et al., 2003). Gardner (1981) 

demonstrated that bluegill (Lepomis macrochirus) feeding rates decreased with higher turbidity 

levels, potentially affecting the population. Similarly, a study by Bonner and Wilde (2002) 

discovered that greater turbidity diminished the feeding efficiency of various kinds of fish. 

Additionally, elevated turbidity levels were observed to induce alterations in gills of Australasian 

snapper (Pagrus auratus) species (Cumming and Herbert, 2016). As the global population grows 

and land use continues to evolve through urbanization, developing effective methods for soil 

erosion minimization remains of critical importance. 

Numerous county, state, and federal agencies have implemented guidelines for 

construction site sedimentation and soil erosion minimization, although regulations may vary from 

place to place. The short-term construction management in active construction sites includes gravel 

construction entrance, silt fence, silt ditch, sediment basin, rock silt check, earthen berm, rock inlet 
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sediment trap, etc. (NCDEQ, 2013). Permanent erosion control measures are predominantly 

designed to operate post-project completion, primarily focusing on vegetation establishment, 

including grass and wildflowers. According to the Surface Transportation and Uniform Relocation 

Assistance Act of 1987 (STURAA), Federal-aid highway landscaping projects are required to 

include planting of native wildflower seeds or seedlings, with a minimum allocation of one-quarter 

of one percent of project funds for this purpose and specifying that a waiver is necessary for 

exemption (Bergeron, 2008). The United States Environmental Protection Agency (US EPA, 

2012) mandates that a consistent 70% vegetative cover is required to stabilize a landscape 

permanently for long-term erosion control, and this has been adopted by almost all regulatory 

agencies, including in North Carolina. Failure to achieve such vegetation coverage leads to 

persistent high soil erosion and complications in stormwater runoff quality.  

Despite optimal conditions, growing vegetation face challenges such as erosion, soil 

compaction, fertility loss, salt pollution, and weed competition. Construction activities exacerbate 

these challenges by removing nutrient-rich topsoil, necessitating the use of inorganic fertilizers for 

vegetation re-establishment (US EPA, 2005). Previous study achieved a maximum of 60% 

vegetation cover, falling short of North Carolina's stabilization requirements (Babcock and 

McLaughlin, 2019). Moreover, excessive chemical fertilizer use may pose risks of nutrient 

leaching and nutrient-rich runoff, potentially causing eutrophication in downstream water bodies. 

To address these challenges, this project explores organic amendments with the objectives of 

enhancing stormwater infiltration, benefiting seedling establishment and growth, and providing 

nutrients over an extended period. Organic amendments prove especially effective in 

circumstances where topsoil is lacking, soils experience excessive drainage, and clay content is 

high (NCDEQ, 2013). However, appropriate compost rates and types for degraded urban soils 
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have been neither well-recorded nor established experimentally for increasing infiltration rates. 

This study investigates erosion control measures for 2 years and their impact on the successful 

revegetation of native plant communities and stormwater infiltration, aligning with the practices 

outlined by the North Carolina Department of Transportation (NCDOT, 2017).  

 

1.2 Research Objectives 

The overarching goal of this research is to develop practices that expedite and facilitate 

vegetation establishment and stormwater infiltration on challenging urban landscapes, especially 

in construction sites. Specific objectives include: 

¶ Test different compost rates and types on water infiltration-related soil properties and their 

effects on leachate water quality in silt loam and clay loam soils in a laboratory experiment. 

¶ Quantify the enhancement in infiltration rate and associated soil hydraulic properties with 

compost incorporation in field scales. 

¶ Assess the potential of wildflowers and grass-wildflowers mixtures using imagery collected 

from an unmanned aerial vehicle (UAV) as alternative erosion control cover to current grass 

practices at cut-and-fill slopes. 

¶ Assess the impacts of amendment compost and fertilizer application on nutrient availability 

in simulated roadside over 2 years. 

¶ Estimate the effects of amendments on root growth and distribution within 40 cm depths of 

soil profile. 

¶ Examine the effectiveness of hydro-mulch and excelsior ground cover on erosion control and 

vegetation cover establishment. 

The successful achievement of these objectives promises to yield more effective 
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approaches for vegetation cover establishment in degraded urban landscapes, ultimately 

facilitating faster and denser overall coverage. Improved techniques hold the potential to 

significantly decrease soil erosion, enhance sediment control, and expedite stabilized conditions 

on construction projects. Moreover, these practices will contribute to a substantial reduction in 

stormwater runoff to stormwater systems by increasing stormwater infiltration. 
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CHAPTER TWO 

Compost Incorporation Improves Water Infiltration and Associated Soil Properties - A 

Potential Stormwater Management Practice 

 

Abstract 

Urbanization can result in highly disturbed and intentionally or inadvertently compacted soils from 

heavy construction equipment. Compost incorporation into disturbed soils may alleviate 

compaction and increase water infiltration, affecting leachate water quality. To assess the effects 

of compost incorporation on soil hydraulic properties, woodchips-food waste and poultry manure-

food waste composts were mixed with silt loam and clay loam soils at 0, 15, 30, and 50% rates by 

volume and an infiltration study was conducted for six months with water input at 15-day intervals. 

After six months, bulk and particle densities gradually decreased, while porosity, field capacity, 

and plant available water increased with each increment in compost rate in both soils. Significant 

effects for most of these properties were observed at 30% and 50% compost rates, but compost 

types had no impact on either soil. Infiltration rates gradually stabilized after two months, possibly 

due to reduced compost decomposition and soil consolidation. Infiltration rates were highest for 

50% compost, followed by 30% and 15%, and lowest for the 0% treatments, and the increases in 

infiltration rate were about 10, 5, and 1.5 times that of the control, respectively. Despite some 

carbon loss occurring via decomposition, about 63-84% of carbon was retained within the soils 

after 6 months. Dissolved organic carbon (DOC) increased in leachate water with increasing 

compost rates initially, but only the 50% rate had higher DOC after 6 months. The results suggested 

that a minimum of 30% compost incorporation may be required for improving stormwater 

infiltration-related soil properties if compost is applied.  
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2.1 Introduction 

The United States Environmental Protection Agency has identified soil erosion and 

stormwater runoff as the primary nonpoint source of water pollution, especially in urban and 

suburban areas (US EPA, 2003). Urbanization, particularly the construction of various structures 

such as roads and buildings, can lead to severely disturbed areas in which the soil is intentionally 

compacted to increase its strength or unintentionally compacted from heavy construction 

machinery (Mohammadshirazi et al., 2017; Batey and McKenzie, 2006; Gregory et al., 2006). 

Compaction makes both the surface and subsurface soils impervious, resulting in greater surface 

runoff volume (Violin et al., 2011; Cogger, 2005) and bulk density (Kranz et al., 2022; Layman, 

2010; Albiach et al., 2000) and reduced infiltration rate (Mohammadshirazi et al., 2017; Gregory 

et al., 2006), hydraulic conductivity (Olson et al., 2013), soil structure (Rivier et al., 2022) and 

porosity (Shestak and Busse, 2005; Schafer-Landefeld et al., 2004). The increased runoff may 

carry sediment loads, toxic chemicals, and nutrients that reach nearby water bodies, seriously 

harming water quality (US EPA, 2003).  The Pennsylvania Department of Environmental 

Protection (PA DEP, 2006) described that about 18% of the 45" (114.3 cm) annual rainfall 

becomes surface runoff under natural conditions in the Piedmont Region of Pennsylvania, while 

post-development, up to 95% of the rainfall transforms into surface runoff.  

Several post-construction soil management strategies have been devised to reduce runoff 

volume and pollutant loads in stormwater systems and safeguard water quality and aquatic habitats 

through infiltration, evapotranspiration, filtration, storage, and detention methods close to its 

source (Wilson et al., 2015; Schwartz and Cody, 2009; Dietz, 2007). The post-construction soil 

management strategies include organic amendment applications e.g., composts (Kranz et al., 2023; 

Rivers et al., 2021; Mohammadshirazi et al., 2017), use of engineered soils (Xiao and MCoastal 
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Plainherson, 2011), and filtering systems, e.g., bioretention basin (Yang and Chui, 2018; Li and 

Davis, 2016) and permeable pavement (Kayhanian et al., 2019). Among them, the application of 

compost amendment has attracted widespread interest in heavily compacted post-construction 

sites, where swift stormwater infiltration is mandated by regulation (NCDOT, 2014). Growing 

evidence suggests that compost application into post-construction urban soils can help restore the 

natural function of soils through increasing soil hydraulic conductivity, porosity, and aggregate 

stability and reducing bulk density (Kranz et al., 2022; Kranz et al., 2020; Sax et al., 2017; Cogger, 

2005). However, detailed research on compost application in urban soils is still rare. Rivier et al. 

(2022) described that six hundred research articles on compost usage were published until 2020, 

but unfortunately, only 10% addressed soil hydraulic properties and soil structure. The majority of 

studies only address surface compost applications or shallow incorporation (Logsdon et al., 2017; 

Evanylo et al., 2016; Mandal et al., 2013), although incorporating compost at deeper layers has the 

potential to alleviate subsurface soil compaction and thus could greatly enhance stormwater 

infiltration (Mohammadshirazi et al., 2017; Chen, 2015; Weindorf et al., 2006).  

Appropriate compost rates and compost types for specific textured degraded urban soils 

have been neither well-recorded nor established experimentally for increasing infiltration rates. 

Most compost incorporation studies have only evaluated a single compost rate and single compost 

types, namely yard waste (Mohammadshirazi et al., 2017 and 2016; Curtis and Claassen, 2009; 

Cogger et al., 2008), sludge (Somerville et al., 2018), or cattle manure (Rasoulzadeh and 

Yaghoubi, 2010). Different studies separately reported that soil texture, compost types, and 

compost rates can greatly affect the function of compost (Kranz et al., 2023; Schwartz and Smith, 

2016; Mohammadshirazi et al., 2016; Cannavo et al., 2014), suggesting that these factors must be 

considered while selecting compost rates for application in compacted construction site soils. 
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However, Barzegar et al. (2002) examined the impact of three distinct compost types and reported 

improvement in infiltration rate, aggregate stability, water retention, and bulk density after one 

year, but there was no variation between three compost types regarding these soil properties. 

Although Kranz et al. (2023) studied the effects of five compost rates on saturated hydraulic 

conductivity and water retention on three soil types, they controlled the porosity of the soil-

compost blends at 0.5 m3 m-3. However, applying compost at the field level at controlled porosity 

is not feasible. 

Incorporated compost decomposes over time and is lost from the soil either as CO2 or as 

dissolved organic carbon (DOC) with leachate or remains in the soil as soil organic carbon (SOC) 

(Wright et al., 2008; Wright et al., 2005). A large increase in DOC immediately after compost 

addition was reported in runoff water that negatively affects the receiving surface water as well as 

groundwater quality (Kranz et al., 2023; Crohn et al., 2013; Wright et al., 2008). The soil retained 

SOC might indirectly play a vital role in stormwater infiltration since it helps improve soil 

permeability by increasing soil pore spaces, macroaggregates formation, and structure that allow 

better water and air movement within the soil matrix (Loper et al., 2010; Cogger, 2005).  The 

determination of carbon in soil and leachate water would be vital areas to explore and track. 

However, previous studies did not address how long the compost will persist in soil and investigate 

the release of carbon into leachate water.  

Roadways and highways are being constructed across the world at an unprecedented pace 

and older ones are being regularly maintained (Alamgir et al., 2017; Laurance et al., 2014). 

Through these activities, the world will face more soil compaction (Kodikara et al., 2018) that will 

cause increased runoff volume and water pollution worldwide (US EPA, 2003). To address these 

challenges, it is crucial to implement effective stormwater management practices. We 
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hypothesized that soil-incorporated compost would potentially improve soil conditions and 

increase water infiltration; however, this practice may increase DOC in released water. 

Additionally, there will be further enhancements to these soil properties when the rate of compost 

application increases. This study aimed to determine the potential of compost incorporation at 

different rates to improve water infiltration-related soil properties and its possible effects on 

leachate water DOC in a 6-month laboratory experiment.  

 

2.2 Materials and Method 

2.2.1 Soil and Compost Sources 

This study used two types of composts that were produced at the North Carolina State University 

Compost Facility and Research Cooperative (Raleigh, NC, USA). The first compost (relatively 

coarse) was a mixture of 50% wood chips and 50% food waste, whereas the second compost 

(relatively fine) was composed of 50% poultry manure and 50% food waste. The silt loam and 

clay loam soils were supplied by local landscape vendors and were representative of construction 

sites fill material. The collected soils and composts were air-dried for two weeks and sieved 

through a 2 mm stainless steel sieve. The particle size analysis of soil was conducted using the 

hydrometer method of USDA (2018), and the particle size distribution of compost was done using 

the American Geophysics Unions (AGU) classification system of Lane (1947). In the AGU 

system, larger compost particles (2-9.5 mm) are defined as fine gravel sizes and smaller particles 

(Ò 2 mm) are coarse sand to clay sizes. Brookside Laboratories, Inc. (New Breman, OH, USA) 

conducted the carbon analysis of soils and composts (Table 2.1). 
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2.2.2 Column Preparation 

Aluminum core columns of 15 cm in height and 7.62 cm in diameter were prepared by attaching 

a drilled end cap at the bottom. About 0.5 cm of woven iron mesh and polyester cheesecloth layer 

were placed at the bottom of the column to prevent clogging the holes in the caps and loss of soil 

and compost particles (Fig. 2.1). Each type of compost was mixed with the silt loam and clay loam 

soils at 0, 15, 30, and 50% rates on a volume basis. A homogenous mixture of soils and composts 

was prepared by hand mixing on a clean plastic sheet. Then, the columns were packed with the 

homogenous mixture of test samples and compacted with a bulk density core hammer (1 kg), freely 

falling from 10 cm height 10 times to eliminate void spaces in the column. Additional material 

was added until packing resulted in the complete filling of the column to the surface (15 cm depth). 

An additional aluminum core (10 cm height ³ 7.62 cm diameter) was attached to the top of the 

filled soil column with rubber tubes for holding water during infiltration tests. Each treatment was 

replicated three times, and columns were placed randomly on a wooden frame for water infiltration 

study (Fig. 2.1). The initial bulk densities of all the columns were calculated from the known dry 

mass of the soil-compost mixtures and the volume of the columns. We also measured the bulk 

densities of 1C and 2C composts (0.27 and 0.31 g cm-3, respectively) and silt loam and clay loam 

soils (1.42 and 1.24 g cm-3, respectively) following the same filling procedure. These bulk densities 

were used to estimate the soil organic carbon (kg m-3) in the initial soil-compost blends inside the 

columns, described in Section 2.2.6. 

 

2.2.3 Studied Parameters 

2.2.3.1 Infiltration Rate 

A water depth equivalent of 10 cm (~65% of the pore volume) was passed through the 

columns at 15-day intervals for 6 consecutive months and determined infiltration rates. Columns 
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were pre-wet with a 2 cm water depth 3 h prior to the infiltration measurements each time. For 

infiltration rate, time was recorded from the initial addition of water until 1 cm remained ponded 

on the soil surface (i.e., 9 cm of water was infiltrated) (Lederle et al., 2020; ASTM, 2017). In 

contrast to the modified ASTM C1701 method, where the end time is determined until there is no 

free water on the surface, we calculated the end time by observing the presence of the last 1 cm of 

water on the surface, aiming for better timing precision. The infiltration rate was calculated as the 

infiltration depth (9 cm) divided by the time over which this occurred. A piece of cheesecloth was 

used at the top of the soil column to limit disturbance during water additions. The infiltrated 

leachate was collected at 4, 5, and 6 months and analyzed for dissolved organic carbon described 

in Section 2.2.7. 

After completion of the experiment (i.e., 6 months after initiation), we separated the empty 

core (water column) from the column and recorded the loss in height (hf) of the soil within the 

column (compared to the original packing height). Then, soils were used to determine SOC, water 

retention, bulk density, particle density, and moisture content measurements. 

 

2.2.3.2 Bulk Density and Particle Density 

For bulk density determination, soil samples were oven-dried at 105ÁC (221ÁF) until a 

constant weight was recorded (~48 h). The following formula was used to determine the final bulk 

densities of the column samples at six months. 

Bulk density (g cm-3) = 
    

   
   

Where, r is the core radius, h0 is the initial soil-compost mix height in column (15 cm), and 

hf is loss in soil height (i.e., distance from the top of the metal columns to the top of the soil) in the 

column after six months. 
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The particle density of the samples was determined by the gas pycnometer method (Park 

et al., 2022; Amoozegar et al., 2022). The 105ÁC oven-dried samples were placed in a desiccator 

chamber and kept overnight. The next day, the sample was taken to the core up to the mark, and 

dry mass (Ms) was recorded and placed on the gas pycnometer (AccuPyc II 1340, Micromeritics, 

USA). The inert helium gas was used as the displacement medium for the gas pycnometer that 

measured the soil solid volume (Vs) of a single sample 10 times, including the final mean and 

standard deviation. The following formula was used to calculate the particle density. 

Particle density (g cm-3) = 
    

     
  

 

2.2.3.3 Water Retention 

Samples were taken at the end of the study (6 months) for the determination of water 

retention at field capacity (33.33 kPa) and wilting point (1500 kPa) using high-range pressure plate 

extraction (Klute, 1986). About 100 g of each sample was placed in a rubber ring on a pressure 

plate and saturated for 2 days due to the high organic matter content of the samples. Next, samples 

were placed inside a pressure chamber and equilibrated for 10 days at the specified pressures. 

Samples were dried at 105ÁC for 48 hours and re-weighed in order to calculate water content. 

Volumetric water contents at field capacity and wilting point were calculated by multiplying the 

water content with final bulk densities. Finally, plant available water was determined by 

subtracting wilting point water content from field capacity water content. 

 

2.2.3.4 Soil Organic Carbon 

Soil organic carbon was determined in the studied columns using Lecco's 928 CN Analyzer 

(Michigan, USA) at the Environmental and Agricultural Testing Service (EATS) laboratory at 
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North Carolina State University. Measurements of SOC storage in soil columns were recorded to 

understanding the initial composition of the mixtures and tracking the subsequent changes in 

carbon over time. The mass of carbon (kg m-3) in the soil columns was determined by calculating 

percentage organic carbon (% OC) contents and then multiplying these percentages with bulk 

density (g cm-3) and a conversion factor of 1000 (g cm-3 to kg m-3). The formula used for 

calculating the storage of SOC is as follows:  

SOC (kg m-3) = 
Ϸ 
  ÂÕÌË ÄÅÎÓÉÔÙ  ρπππ 

Moreover, to estimate the SOC contents (kg m-3) in the initial mixtures, the % OC in both 

the soils and compost (g) were used. The formula used for this calculation is as follows: 

SOC (kg m-3) = Ϸ /# ÃÏÍÐÏÓÔ ÄÅÎÓÉÔÙ ÖÏÌÕÍÅϷ /# ÓÏÉÌ ÄÅÎÓÉÔÙ ÖÏÌÕÍÅρπ 

Since SOC in the initial soil and compost blends was estimated from the known bulk 

density and % carbon content in the soil and compost, we focused on the SOC at 6 months. 

 

2.2.3.5 Leachate Water DOC 

The US EPA methods 415.3 (Potter and Wimsatt, 2009) was used for determining 

dissolved organic carbon on the leachate water samples. About 50-60 ml of the collected leachate 

was filtered in a Millipore vacuum filter holder using a layer of glass microfiber filter 

(WHA1821025, Grade GF/B circles, 1.0 ɛm in pore size) over a nitrocellulose membrane filter 

(Merck Millipore SA1J791H5, 0.45 ɛm in pore size). In this study, we used GF/B filter as a 

prefilter to retain heavily loaded fine particulates (>1.0 ɛm) in the leachate and prevent the 

clogging of the nitrocellulose membrane filter below. Dissolved organic carbon was measured 

using a Shimadzu TOC Analyzer in the EATS Lab at North Carolina State University. 
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2.2.4 Statistical Analysis 

R version 4.2.1 was used for all the statistical analyses (R Core Team, 2021). Three-way 

analysis of variance (ANOVA) was run to evaluate differences and relationships between soil 

types, compost types, and compost rates regarding bulk density, particle density, water retention, 

and SOC after 6 months of study. The error term in the ANOVA analysis was [(soil type Ĭ compost 

type Ĭ compost rate -1) Ĭ (replication -1)], where the treatments were replicated 3 times. Since 

infiltration rate measurements were run at 15-days intervals for 13 times over six months (0-6 

months) on the same set of columns, a Repeated Measure ANOVA was used to assess the effects 

of the time factor on infiltration rate. Repeated Measure ANOVA was conducted in IBM SPSS, 

where we default compound symmetry covariance structures was used for fitting the data. A simple 

linear regression was run for compost rates and studied soil properties. Significant interactions 

identified in ANOVA were further assessed using Tukey's Honestly Significant Difference (HSD) 

test (p¢0.05). 

 

2.3 Results and Discussion 

This study investigated the influences of three main factors: soil type, compost type, and 

compost rates, along with the influence of time on a range of measured properties. The properties 

included bulk density, particle density, porosity, field capacity water, wilting point water, plant 

available water, infiltration rate, and soil organic carbon. Additionally, we explored leachate water 

dissolved organic carbon at 4-, 5-, and 6-month observations. 

 

2.3.1. Bulk density, Particle Density, and Porosity 

The results of the three-way ANOVA analysis highlighted the significant main effects of 

soil types and compost rate on bulk density and porosity and only compost rate on particle density 
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(Table 2.2). The interactive effects of soil type-compost type and soil type-compost rate for bulk 

density and porosity indicated that the impact of compost types might depend on their application 

rate in different soil textures. However, particle density only substantially depended on compost 

rates. These interactions implied that soil texture, compost rate, and compost type collectively 

influence the shaping of these three interdependent soil properties.  

The relationship between compost rate and bulk density (R2 = 0.94 and 0.95) and particle 

density (R2 = 0.89) was negative and linear in silt loam and clay loam soils but for porosity (R2 = 

0.91 and 0.92) the relationship was positive and linear (Fig. 2.2-Fig. 2.4). Overall, bulk density 

and particle densities were decreased, and porosity was increased with each increment in compost 

rate in silt loam and clay loam soils compared to the 0% compost treatments. Although bulk density 

was reduced at 30 and 50% compost rates within the soil (Fig. 2.2), particle density only changed 

at 50% compost rates in silt loam soil (Fig. 2.3). Moreover, we observed a substantial increase in 

the porosities with 30 and 50% of the compost rates that varied between 20-40% in silt loam and 

14-27% in clay loam soils (Fig. 2.4). The increased porosities and reduced bulk and particle 

densities are likely due to the low bulk densities (0.27 and 0.31 g/cm3) and high organic carbon 

content (43.2 and 28%, respectively) of the composts. 

Kranz et al. (2022) found an insignificant change in bulk densities with tilling 10% compost 

in the upper 15 cm of sandy loam soils. Small changes in bulk density and porosity were also 

reported by Castellini et al. (2022) in clay soils amended with 75 kg m-2 compost in 30 cm deep 

soil boxes. Rivier et al. (2022) studied the changes in microporosity with 5 types of compost 

addition and they reported an increase in macro porosity in sandy soil between 1.1 - 4.98%. This 

present study implied that a 30% compost rate might be needed to change these three soil properties 

significantly. 
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2.3.2 Infiltration Rate 

Soil type and compost rate significantly affected the infiltration rate in all the studied 

events, while compost type affected neither event (Table 2.3). There were interactions of compost 

type with soil type and compost rates for a few events. However, repeated measure ANOVA 

showed that the main effects of soil type, compost rate, and time emerged as highly influential 

factors (Table 2.4). The interactions between soil-rate, soil-time, rate-time, and soil-rate-time 

underscored the multifaceted nature of these factors and emphasized the importance of considering 

these factors holistically for a comprehensive understanding of soil properties and infiltration rates. 

A total of 13 infiltration events were run in this study at 15-day intervals (Fig. 2.5). At 

every event, infiltration rate values were highest for 50% compost, intermediate for 30%, lower 

for 15%, and lowest for control (0% compost) treatments in both soils. The maximum infiltration 

rates were found at 0.5-month and 1.5-month events in silt loam and clay loam soils, respectively. 

Then, the infiltration rates decreased for up to 2 months and finally became nearly stable in each 

compost rate. Compared to the 0% control, the mean infiltration rate increased by approximately 

1.5, 6, and 10 times after 6 months of the experiment in both soils for 15, 30, and 50% compost 

rates, respectively. However, the magnitude of the mean infiltration rate value at all compost rates 

was higher in silt loam soil than in clay loam. Compost decomposition in the initial days might 

cause empty spaces inside the columns that increase in the initial events and, after that, stabilized, 

possibly due to soil consolidation and reduced compost mineralization. The possible reason for the 

lowest infiltration rate in the first event (0 month) could be the development of hydrophobic 

characteristics due to the excessive drying of soil and compost before column preparation. 

Additionally, the stable antecedent water content due to wetting several times might contribute to 

nearly stable unsaturated infiltration rates in the later events.  
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Infiltration rates in silt loam and clay loam soils increased significantly at the 30% and 

50% compost rates in all the events compared to 0% treatments. These results suggest that a 

minimum of 30% compost amendment rate may be necessary to increase infiltration rates.  Several 

studies assessed the impacts of incorporated composts on water infiltration in sand to clay soil 

types and stated increasing infiltration rates in compost-amended soils (Mohammadshirazi et al., 

2017; Logsdon et al., 2017; Chen, 2015; Cogger et al., 2008; Agassi et al., 1998) or there was an 

increase or no change (Weindorf et al., 2006). Kranz et al. (2023) reported that a 50% compost 

addition increased saturated hydraulic conductivity (Ks) about 36.5% in silt loam soil at 0.5 m3 m-

3 controlled porosity. 

 

2.3.3 Water Retention 

Both soil type and compost rate had positive effects on field capacity (FC) and wilting 

point (WP) water content (Table 2.2), while only compost rate impact was for plant available water 

(PAW). However, specific types of compost did not exhibit any impact on these soil properties. 

The interactive effects of soil type and compost rate were observed for all three properties. These 

findings demonstrated that compost rates may influence plant available water, particularly in soils 

with silt loam and clay loam textures. 

The relationship between compost rate and field capacity (R2 = 0.93 and 0.94), plant 

available water (R2 = 0.94 and 0.89), and wilting point water content (R2 = 0.89 and 0.43) were 

positive and linear in silt loam and clay loam soils except wilting point in clay loam soil (Fig. 2.6). 

Overall, the silt loam and clay loam soils exhibited a trend of increase in FC and PAW contents 

with increasing compost rates (Fig. 2.6). In silt loam soil, incorporation of compost led to an 

increase in FC, with enhancements ranging from approximately 8-14%, 17-19%, and 65-70% at 
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15, 30, and 50% compost rates, respectively compared to 0% control. Conversely, clay loam soil 

showed a similar increase at 15 and 30% compost rates but a much lower response at 50% compost 

rates, with an increase of 16-20%. The increases in PAW (35-47, 70-93, and 96-114%) at 15, 30, 

and 50% compost treatments were more pronounced in clay loam soil than in silt loam soil (3-10, 

13-20, and 61-70%). 

Furthermore, the study revealed contrasting trends in wilting point (WP) between silt loam 

and clay loam soils (Fig. 2.6). Silt loam soil exhibited an increasing trend in WP, while clay loam 

soil displayed a decreasing trend with higher compost rates. These observations in clay loam soil 

are likely attributable to improvement in porosities at higher compost rates, particularly mesopores 

and macropores.  In silt loam soil, only 50% compost rate increased FC and WP, whereas both 30 

and 50% compost rates caused changes in these parameters in clay loam soil. However, PAW was 

increased at 30 and 50% in both soils. These findings underscore the complex interplay between 

compost rates and soil properties, implying their critical role in determining soil-water dynamics.  

Compost is known to increase FC and PAW content (Weber et al., 2007; Taban and Naeini, 

2006; Curtis and Claassen, 2005) and can supply water to plants consistently (Cogger, 2005). 

Logsdon et al. (2017) and Sax et al. (2017) found increased PAW in compost treatments, while 

Curtis and Claassen (2009) recorded a 20% decrease in sandy loam and a 30% increase in loam 

soils compared to control having sandstone parent material. 

 

2.3.4 Soil Organic Carbon  

Soil organic carbon significantly varied with soil, compost, and compost rate (Table 2.6). 

As expected, SOC contents increased with increasing compost rates with using Compost 1 (R2 = 

0.91 and 0.91) and Compost 2 (R2 = 0.91 and 0.78) in both soils, respectively (Fig. 2.7). Estimated 
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SOC in initial mixes are summarized in Table 2.5.  About 16-37% carbon in silt loam and 12-28% 

carbon in clay loam soil were released within 6 months compared to initial SOC. After 6 months, 

SOC become 2.5-6 times in silt loam and 2-5 times in clay loam soils for 15-50% compost 

treatments compared to 0% treatments. This indicates that decomposition took place shortly after 

application and C was lost from the soil either as gaseous CO2/CH4 or as DOC with leaching water 

(Lim et al., 2018; Willekens et al., 2014; Chadwick et al., 2011). Soil organic carbon might bind 

soil particles into aggregates, and thus, this increasing SOC should reduce soil compaction and 

increase stormwater infiltration in construction site soils.  

The applied compost positively enhanced and restored the total SOC in many studies that 

ranged from laboratory to field and short to long-term. However, the rates of increase in these 

studies varied depending on compost types and duration of studies. Wuest and Gollany (2012) 

observed that a single application of 9 compost types resulted in elevated but varying SOC even 

3.5 years after the application. They concluded that SOC accretion may differ with compost types 

even though the same C rate was applied. Chen et al. (2022), Baldi et al. (2018), Yuan et al. (2017), 

and Darby et al. (2016) described compost application as a mutually beneficial approach to 

enhancing carbon and nitrogen in the soil.  Simultaneously, compost addition would be viable in 

stormwater infiltration and erosion control vegetation management since it promotes reduced bulk 

density and increased infiltration rates, soil porosity, and nitrogen supplies.  

 

2.3.5 Leachate Water DOC 

Compost application rates did influence dissolved organic carbon concentration in leachate 

water, increasing with compost rate (Fig. 2.8). Due to the complexity of interactions between soil 

type, compost type, compost rate, and time for DOC, we visualized DOC data and showed statistics 
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for only compost types and compost rates at 4, 5 and 6 months for silt loam and clay loam soils 

separately (Fig. 2.11). Among the three studied events, the highest mean DOC was observed at 4 

months in all the compost rates and soil types. After that, concentrations followed a decreasing 

trend in the subsequent 5 and 6 months.  The reduced carbon mineralization rate might contribute 

to the decreasing trend of DOC in the later events. The increased organic loads at higher compost 

rates resulted in elevated DOC concentration in leachate water. However, only the 50% rate had 

significantly higher DOC after 6 months. Since the released DOC is an important source of water 

pollution, the results suggested that 30% compost application should be a good option for 

stormwater infiltration.  

 

2.4 Conclusion 

This column study aimed to determine the effects of compost incorporation, especially soil 

type, compost type, compost rate, and time on stormwater infiltration-related soil properties. 

Compost application reduced bulk and particle densities and increased porosities in both silt loam 

and clay loam soils six months after the experiment. Infiltration rates were significantly higher at 

30% and 50% (6 and 10 X, respectively) compost rates, indicating a minimum of 30% compost 

amendment is necessary for improvement of infiltration rate. Additionally, higher compost rates 

increased field capacity and plant available water contents in both soils. These improvements are 

attributed to reduced bulk and particle densities and increased porosities due to compost 

incorporation. However, compost amendments increased wilting point water content in silt loam 

soil but decreased in clay loam soil due to adding macropores and mesopores from compost 

decomposition. Compost application also positively enhanced soil organic carbon, suggesting 

improved soil quality. However, some carbon loss occurred due to decomposition and leaching. 
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The high organic matter content of compost resulted in exporting of dissolved organic carbon with 

water, but this effect may be mitigated in soils below the treatment layer and decline over time. 

Overall, a 30-50% compost incorporation appears to be a promising post-development soil 

management technique for stormwater BMPs, as it may reduce soil compaction and enhance 

infiltration-related properties. Careful consideration of compost rates and types is crucial for 

different soil types to achieve the desired improvements in stormwater BMPs while minimizing 

potential impacts on water quality. Further compost amendment studies will be necessary for post-

construction soils to determine the ideal compost incorporation rates for desired improvements in 

stormwater BMPs while minimizing potential impacts on water quality. 
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Tables and Figures 

Table 2.1. Carbon, nitrogen, and particle size distribution of the soils and composts. 

Soil 

Property Silt Loam Clay Loam Lab/Method 

Chemical Composition Brookside Laboratories, Inc. 

Organic C (%) 0.95 2.01 

Combustion Analysis Total N (%) 0.03 0.05 

C/N ratio 31.6 40.2 

Particle size distribution 
USDA (1951); EATS lab at NC State 

University 

Sand (%) 26 21 

Hydrometer Method Silt (%) 62 41 

Clay (%) 12 38 

    

Compost 

Property Compost 1 Compost 2 Lab/Method 

Chemical Composition NCDA&CS Agronomic Division 

Organic C (%) 43.2 28 

Oxygen combustion Total N (%) 2.29 1.41 

C/N ratio 18.8 20 

Particle size distribution Lane 1947; EATS lab at NC State University 

Ò 2 mm (%) 30 50 
Sieving 

>2-9.5 mm (%) 70 50 

 

 

 

Table 2.2. Three-way ANOVA for soil physical properties after 6 months. 

Factor 
Bulk 

density 

Particle 

density 
Porosity 

Field 

capacity 

Wilting 

point 

Plant available 

water 

Soil *** NS *** *** *** NS 

Compost NS NS NS NS NS NS 

Rate *** *** *** *** * *** 

Soil Ĭ Compost * NS * NS NS NS 

Soil Ĭ Rate * NS * *** *** *** 

Compost Ĭ Rate NS NS NS NS NS NS 

Soil Ĭ Compost Ĭ Rate NS NS NS NS NS NS 

*, **, and *** are significant at 0.05, 0.01, and 0.001 levels (Tukey's HSD). NS is not significant. 
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Table 2.3. Monthly three-way ANOVA for infiltration rates from 0-6-month. 

Factor 
Time (month)  

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 

Soil *** *** ** NS *** *** * *** *** *** *** ** ** 

Compost NS NS NS NS NS NS NS NS NS NS NS NS NS 

Rate *** *** *** *** *** *** *** *** *** *** *** *** *** 

Soil ³ Compost NS ** NS NS * * NS NS NS NS NS NS NS 

Soil ³  Rate *** *** ** NS * *** NS * ** *** ** NS NS 

Compost ³ Rate ** NS NS NS NS NS NS NS NS NS NS NS NS 

Soil ³ Compost 

³ Rate 
* NS NS NS NS * NS * NS NS NS NS NS 

*, **, and *** are significant at 0.05, 0.01, and 0.001 levels, respectively. NS is not significant. 

 

 

 

Table 2.4. Repeated Measure ANOVA for infiltration rates from 0-6-month. 

Factor Infiltration rate (cm h-1) 

Between Subject Effects 

Soil *** 

Compost NS 

Rate *** 

Soil ³ Compost NS 

Soil ³ Rate *** 

Compost ³ Rate NS 

Soil ³ Compost ³ Rate NS 

Within-Subject Effects 

Time *** 

Time ³ Soil *** 

Time ³ Compost NS 

Time ³ Rate *** 

Time ³ Soil ³ Compost NS 

Time ³ Soil ³ Rate *** 

Time ³ Compost ³ Rate NS 

Time ³ Soil ³ Compost ³ Rate NS 

* and *** are significant at 0.05 and 0.001 levels. NS is not significant. 
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Table 2.5. Three-way ANOVA for soil organic carbon storage after 6 months. 

Factor Soil organic carbon (kg m-3) 

Soil *** 

Compost *** 

Rate *** 

Soil Ĭ Compost NS 

Soil Ĭ Rate NS 

Compost Ĭ Rate *** 

Soil Ĭ Compost Ĭ Rate NS 

*** is significant at 0.001 level. NS is not significant. 
 

 

 

Table 2.6. Estimated Soil organic carbon at different compost rates in initial soil. 

Soil type Compost type Compost rate (%) SOC (kg m-3) 

Silt Loam 

Compost 1 

0 13.98 

15 27.15 

30 43.05 

50 62.58 

Compost 2 

0 13.32 

15 22.94 

30 32.44 

50 46.54 

Clay Loam 

Compost 1 

0 22.02 

15 34.85 

30 49.30 

50 68.31 

Compost 2 

0 22.02 

15 30.12 

30 38.91 

50 52.34 
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Fig. 2.1. Schematic diagram (left) and soil-compost packed infiltration columns (right). 

 

 
Fig. 2.2. Effects of compost application rates on bulk density in silt loam and clay loam soils after 

6 months. Letters indicate significant interactions among soil type and compost rate (Tukey's HSD; 

p < 0.05). 
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Fig. 2.3. Effects of compost application rates on particle density after 6 months. Letters indicate 

significant differences among compost rates (Tukey's HSD; p < 0.05). 

 

 
Fig. 2.4. Effects of compost application rates on soil porosity after 6 months. Letters indicate 

significant interactions among soil type and compost rate (Tukey's HSD; p < 0.05). 
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Fig. 2.5. Infiltration rates at different infiltration events. Bars are standard errors. Letters indicate 

significant interactions among soil type and compost rate (Tukey's HSD; p < 0.05). Observation 

times under the same square bracket have the same statistical relationship. 
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Fig. 2.6. A) Field capacity water and B) plant available water and C) wilting point water content 

after 6 months. Letters indicate significant interactions between soil type and compost rate 

(Tukey's HSD; p < 0.05). 
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Fig. 2.7. Effects of compost application rates on soil organic carbon in A) silt loam and B) clay 

loam soils after 6 months.  

 

 
Fig. 2.8. Leachate water dissolved organic carbon at 4-month (4M), 5-month (5M), and 6-month 

(6M). Bars are standard errors. Letters indicate significant interactions between compost type and 

rate within each observation time (Tukey's HSD; p Ò 0.05). 
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CHAPTER THREE 

Compost Incorporation and Wildflower Introduction for Stormwater Infiltration and 

Erosion-Control Vegetation Cover Establishment in Urban Landscapes 

 

Abstract 

Urban and suburban development frequently disturbs and compact soils, reducing fertility 

and infiltration rates, posing challenges for post-development vegetation establishment, and 

contributing to soil erosion. This study investigated the effectiveness of compost incorporation in 

enhancing stormwater infiltration and vegetation establishment in urban landscapes. Experimental 

treatments comprised a split-split plot design of ground cover (hydro-mulch and excelsior) as main 

plot, vegetation mix (grass, wildflowers, and grass-wildflowers) as subplot, and compost (30% 

compost and no compost) as sub-subplot factors. Wildflower inclusion was motivated by their 

recognized ecological benefits, including aesthetics, pollinator habitat/corridor, and coarse root 

systems. Vegetation cover was assessed using RGB (Red-Green-Blue) imagery and ArcGIS-based 

supervised image classification. Over a 24-month period, bulk density, infiltration rate, soil 

penetration resistance, vegetation cover, and root mass density were assessed. Results highlighted 

that Compost treatments consistently reduced bulk density by 19-24%, lowered soil penetration 

resistance under 2 MPa in both field-capacity and water-stressed conditions, and increased 

infiltration rate by 2-3 times compared to No-Compost treatments. Vegetation cover assessment 

revealed rapid establishment with 30% compost and 60:40 grass-wildflower mix, persisting for an 

initial 12 months. Subsequently, all the treatments exhibited similar vegetation coverage, reaching 

95-100%. Compost treatments had significantly higher root mass density within the top 15 cm than 

No-Compost, but compost addition did not alter the beyond 15 cm root profile, indicating healthy 
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root development and topsoil stabilization. The findings suggest that incorporating 30% compost 

and including a wildflower or grass-wildflower mix appears to be effective in enhancing 

stormwater infiltration and rapid erosion control vegetation cover establishment in post-

construction landscapes. 

 

3.1 Introduction 

Urbanization and roadway construction, driven by the rising residential and transportation 

demand of growing population, permanently alters the hydrologic and geomorphic settings of 

urban landscapes, resulting in greater soil erosion and decline in the quality of nearby waterbodies 

(Mohammadshirazi et al., 2017; Bochet et al., 2010; Ramos-Scharron and Macdonald, 2007). 

Exposed subsoils are usually compacted purposely to enhance their bearing capacity or 

inadvertently by construction site traffic (Kodikara et al., 2018; Olson et al., 2013; Gregory et al., 

2006), which is further exacerbated under wet conditions (Kodikara et al., 2018). Although 

compaction provides stability for urban infrastructure, it reduces porosity and infiltration, increases 

runoff volume and soil erosion, and leads to poor plant growth and shallow rooting (Kranz et al., 

2022a; Kranz et al., 2022b; Mohammadshirazi et al., 2017; Violin et al., 2011; Crogger, 2005).  

Vegetation cover is a cost-effective and self-renewing erosion control practice, often 

recognized as the most effective long-term approach for stabilizing soils (NC DEQ, 2008). 

Vegetation acts as a shield by reducing water runoff and stabilizing surface soil against rain and 

wind impacts in the short term (Wu et al., 2019; Duran et al., 2007; Gyssels et al., 2005) while also 

increasing infiltration and influencing the water derived sediment flux in the long term (Zuazo and 

Pleguezuelo, 2008). Additionally, promoting soil permeability, structural stability, and biological 

macropore formation, reduction of surface sealing, and addition of canopy and root-derived carbon 
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are all benefits of robust vegetation cover in urban soil restoration and erosion control (Verchot et 

al., 2011; Bronick and Lal, 2005). Turfgrasses have consistently been the preferred choice for 

vegetation on Rights-of-Way since the 1930s (Friell and Watkins, 2022; Weingroff, 2017; FHWA, 

2003). In recent decades, both the federal and state Department of Transportation (DOT), 

especially North Carolina, Florida, Texas, and Nebraska DOTs, have increasingly integrated 

wildflowers into roadside plantings to accomplish diverse management goals (Wu-Smart and 

Schacht, 2019; NC DOT, 2017; Hopwood et al., 2016; Hopwood et al., 2015; NC DOT, 2012). 

Wildflower meadows, known for their ecological, economic, and aesthetic benefits, contribute to 

pollinator habitat, improvements in soil quality, and climate regulation (Billeisen et al., 2021; 

Hopwood, 2008; Norcini and Aldrich, 2004). Despite existing literature on wildflower addition to 

roadside areas and urban landscapes, only Alshraah (2020) measured the comparative role of 

wildflowers and grasses on stormwater infiltration, suggesting the need for further investigation. 

Moreover, no studies have assessed the potential of grass-wildflower mixtures as erosion control 

cover and for stormwater infiltration. 

Construction site runoff poses a substantial risk of sediment transport, with sediment loads 

ranging from 10-20 times and 1,000-2,000 times compared to agriculture and forest land uses (US 

EPA 2005). The US EPA (2012) mandates temporary erosion control cover (non-vegetative) on 

seeded areas until 70% vegetation cover is established to mitigate sediment loss and erosion. 

Various ground covers, including wheat straw, erosion control blankets, hydro-mulch, and wood 

chips, are used for temporary erosion control cover during vegetation establishment on disturbed 

areas (Lee et al., 2018; Sidhu et al., 2015; USEPA 2005; Lemly, 1982). Although wheat straw 

offers cost-effectiveness and easier application using large blowers, it may introduce unintended 

seeds into the experimental plots (Sidhu et al., 2015; Foltz and Dooley, 2003). Applying native 
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seeds with hydro-mulch, called hydroseeding, often encountered challenges due to possible 

negative impacts on germination at low moisture conditions (Clemente et al., 2016; Bochet et al., 

2004; Merlin et al., 1999). Over the decades, hydraulically applied mulches and excelsior have 

undergone significant technological advancement as well as environmental awareness, emerging 

as an efficient and widely used erosion control blanket (Wilson, 2010). However, the effects of 

hydro-mulch and excelsior mulch on vegetation establishment should be further assessed, 

especially in the early stages.  

The incorporation of organic amendments such as compost, manure, and sludges into soil 

has been recognized as crucial for maintaining soil quality in natural and managed landscapes 

(Kranz et al., 2022a; Kranz et al., 2020; Adugna, 2016). Compost incorporation contributes to 

improving soil hydraulic properties (Kranz et al., 2020; Loper et al., 2010; Aggelides and Londra, 

2000) and enhancing vegetation growth and root mass (Kranz et al., 2022a; Mohammadshirazi et 

al., 2017; Evanylo et al., 2016; Mandal et al., 2013). However, these studies primarily focused on 

root growth up to the depth of compost incorporation and did not extend their assessment to the 

subsequent layers. Existing research has postulated that plant roots contribute significantly to 

strengthening soil, with fine roots reinforcing it through an intricate network and thicker roots 

providing anchorage and protection against shallow failure (Liu et al., 2022; Fan et al., 2021; 

Zhang et al., 2019; Hossein and Alireza, 2018; Donn et al., 2014). Consequently, evaluating soil 

penetration resistance and root growth is critical for stabilizing urban landscapes. While the 

hydrological impact of compost incorporation in compacted soils showed increased infiltration, 

the effectiveness was dependent on the applied compost rates and its organic matter content 

(Rivers et al., 2021; Logsdon et al., 2017; Mohammadshirazi et al., 2017; Haynes et al., 2013). 

Understanding the intricate interactions between compost incorporation and stormwater is 
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essential as this method gains popularity for improving degraded soils and serving as a stormwater 

control measure. 

Assessing vegetation cover is vital for monitoring the impacts of management practices, 

especially to meet the legal requirement of achieving at least 70% vegetation cover for erosion 

control in construction sites (USEPA, 2012). Most of the studies in construction sites assessed the 

vegetation cover by clipping method (biomass collection) from a small area of the experimental 

plots (Kranz et al., 2022a; Mohammadshirazi et al., 2017). Such approaches are insufficient for 

whole plot biomass heterogeneity (Schellberg and Verbruggen, 2014); this may be particularly 

important when mixed species are introduced to establish cover. Alternatively, unmanned aerial 

vehicle (UAV)-based RGB imagery and supervised image classification can provide a cost-

efficient and whole-plot heterogeneity assessment of vegetation cover with enhanced spatial and 

temporal resolution (Hunt et al., 2013). RGB camera, which captures red, green, and blue 

wavelengths, is known for their accessibility and affordability compared to the multispectral 

camera (Furukawa et al., 2021; Durfee et al., 2019). Recently, these image analysis tools were 

applied to various ecosystems for vegetation cover and health assessments, including mangrove 

forests (Ruwaimana et al., 2018), juniper ecosystems (Durfee et al., 2019), grassland (Lussem et 

al., 2018), landslide areas (Furukawa et al., 2021), and agriculture (Mattupalli et al., 2018; Bendig 

et al., 2015). However, Very few studies have used this approach for vegetation cover assessment 

in post-construction landscapes, and it would be vital application in this study.  

The present study involved a combined approach to evaluate the impacts of compost 

incorporation on stormwater infiltration and the establishment of erosion control vegetation cover 

with wildflowers, grasses, and wildflower-grass mixes. In this 24-month field experiment, we 

introduced 30% compost incorporation based on laboratory findings in Chapter 1 that significantly 
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improved infiltration rate and related soil hydraulic properties. We introduced a grass-wildflower 

mixture as construction site erosion control cover, which has not been attempted previously. 

Previous studies conducted in North Carolina for 2-3 years (McLaughlin et al., 2023; Alshraah, 

2020) showed that only a limited number of wildflower species (4-5) were established from a 

commercial seed mix (American Meadows, https://www.americanmeadows.com) which was 

comprised of 17-26 species. Consequently, we chose a customized wildflower mix containing the 

4 dominant species from earlier studies for this study. Additionally, we employed UAV-based 

RGB imagery and a supervised image classification method (support vector machine) in ArcGIS 

software to assess vegetation cover considering whole-plot heterogeneity, which is particularly 

important for uneven vegetation stands such as wildflowers. The primary objectives were to (i) 

quantify the enhancement in infiltration and associated soil hydraulic properties with 30% compost 

incorporation and different vegetation covers and (ii) assess the cover provided by wildflowers 

and a grass-wildflowers mixture as alternative erosion control to grass on disturbed soils.  

 

3.2 Materials and Methods 

3.2.1 Study Area Description and Preparation 

This field experiment was established at the Lake Wheeler Road Research Station 

(35.7361612, -78.6781533) in Raleigh, NC, USA, in September 2021. According to the NRCS 

(2019) classification, the study site comprises the Cecil soil series and originated from saprolite 

parent material derived from granite, gneiss, and/or schist. The Cecil series is characterized as 

Fine, kaolinitic, thermic Typic Kanhapludults and represents the Piedmont Physiographic region 

of North Carolina. Subsoils were exposed to prepare the experimental site by removing topsoil and 

existing vegetation. Subsequently, the subsoil underwent tillage using a spading implement first 

https://www.americanmeadows.com/
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and then tilling about 15 cm deep via a rotary tiller. These slopes mimicked a typical 10:1 type of 

roadside slope. After tillage, composite samples from 0-15 cm were collected to analyze the pre-

establishment soil texture and nutrient status. The soil texture was determined using the 

hydrometer method described by USDA (2018). Brookside Laboratories, Inc., (New Breman, OH, 

USA) performed a basic initial chemical and nutrient analysis of the soil (Table 3.1). 

 

3.2.2 Treatment Description 

The experimental treatments comprised a split-split plot design (Fig. 3.1) of ground cover 

(2 types), vegetation (3 types), and compost (with/without). The ground covers were excelsior (Ex) 

or hydro-mulch (Hm), and vegetation types considered were grass mixture (G), wildflower mixture 

(W), or a combination of both, denoted as grass-wildflower mixture (GW). Furthermore, compost 

treatment included 30% compost (Compost) by volume (~ 4.5 cm height for 15 cm soil depth) or 

without compost (No-Compost). First, cover types were randomly assigned to main plots. Next, 

each main plot was divided into 3 subplots, and G, W, and GW seeds were randomly assigned to 

these subplots as split plot factors. Finally, each subplot was subdivided into 2, and compost was 

assigned in random order to these sub-subplots as split-split factors. This design was replicated in 

3 blocks and resulted in a total of 12 treatments and 36 experimental units. The twelve treatments 

were: (i) Ex-G-Compost, (ii) Ex-W- Compost, (iii) Ex-GW- Compost, (iv) Hm-G- Compost, (v) 

Hm-W- Compost, (vi) Hm-GW- Compost, (vii) Ex-G- No Compost, (viii) Ex-W- No Compost, 

(ix) Ex-GW- No Compost, (x) Hm-G- No Compost, (xi) Hm-W- No Compost, and (xii) Hm-GW- 

No Compost.  

The Excelsior erosion control blanket (American Excelsior Company, Arlington, TX, 

USA) was made from aspen fibers and synthetic polyester. The hydro-mulch was sourced from 
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Profile Products LLC (Buffalo Grove, IL, USA) and manufactured using thermally refined virgin 

wood fiber (70%) and cellulose fibers (30%). The compost utilized in this study was from the 

North Carolina State University Compost Facility and Research Cooperative (Raleigh, NC, USA). 

This compost was derived from a combination of materials, including yard waste, wood chips, 

animal bedding, and food waste. A basic initial chemical and nutrient analysis of the compost 

samples was completed at Brookside Laboratories, Inc. (New Breman, OH, USA), summarized in 

Table 3.2. For the selection of vegetation species, three species were chosen for grass mixture, 

namely tall fescue (Schedonorus arundinacea) as a cool-season grass and centipede (Eremochloa 

ophiuroides) and Bermuda (Cynodon dactylon) as warm-season grasses. The pollinator wildflower 

mix comprised California poppy (Eschscholzia californica) and sulfur cosmos (Cosmos 

sulphureus) as annuals along with perennials lance leaf coreopsis (Coreopsis lanceolata) and 

Indian blanket flower (Gaillardia pulchella). For grass-wildflower mix, a ratio of 60% grass and 

40% wildflower from the aforementioned mixtures was used. Detailed seed types, application 

rates, and lifecycle information can be found in Table 3.3. 

 

3.2.3 Plot Installation 

This experiment was installed in September 2021. The experimental sub-subplots were 6 

m in length and 2.5 m in width, providing a total area of 15 m2 each. A 0.5 m wide alley was 

maintained between each plot to facilitate mowing operations and ensure accessibility for data 

collection. According to the NC DOT (2015) recommendation for vegetation cover establishment 

in roadway areas, lime was uniformly applied to all plots at 4,483 kg ha-1 rates and granular 

fertilizer of grade 10-20-20 (N-P2O5-K2O) was used at 560 kg ha-1 rates in grass and grass-

wildflower plots with no compost. A rate of 30% compost by volume was applied to the designated 
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plots. Subsequently, all the plots were re-tilled via a rotary tiller to incorporate the applied 

amendments into the soil. Following soil preparation, grass, wildflower and grass-wildflower seed 

mixes were manually sown onto the plots. These seeds were mixed with the top 2 cm of soil using 

a garden rake, ensuring proper seeding depth and distribution. Then, the plots were covered with 

either excelsior matting anchored with metal sod staples or hydro-mulch was applied by 

hydroseeder at 3365 kg ha-1 rate mixed with water at an 8:1 ratio (Fig. 3.1). Following the 15 cm 

mowing height guideline of NC DOT (2015), grass plots were mowed every 3 months (4 times 

yearly), and wildflower and grass-wildflower plots were mowed once annually in March using a 

hand string mower. 

 

3.2.4 Measured Parameters 

Prior to conducting measurements, each plot was subdivided into 4 subplots representing 

3 m Ĭ 1.25 m sizes. All measurements for a specific parameter at a given sampling time were done 

within the same subplot. Importantly, the same subplot area was not used for subsequent sampling 

times to avoid disturbed sampling areas. For each parameter and at each sampling time, one 

measurement was recorded per plot. The measurements were carried out in April and August for 

the years 2021 and 2022, corresponding to the spring and summer growing seasons, respectively. 

This comprehensive sampling approach allowed for a robust assessment of changes over time. 

Various soil and vegetation properties were assessed, including infiltration rate (IR), bulk density 

(BD), volumetric water content (VWC), soil penetration resistance (SPR), root mass density 

(RMD), root distribution (RD), and volunteer plants identification (all described below). 

Measurements were initiated 8 months (April 2022) after the initial installation of the plots 

(September 2021) and continued at 12 months (August 2022), 20 months (April 2023) and 24 
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months (August 2023). This extended observation period continued for 24 months and included 

four distinct sampling dates. Additionally, monthly aerial UAV surveys were run to determine the 

percentage of vegetation cover on the plots. These surveys provided insights into how vegetation 

cover evolved in response to changing seasons from 2-24 months of the study.  

 

3.2.4.1. Soil Bulk Density and Volumetric Water Content 

To determine soil bulk density (BD) and volumetric water content (VWC), soil cores were 

obtained from the upper 10 cm of the soil profile using a 7.6 cm diameter core sampler (AMS Inc., 

American Falls, ID) at random locations within each plot. The top 1.5 cm of each sample was 

excluded to prevent compaction from the sampler's hammer. Subsequently, the samples were 

subjected to oven-drying until a constant weight was achieved at 105 ÁC, and BD and gravimetric 

water content (GWC) were calculated. Finally, volumetric water content was estimated by 

multiplying the GWC with the BD of the soil. 

 

3.2.4.2. Soil Penetration Resistance 

An electronic soil compaction meter (Field Scout SC 900, Spectrum Technologies, Inc., 

Aurora, IL, USA) was used to determine soil penetration resistance (SPR) after 24 months of plot 

installation (August 2023). The meter was equipped with a 1.27 cm (0.5 inch) diameter cone tip 

and a 30Á field view angle from the shaft. The SPR measurements were conducted from 0 cm to 

25 cm (10 inches). We determined the SPR at field capacity conditions and at water-stressed 

conditions to examine the effects of moisture. Although we did not measure the soil moisture 

content, we designated field capacity as 35 h after a 2.70 cm rainfall event and water-stressed 

condition after a consecutive 10 rainless day period that followed thereafter. Meteorological data, 
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including average air temperature, soil temperature, evapotranspiration, and daily total 

precipitation from 12-26 August 2023, are summarized in Fig. 3.2. These data were downloaded 

from the North Carolina State Climate Office, Raleigh, NC, USA, situated within 1 mile from the 

experimental field. 

 

3.2.4.3. Infiltration Rate 

The constant head single-ring infiltrometer method, as described by Reynolds et al. (2002), 

was employed to measure the infiltration rate (IR). The single ring infiltrometer consisted of a 

PVC pipe reservoir with a height of 150 cm high with an inner diameter of 10 cm (~11,781 cm3 of 

water volume). Plastic tubing connected this reservoir to a 11 cm diameter metal ring, which was 

inserted into the soil to a depth of 7.5 cm by gently hammering a wooden board atop the ring. A 

thin layer of gravel was placed on the soil surface to prevent any disturbance during the initial 

infiltration stages. Maintaining a pressure head of approximately 5 cm at the soil surface, the rate 

of falling water in the reservoir was noted at regular intervals. This process continued until at least 

3 successive readings of similar infiltration magnitude were obtained, usually taking 30-60 

minutes. The calculation of IR was done following the methodology outlined by Reynolds and 

Elrick (1990).  

It was observed that there were notably higher steady-state IRs during the fall seasons of 

2022 (8 months, Apr 2022) compared to the spring seasons of 2022 (12 months, Aug 2023). This 

finding prompted us to extend the duration of our IR measurements by approximately 1.5 to 2.0 

hours in an attempt to gain deeper insights into the observed differences. Despite this extension, 

the underlying issues remained unresolved. To further investigate and validate our single-ring 

measurements, we measured the IRs under field capacity conditions (24 h after 1.22 cm rainfall) 
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during fall 2023 (August 2023). Additionally, we undertook a secondary IR study where both 

single-ring and double-ring infiltrometers were deployed simultaneously (Appendix A1) within 

the same experimental plots, allowing us to conduct a comparative analysis. 

 

3.2.4.4 Root Mass Density and Root Distribution 

Root mass density (RMD) was measured after 24 months of plot installation during August 

2023. Soil core samples were collected to a depth of 40 cm using a root core sampler, featuring a 

diameter of 7.30 cm and a height of 60 cm and equipped with a sliding hammer mechanism. Two 

core samples were collected from two distinct locations within each plot. The intact root cores 

were segmented into five distinct depths ranging from 0 ï 7.5 cm, 7.5 ï 15 cm, 15 ï22.5 cm, 22.5-

30 cm, and 30-40 cm. Subsequently, each sample underwent separate washing in a 0.5 mm sieve 

(Fisher Scientific Company, Chicago, IL) under a steady stream of tap water (Vannoppen et al., 

2017). Roots retained on the sieve were collected on an aluminum weighing box and dried in oven 

at 65 ÁC for 48 h (Smit et al., 2000). After the drying period, samples were removed from the oven, 

allowed to equilibrate at room temperature for 30 minutes, and finally weighed to determine total 

dry root mass. The calculation of root mass density was done for individual depths by dividing dry 

root mass (kg) by the soil core volume (m3) corresponding to each interval.  

The root mass density (kg m-3) = 
   

   
 

 

Root distribution was calculated by dividing root mass at individual depth intervals by the 

total root mass for the entire sample of 40 cm.  

Root distribution (%) = 
      

       
 ρππ  
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3.2.4.5 Vegetation Cover 

The monthly vegetation cover was estimated in this 24-month study using 3 main 

instruments and software: i) unmanned aerial vehicle (UAV), ii) photogrammetry software, and 

iii) ArcGIS Pro software (Fig. 3.3). RGB (Red-Green-Blue) imagery collected from a DJI Phantom 

4 RTK UAV (DJI, Shenzhen, China) flown with RTK was used for monthly assessment of 

vegetation cover. The data acquisition process involved flying an unmanned aerial vehicle (UAV) 

survey at a low altitude of 25 m to achieve relatively high spatial resolution. This approach aimed 

to evaluate the effectiveness of UAV imagery in detecting target feature classes. Flights were 

strategically scheduled around noon to minimize shadows in the images. Although Durfee et al. 

(2019) mentioned an 80% forward and 60% side overlap survey, we used an 80% overlap grid 

pattern between images for both forward and side overlap to generate accurate and detailed image 

data. The subsequent image processing, including photo alignment and creation of dense cloud, 

mesh, digital elevation model, and orthomosaic, was conducted using Agisoft Metashape 

Professional 2.0.3 software (Agisoft LLC, St. Petersburg, Russia). The software confirmed 

sufficient image overlap after aligning individual photos. The key parameters and settings used for 

processing the images included: 

¶ Photo alignment: performed at a 30,000 tie point and 120,000 key point limits accuracy setting 

to ensure precise alignments of images. 

¶ Coordinate system: This study used a projected coordinate system namely North American 

Datum of 1983 (NAD83) as a reference system. This reference system is widely used in the 

USA, Canada, Central America, and Mexico. The EPSG 2264 was used for North Carolina. 

¶ Dense cloud: High-quality setting (point color and aggressive depth filtering) was applied. 

This resulted in a detailed and accurate point cloud. 
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¶ Digital elevation model (DEM): DEM was built using the dense cloud. 

¶ Orthomosaic: georeferenced aerial images subsequently generated using the DEM. Here, 

mosaic blending mode and enabled hole-filling methods were chosen. 

¶ Mesh: a mesh was generated using the 3D surface field, high quality, depth map from the 

sparse point cloud. The mesh had a high face count, contributing to its details. 

¶ Texture: texture was built using mosaic blending mode for ensuring a visually coherent and 

accurate representation.  

¶ Export: All resulting orthomosaic, DEMs, and 3D models were exported as PNG files for 

further analysis in ArcGIS Pro. 

Orthomosaic images were analyzed in ESRI ArcGIS Pro version 3.1 (ESRI, Redlands, CA, 

USA). The images were manually georeferenced in ArcGIS Pro utilizing land features and ground 

control reference indicators that were easily identified in the imagery. Then, unit and whole plot 

boundaries were digitized using the UAV imagery and saved as a polygon feature class for further 

analysis. Additionally, a 0.5 m inside buffer area was then created around each plot, excluding the 

alley area.  

A supervised classification approach using a Support Vector Machine (SVM) was 

employed to quantify the vegetation cover in the orthomosaic images. This involved several steps: 

¶ Developing feature class schema: using the training sample manager within ArcGIS Pro, four 

feature classes were created: green vegetation, non-green vegetation, flowers, and soil. These 

classes served as categories for classifying the pixels in the imagery. 

¶ Training samples: multiple training polygons were identified and selected from each plot for 

each feature class. After the differentiation of each class, both the training samples and trained 
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schemas were saved and subsequently used in the classification process. These training 

samples represent the unique spectral signature for each feature class. 

¶ Classifying: the .ecd files serve as models for the SVM classification. Using the trained sample 

and schema, a Support Vector Machine (SVM) classification was employed to generate the 

Esri Classifier Definition (.ecd) file for every orthomosaic image. The Classify Raster tools 

and .ecd files were used to execute the actual classification on individual raster.  

¶ Attribute table: an attribute table was generated from the classified image using the 

"Tabulate Area" function after the classification. A zonal raster analysis was used to 

calculate the area of each feature class in each plot. Zonal operation calculated new values 

based on groups of cells with the same value contained in a zone grid. 

¶ Export table: the attribute table data were exported as a CSV file, allowing further analysis. 

This pixel-based analysis facilitated the calculation of the total cover by dividing the number 

of pixels corresponding to each feature class by the total number of pixels in each plot. This 

provided an estimate of the percentage of each representative class area within the plots. 

 

3.2.4.6 Volunteer Plants Identification and Quantification 

Since any vegetation helps reduce soil erosion, we referred to the unplanted vegetation as 

volunteer plants instead of weed cover. The volunteer plants in the experimental field were 

identified at each plot using the PictureThis mobile app. Additionally, multiple raw images of each 

identified species were captured using a digital camera. Subsequently, the raw and identified 

images were additionally verified through the N Gardener Plant Toolbox 

(https://plants.ces.ncsu.edu/identify_a_plant/) to confirm the common and scientific names (Table 

3.4). Quantification of the percentage of volunteer plant cover was conducted during spring and 

https://plants.ces.ncsu.edu/identify_a_plant/
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summer of 2022 and 2023. A team comprising five undergraduate and graduate students visited 

the plots and measured the approximate percentage of volunteer plants relative to total cover. Since 

vegetation helps reduce soil erosion, we referred to the unplanted vegetation as volunteer plants 

instead of weed cover. 

 

3.2.5 Statistical Analysis 

All the statistical analyses were conducted in R version 4.3.1 (R Core Team. 2022), except 

Repeated Measures Analysis of Variance, which was performed in IBM SPSS version 29. Bulk 

density (BD), infiltration rate, and volumetric water content data were collected at 4-time intervals, 

while soil penetration resistance, root mass density (RMD), and root distribution (RD) were 

measured once at the 24-month. Moreover, changes in vegetation cover on the plots were 

monitored monthly, starting from the 2nd month and ending at the 24th month. Repeated measure 

ANOVA were conducted for the dependent variables of BD, infiltration rate, and volumetric water 

content. For vegetation cover, repeated measure ANOVA was performed for datasets collected at 

2-3 months, 2-6 months, 2-12 months, 2-18 months, and 2-24 months. The Greenhouse-Geisser 

and Huynh-Feldt corrections were applied when Mauchly's Test of Sphericity yielded significant 

results for repeated measure ANOVA. The default compound symmetry covariance structure of 

SPSS was used as covariance structure. All measured dependent variables were analyzed within a 

split-split plot design for each observation month. In this design, ground cover served as the main 

plot, vegetation as the subplot, and compost as the sub-subplot factors. The error terms for each 

level of analysis were as follows: ground cover Ĭ replication as main plot error, vegetation Ĭ 

replication (ground cover) as subplot error, and compost Ĭ replication (ground cover Ĭ vegetation) 

as sub-subplot error. When we found significant treatment effects on dependent variables based 
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on the F test (p ¢ 0.05), means were separated by Tukey's Honestly Significant Difference (HSD) 

test at p ¢0.05. In cases where no significant effects were observed for sub-treatments, data were 

combined with the main treatment and subsequently presented in graphs or tables. 

 

3.3 Results and Discussion 

3.3.1 Soil Bulk Density 

The results of split-split plot ANOVA and repeated measure ANOVA showed that 30% 

compost significantly and consistently reduced soil bulk density (p Ò 0.05) across all 

measurements (Table 3.5 and Table 3.6). On average, 30% compost treatments lowered the BD by 

24, 20, 19, and 19% at these respective time points. The average BD values ranged from 1.02 ï 

1.16 g cm-3 in Compost treatments, contrasting with 1.35 - 1.43 g cm-3 in No-Compost treatments 

(Fig. 3.4). Notably, the lowered bulk density in Compost plots remained stable during the 24 

months of monitoring, showing no change compared to the 8-month value. However, bulk density 

significantly increased from 8 months to subsequent measurements at 12, 20, and 24 months in 

No-Compost, attributed to settling tilled soils after 12 months of installation. It suggests that 

compost incorporation effects on BD can persist for at least 2 years without considerable change 

compared to the effects of tillage alone in mitigating urban soil compaction. The split-split plot 

ANOVA showed significant interaction of vegetation with compost at 8-month and ground cover 

at 20-month samplings. Although possibly random, these effects were not supported by repeated 

measures ANOVA, in which only the compost had effects on bulk density in 24-month study 

period (Table 3.6). 

The Compost treatments reduced BD compared to the No-Compost control, possibly from 

the lower bulk density and higher organic matter content of the incorporated compost. Several 
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studies in the literature reported that tillage with/without compost can lower the BD of compacted 

urban soils. Kranz et al. (2022a) observed positive effects of compost incorporation at 10-50% 

rates (15 cm deep) compared to the No-Compost control. Mohammadshirazi et al. (2017) evaluated 

the impacts of tillage alone at one site and tillage with/without compost at two sites on BD across 

the Piedmont region of North Carolina. Their investigation revealed that tillage led to a sustained 

reduction in bulk density in compacted soils, which persisted as long as 32 months after tillage. 

Additionally, their findings indicated that the compost incorporation resulted in a further reduction 

in BD in both study sites when compared to the result of tillage alone.  

 

3.3.2 Soil Penetration Resistance 

The soil penetration resistance (SPR) increased with increasing depth in our study (Fig. 

3.5). Even after 24 months of plot installation, the mean SPR values remained under the critical 

threshold of 2 MPa for root penetration suggested by Martino and Shaykewich (1994) and USDA 

(2018). They set the threshold SPR value at 2 MPa and classified SPR as i) <1 MPa corresponds 

to small root restriction, ii) 1-2 MPa indicates a linear increase in root restriction, and iii) Ó 2 MPa 

represents strong root restriction. Additionally, Kees (2005) described that most crops experience 

reduced root growth at soil strength of around 1.5 MPa, and many plants cease root growth at about 

2.5 MPa SPR. This was observed within the tillage and compost incorporation depth of 15 cm and 

slightly beyond 15 cm under field capacity (FC) condition. In contrast, under water-stressed (WS) 

conditions, SPR increased substantially in both Compost and No-Compost treatments at each 

depth. Moreover, mean SPR exceeded the critical value of 2 MPa (NRCS, 2018; Martino and 

Shaykewich, 1994) from 10-15 cm depths in No-Compost treatments, whereas it exceeded this 
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threshold only at 15 cm depth for Compost treatments. Compost treatments significantly reduced 

SPR from 2.5 cm to 12.5 cm depth under WS conditions compared to the No-Compost treatments.  

These results suggest that compost incorporation in compacted urban soil can provide a 

more favorable growth medium, facilitating vegetation cover establishment and aiding in the 

remediation of disturbed urban soil. The variation in SPR values is attributed to various factors, 

namely organic matter content, soil moisture content, and soil profile depth (Tekeste et al., 2009; 

Aggelides and Londra, 2000). Since compost and tillage were provided in the top 15 cm, no 

statistical analysis was conducted below this depth. However, below depth data (15-25 cm) are 

presented for visual assessment. Mohammadshirazi et al. (2017) reported that tillage reduced the 

SPR, but compost did not affect it. However, they did not mention the soil moisture conditions 

when data were collected. Our study showed that the effects of compost incorporation in disturbed 

soils can persist longer than No-Compost treatments in both FC and WS moisture conditions. 

 

3.3.3 Volumetric Water Content 

Ground cover type, vegetation type, and compost influenced the volumetric water content 

(VWC) of the soils at 8 months, where Compost treatments with excelsior ground cover and grass 

and grass-wildflower vegetation types retained more water (Table 3.5). However, in the 

subsequent 12, 20, and 24-month study events, only compost exhibited statistically significant 

differences. Additionally, Repeated Measure ANOVA implied that VWC varied with only 

compost, time, and their interaction (Table 3.6). To illustrate these findings, all four study datasets 

were included in Fig. 3.6, displaying compost and time interaction, whereas we showed 8-month 

data separately in Fig. 3.7, incorporating ground cover type, vegetation type, and compost. Known 

for its high water-retention capacity, compost has the capability to gradually supply water to plants 
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(Crogger, 2005). In our study, compost incorporation increased VWC by approximately 36, 23, 

32, and 30% at 8, 12, 20, and 24-month of observation time, respectively (Fig. 3.6). Even in a 

fairly dry summer during the 12-month event, the Compost treatment exhibited higher VWC, 

suggesting that compost incorporation may retain and supply more water to vegetation in the urban 

landscapes, even under relatively dry conditions. The enhanced VWC in Compost treatments could 

be associated with increased porosity, especially mesopores that hold water at lower tension 

(Aggelides and Londra, 2000). 

The impacts of compost incorporation on VWC in disturbed urban landscapes, such as 

construction sites, have been largely overlooked in previous studies. Only four studies were found 

that incorporated different rates of compost under a wide variety of conditions and urban 

landscapes, ranging from lawns to roadways (Logsdon et al., 2017; Schmid et al., 2017; Black et 

al., 1999; Curtis and Claassen, 2009) and found an enhancement in water retention. 

 

3.3.4 Infiltration Rate 

Significant increases in infiltration rates occurred with compost at 8-month, 20-month, and 

24-month events (Table 3.5). Additionally, Repeated Measure ANOVA results highlighted the 

effects of compost and time on infiltration rates (Table 3.6). However, neither ground cover nor 

vegetation type affected infiltration rate at any time events. Compost enhanced infiltration rate 2-

3 times throughout the study period compared to the tilled No-Compost control, with values 

ranging from 11.03 ï 20.10 cm h-1 in Compost and 5.08 ï 7.16 cm h-1 in No-Compost treatments 

(Fig. 3.8). The enhancements were possibly from unchanged BD and higher root mass density.  

We found that Compost increased infiltration rates at the 12-month event and exhibited an 

interaction with ground cover. Furthermore, the infiltration rate at 12-month, measured in August 
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2022 (Summer 2022), were three times higher on average in Compost treatments than the spring 

data measured in April 2022. Therefore, subsequent infiltration rate measurements were done 

under field capacity conditions in the Summer 2023 season, following 2.70 cm of rainfall the 

previous day. This approach resulted in a more than 35% reduction in infiltration rates compared 

to Summer 2022. However, these rates varied from the spring 2022 and spring 2023 observations 

and remained 81% and 42% higher, respectively. The higher infiltration rates measured in summer 

could be from greater root mass density during this season, along with higher soil and water 

temperature. Due to inconsistency from 8-month, 20-month, and 24-month event data, we 

separately reported the 12-month event data from the rest in the Appendix (A3) for those interested. 

Compared to our study, Yang and Zhang (2011) reported infiltration rate in several post-

development areas to be less than 6.3 cm h-1. The average infiltration rate reported in recently 

conducted compost incorporation studies, including Kranz et al. (2022a), Rivers et al. (2021), 

(Alshraah, 2020), Mohammadshirazi et al. (2017), and Haynes 2013, were 2-5 times higher than 

we observed in this study. This discrepancy could be due to differences in study site conditions. 

Alshraah (2020) in the grass and wildflower plots described enhancement in infiltration rates and 

explained the likely reasons by altering soil porosity and root mass. However, we did not observe 

meaningful differences or trends among the vegetation types of grass, wildflowers, and grass-

wildflowers. Compost incorporation to a depth of 15 cm substantially increased infiltration rates 

in the current study compared to the 15 cm tilled No-Compost treatments, suggesting its potential 

as a beneficial management practice, especially when compared to the 30 cm deep incorporation 

study by Mohammadshirazi et al. (2016). Moreover, deep compost incorporation poses challenges 

due to its cost and impracticality in many urban settings with buried utility lines and tree logs 

(Chaplin et al., 2008). 
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3.3.5 Vegetation Cover 

Total vegetation cover showed temporal fluctuations, following an ascending trend from 2 

months (Oct 2021) of ~14-31% to 13 months (Sep 2022) of 90-98%, with a notable decline or 

stable cover during the winter period of Feb-Apr 2022 (6-8 months; Figs. 3.9-3.11). Subsequently, 

vegetation cover remained relatively uniform each month until the 24th (Aug 2023), reaching 

nearly 95-100%. Ground cover showed significant main effects on vegetation cover (Table 3.7) 

during the initial 2, 3, and 4 months (p<0.05), with hydro-mulch exceeding excelsior by 56%, 7%, 

and 12%, respectively (Fig. 3.9). The possible reason for these differences could be added water 

from spraying hydro-mulch facilitating enhanced and rapid initial germination of seeds. The 

excelsior blanket hid the vegetation until it made it through it, which might be another reason. 

Compost incorporation at a 30% rate supported rapid vegetation cover establishment that reached 

US EPA mandated 70% threshold after 3 months, whereas No-Compost treatments required 5 

months to reach the mark (Fig. 3.10). However, both compost-incorporated and No-Compost 

treatments exhibited comparable covers from 13-24 months events (95-100%).  

Furthermore, compost aided rapid regeneration at the end of winter during the 19-month 

survey (March 2023). These findings implied the vital role of compost incorporation in rapid grass 

and wildflower cover establishment in urban landscapes, crucial for effective surface soil erosion 

control. Differences in vegetation cover between vegetation types were observed during 2, 4, 7-

10, 17-20, and 22 months. Moreover, the grass-wildflower mix consistently maintained a greater 

vegetation cover than the grass mix and wildflower mix at most observation months (Fig. 3.11). 

Both grass and wildflower covers were equally good as vegetation cover except in 7ï10-month 

period. A detailed analysis of green vegetation, non-green vegetation, and flowers covers, depicted 
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in Fig. 3.12, revealed their seasonal variation, although total cover was similar in the second year. 

Higher green covers appeared during the Spring to Fall seasons (May- December) and decreased 

as winter approached, reaching their lowest during January- early March and vice versa for 

dormant cover. The flower abundance varied across years, ranging from no flower during early 

growing periods and winter to a maximum 6% flower coverage during the 9-month event (Jun 

2022). The repeated measured ANOVA in Table 3.8 showed a positive effect of time on vegetation 

cover from 2-24 months and individually exhibited interactions with cover, compost, and 

vegetation types. Moreover, ground cover and vegetation types showed interactive effects on total 

vegetation cover (Table 3.8). However, due to the complexity of these relationships, we did not 

visualize these interaction data separately. 

 The ArcGIS-classified images were visually compared with the original RGB images at 

each event to evaluate any miss-classification. In instances where miss-classification was 

observed, we re-trained the original RGB image and ran the classification again. The original and 

ArcGIS-analyzed images at 2, 3, 6, 9, 12, and 24 months are in the Appendix (A4). Durfee et al. 

(2019) found that canopy cover in Camp Creek Paired Watershed (Oregon, USA) estimated 

through supervised image classification ranged from 0.9-2.3% of the ground-based measurements. 

The accuracy of the RGB-UAV based supervised image classification varied between 86-100% 

for green vegetation, 95-100% for bare soils and 50-94% for dead matter in landslides areas in 

Japan (Furukawa et al., 2021). They also mentioned that the low accuracies of dead matter are due 

to the misclassification with shadowed areas when compared with the original RGB images. 

 

3.3.6 Root Mass Density and Root Distribution 
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The split-split plot ANOVA in Table 3.9 showed the effects of cover, vegetation, compost, 

and their interactions on RMD for each distinct depth. Since compost was incorporated into the 

top 15 cm the total depth was divided into topsoil (0-15 cm) and subsoil (15-40 cm) to assess the 

effects of compost beyond incorporation depth. There was a declining trend in RMD with 

increasing depth regardless of the ground cover, vegetation, and compost types. The average RMD 

decreased from 8.19 to 0.54 kg m-3 for Compost and from 5.59 to 0.45 kg m-3 for No-Compost 

treatments at 24 months of plot installation (Fig. 3.13A). Compost incorporation exhibited a 

positive impact on RMD in 0-7.5 and 7.5-15 cm depths; however, below 15 cm depth, there were 

no effects of compost incorporation. Compost increased total root mass density (TRMD) within 

the total soil profile (40 cm) and topsoil depth of 0-15 cm (Fig. 3.13B). Ground cover and 

vegetation type did not show any differences in total RMD. 

Although Compost treatments increased the RMD in its incorporation depth, it did not alter 

the overall root distribution in the soil profile. Approximately 70% of roots in both Compost and 

No-Compost treatments were within the top 0-7.5 cm depth (Fig. 3.14). The proportions decreased 

to about 4-5% at 30-40 cm depths. Moreover, about 83% roots in Compost and 79% of roots in 

No-Compost treatments were within the topsoil of 15 cm depth.  

Grass, wildflowers, and grass-wildflowers vegetation displayed relatively similar RMD 

across depths, contrary to our expectation that wildflowers and/or grass-wildflowers would 

provide a greater RMD than grass, which ultimately would increase infiltration rates and reduce 

soil erosion (Alshraah, 2020). However, we observed distinct rooting characteristics between 

wildflower and grass, where wildflowers had coarse rooting (> 1mm in diameter) up to 30 cm 

depth, but the grass had very fibrous rooting (<1 mm in diameter) and low coarse root systems (15 
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cm depth) (Appendix A2). Further research should be done to assess the role of diverse root 

characteristics on soil erosion and infiltration. 

The significantly higher RMD and its distribution within the top 15 cm depth might be 

attributed to the lower BD and SPR resulting from compost incorporation. This study, consistent 

with Alshraah (2020) and Mohammadshirazi et al. (2017), demonstrated that compost 

incorporation reduced BD, creating a favorable soil environment for robust root growth. Since soil 

BD below 15 cm depth was not measured, a direct correlation between RMD and BD cannot be 

established. However, soil penetration resistance (SPR) indicated approximately 2-3 times greater 

SPR below 15 cm depth compared to the top 15 cm, exceeding the critical value of 2 MPa. Since 

SPR positively depends on BD (Alshraah, 2020; Hernanz et al., 2000), elevated SPR can be linked 

to higher BD. 

Furthermore, the incorporated compost likely enhanced soil fertility within the tilled 15 

cm, favoring healthy root development relative to deeper layers. Additionally, the inclusion of lime 

in the top layers raised the pH to a range between 6.5-7.5, further favoring robust root proliferation. 

Studies by Alshraah (2020) and Mohammadshirazi et al. (2017) reported higher grass and 

wildflower root density in 30 cm tilled and 30 cm compost-incorporated treatments, respectively, 

compared with compacted control. Additionally, earlier research by Haynes et al. (2013) observed 

more pronounced and increased grassroots contents between 15 cm to 50 cm tilled soil compared 

to core aeration and compaction. Numerous studies measured the effects of plant root systems on 

erosion reduction, highlighting their efficacy in concentrated flow erosion control by modifying 

both physical and hydrological soil properties (Vannoppen et al., 2017; Vannoppen et al., 2015; 

Donn et al., 2014, Fan et al., 2016; Mosaddeghi et al., 2009). The findings of this study emphasized 

that compost incorporation can be an effective management practice for soil erosion control and 
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stormwater infiltration, as evidenced by increased infiltration rate, rapid vegetation cover 

establishment, and increased root mass density. 

 

3.3.7 Volunteer Plants Cover Assessment 

 Depending on treatments and time, the volunteer plant cover ranged from 8-30% of the 

total vegetation cover (Table 3.10). Compost incorporation did not initially affect volunteer plants 

growth (8-month); however, at 12 and 20 months, compost treatments had greater volunteer plant 

cover than No-Compost treatments. Likewise, Excelsior ground cover had a higher volunteer plant 

cover at only 20-month event. Additionally, at 20 and 24-month events, grass and wildflower had 

elevated volunteer plant cover, respectively. Furthermore, there was significant variation in 

volunteer plant cover among replications at all four measurement periods (Table 3.10). We did not 

observe any specific trends in volunteer plant cover to say that particular treatments affected the 

volunteer plant growth. We did not find clear evidence that compost encouraged volunteer plant 

growth. Probably, volunteer plant growth depends on area, season, management practices, and 

level of maintenance. The identified volunteer plants with their common and scientific names are 

listed in Table 3.4. Among the identified volunteer plants, five species were dominant in grass 

plots, namely, narrowleaf plantain (Plantago lanceolata), white clover (Trifolium repens), lesser 

trefoil (Trifolium dubium), large yellow vetch (Vicia grandiflora), hop trefoil (Trifolium 

campestre). Alternatively, lentil vetch (Vicia tetrasperma), lesser trefoil (Trifolium dubium), and 

large yellow vetch (Vicia grandiflora) were dominant in wildflowers or grass-wildflower plots. 

The others were similar in both vegetation plots.  
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3.4 Conclusion 

The results of this study provided valuable insights into the sustained effects of compost 

incorporation on soil hydraulic properties and vegetation dynamics in a simulated disturbed 

landscape. Compost incorporation lowered soil bulk density and increased water retention, 

highlighting its potential as a long-term soil management practice. The effects of 30% compost on 

BD were sustained for 24 months and the reduction ranged from 24% at 6-month to 19% at 24 

months compared to No-Compost treatments. The 2-3-fold increase in infiltration rates 

underscores the potential impacts of compost in stormwater management and erosion control. 

Although there were no significant differences in IRs between grass, wildflower, and grass-

wildflower vegetation types, grass-wildflower mix provided significantly higher plot coverage 

during some of the initial months as well as in winter compared to wildflowers only. Vegetation 

cover assessments demonstrated the rapid growth and regeneration facilitated by compost, 

reaching 70% threshold after 3 months compared to 5 months for No-Compost treatments, which 

is crucial for preventing soil erosion and promoting landscape stability. Root dynamics, evaluated 

through root mass density and distribution, indicated the beneficial influence of compost on root 

development in the top 15 cm of the soil where it was incorporated. This study also revealed 

volunteer plant cover varied across treatments and time (8-30%), with compost treatments showing 

higher volunteer plant cover at only the 20-month sampling event. Compost incorporation emerged 

as a sustainable and effective management practice for mitigating urban soil compaction, 

enhancing infiltration, and growing vegetation faster. These findings may help grow knowledge 

on sustainable urban soil restoration practices, emphasizing the multifaceted benefits of compost 

in creating resilient and ecologically sound post-construction landscapes. 
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Tables and Figures 

Table 3.1. Chemical and nutrient analysis of the pre-installation soil. 

Property 
Mean value/ 

conc. (mg/kg) 
Method Reference 

TEC (ME/100 g) 6.63±0.48 TEC by summation Ross, 1995 

pH 5.63±0.05 1:1 in water McLean, 1982 

Organic C (%) 1.95±0.09 Combustion analysis Nelson and Sommers, 1996 

NO3-N 5.93±0.71 
1 N KCl reduction Dahnke, 1990 

NH4-N 2.05±0.75 

Available P 24.00±12.62 

Mehlich III  Mehlich, 1984 

Available S 15.25±0.96 

Available Ca 656.50±62.05 

Available Mg 121.00±7.35 

Available K 59.50±12.87 

Available Na 8.75±0.50 

Available B 0.40±0.08 

Available Fe 209.75±54.43 

Available Mn 11.50±1.29 

Available Cu 11.42±1.21 

Available Zn 8.16±3.35 

Available Al 726.50±62.68 

All the units are in mg/kg unless otherwise mentioned. Analysis was done in the Brookside 

Laboratories Inc., New Bremen, OH. 
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Table 3.2. Chemical and nutrient analysis of compost. 

Property 
Mean value/ 

conc. (%) 
Method Reference 

pH 6.23±0.41 1:2 in water Ross, 1995 

Organic matter  48.95±2.99 550°C ashing oven McLean, 1982 

Organic C 23.58±0.66 

Oxygen combustion 
Elementar Vario Max 

CN (AOAC, 1990) 
Total N 1.23±0.27 

C/N ratio 19.78±4.29 

Total P 0.29±0.04 

Acid digestion 
EPA Method 3051 

(US EPA, 2007) 

P2O5-P 0.67±0.08 

Total K 0.60±0.05 

K2O-K 0.72±0.06 

Total Ca 0.95±0.11 

Total Mg 0.23±0.03 

Total Na 0.21±0.02 

Total S 0.18±0.02 

Total Fe 0.71±0.08 

Total B (mg/kg) 6.19±1.45 

Total Mn (mg/kg) 255.59±21.71 

Total Cu (mg/kg) 39.40±2.41 

Total Zn (mg/kg) 84.82±8.73 

All the units are in %, otherwise mentioned. Analysis was done in the Brookside Laboratories Inc. 

New Bremen, OH. 

 

Table 3.3. Common name, scientific name and seeding rates of different vegetation mixes planted 

in September 2021. 

Vegetation Common Name Scientific Name 
Application 

Rate (kg ha-1) 

Life 

Cycle 

Grass 

mix 

Tall fescue Schedonorus arundinacea 56.0 Perennial 

Bermuda (unhulled) Cynodon dactylon 40.0 Perennial 

Centipede Eremochloa ophiuroides 11.0 Perennial  

Wildflower  

mix 

Lance leaf coreopsis Coreopsis lanceolata 2.5 Perennial 

California poppy Eschscholzia californica 5.6 Annual 

Cosmos Cosmos sulphureus 5.6 Annual 

Indian blanket 

flower 
Gaillardia pulchella 5.6 

Perennial 

Grass-

Wildflower 

mix 

All of the above Grass-Wildflower 

Grass: 

Wildflower = 

60:40 

Annual 

Perennial 
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Table 3.4. Identified volunteer plants with their images, common name, and scientific name. 

Image Common Name Scientific Name Dominance 

 
 

Narrowleaf 

plantain 
Plantago lanceolata Grass plots 

 
 

Horse weed 

 
Erigeron canadensis All 

 
 

Large Yellow 

vetch 

 

Vicia grandiflora Grass 

 
 

Little hop clover 

 
Trifolium dubium Grass 

 
 

Lentil vetch 

 
Vicia tetrasperma 

Wildflowers/Grass-

Wildflowers plots 
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Johnson grass 

 
Sorghum halepense All 

 
 

Crimson clover 

 
Trifolium incarnatum All 

 
 

White clover 

 
Trifolium repens Grass plot 

 

Wild carrot 

 
Daucus carota All 

 
 

Carolina 

horsenettle 
Solanum carolinense All 
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Curly dock Rumex crispus All 

 
 

Hairy crabgrass Digitaria sanguinalis All 

 
 

Hairy aster 
Symphyotrichum 

pilosum 
All 

 
 

Eyebane Euphorbia nutans All 

 
 

Yellow foxtail Setaria helvola All 
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Table 3.5. Split-split plot ANOVA for soil bulk density (BD), infiltration rate (IR), and volumetric 

water content (VWC) at 8, 12, 20, and 24 months of post-installation. 

Factor 
April 2022 (8 Month) August 2022 (12 Month) 

BD IR VWC BD IR VWC 

Cover NS NS *  NS NS NS 

Vegetation NS NS *  NS NS NS 

Cover × Vegetation NS NS NS NS NS NS 

Compost ***  *  ***  ***  ***  ***  

Compost × Cover NS NS NS NS *  NS 

Compost × Vegetation  **  NS NS NS NS NS 

Compost × Cover × Vegetation  NS NS NS NS NS NS 

Factor 
April 20 23 (20 Month)  August 2023 (24 Month) 

BD IR VWC BD IR VWC 

Cover *  NS NS NS NS NS 

Vegetation NS NS NS NS NS NS 

Cover × Vegetation NS NS NS NS NS NS 

Compost ***  ***  ***  ***  ***  ***  

Compost × Cover NS NS NS NS NS NS 

Compost × Vegetation  NS NS NS NS NS NS 

Compost × Cover × Vegetation  NS NS NS NS NS NS 

*, **, and *** indicate significant at 0.05, 0.01, and 0.001 (Tukeyôs HSD). NS is not significant. 

 

Table 3.6. Repeated measure ANOVA for bulk density (BD), infiltration rate (IR), and volumetric 

water content (VWC). 

Factors BD (g cm-3) IR (cm h-1) VWC (cm3 cm-3) 

Between -Subject Factors 

Cover NS NS NS 

Vegetation NS NS NS 

Compost ***  ***  ***  

Cover × Vegetation NS NS NS 

Cover × Compost NS NS NS 

Vegetation × Compost NS NS NS 

Cover × Vegetation × Compost NS NS NS 

Within -Subject Factors 

Time ***  **  ***  

Time × Cover NS NS NS 

Time × Vegetation NS NS NS 

Time × Compost NS NS **  

Time × Cover × Vegetation NS NS NS 

Time × Cover × Compost NS NS NS 

Time × Vegetation × Compost NS NS NS 

Time × Cover × Vegetation × Compost NS NS NS 

** and *** indicate significant at 0.01, and 0.001 level, respectively (Tukeyôs HSD). NS is not 

significant. 
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Table 3.7. Monthly split-split plot ANOVA for total vegetation cover from 2-24 months (Oct 2021 

ï Aug 2023) of post-installation. 

Factor 
Time (month) 

Oct Nov Dec Jan Feb Mar  Apr  

Cover **  *  *  NS NS NS NS 

Vegetation *  NS *  NS NS ***  *  

Cover × Vegetation NS *  *  NS NS NS NS 

Compost ***  ***  ***  ***  ***  ***  ***  

Compost × Cover  **  NS NS NS NS NS NS 

Compost × Vegetation NS NS NS NS NS NS NS 

Compost × Cover × Vegetation NS NS NS NS NS NS NS 

  

Factor 
Time (month) 

May Jun Jul Aug Sep Dec Jan 

Cover NS NS NS NS NS NS NS 

Vegetation *  **  NS NS NS NS ***  

Cover × Vegetation NS NS NS NS NS NS NS 

Compost ***  ***  **  ***  ***  NS *  

Compost × Cover  NS NS NS NS *  NS NS 

Compost × Vegetation NS NS NS NS NS NS *  

Compost × Cover × Vegetation NS NS NS NS NS NS NS 

  

Factor 
Time (month) 

Feb Mar  Apr  May Jun Jul Aug 

Cover NS NS NS NS NS NS NS 

Vegetation *  **  **  NS *  NS NS 

Cover × Vegetation NS NS NS NS NS NS NS 

Compost NS *  NS NS NS NS NS 

Compost × Cover  NS NS NS NS NS NS NS 

Compost × Vegetation NS NS NS NS NS NS NS 

Compost × Cover × Vegetation NS NS NS NS NS NS NS 

*, **, and *** indicate significant at 0.05, 0.01, and 0.001 level, respectively (Tukeyôs HSD). NS 

is not significant. 
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Table 3.8. Repeated measure ANOVA for total vegetation cover (%) for 2-3, 2-6, 2-12, 2-18, and 

2-24 months of post-installation. 

Factors 
Time (month)  

2-3 2-6 2-12 2-18 2-24 

Between Subject Factors 

Cover ***  *  NS  NS NS 

Compost  ***  **  ***  ***   ***  

Vegetation NS NS *   **  **  

Cover × Compost **  *  NS NS  NS 

Cover × Vegetation *  *  *   *  *  

Compost × Vegetation        NS NS NS NS NS 

Cover × Compost × Vegetation NS NS NS NS NS 

Within Subject Factors 

Time ***  ***  ***  ***   ***  

Time × Cover *  **  ***  ***   ***  

Time × Compost ***  ***  ***   ***  ***  

Time × Vegetation *  ***  ***   ***  ***  

Time × Cover × Compost NS NS NS  NS NS 

Time × Cover × Vegetation NS NS NS *   *  

Time × Compost × Vegetation NS NS NS NS NS 

Time × Cover × Compost × Vegetation NS NS NS NS NS 

*, **, and *** indicate significant at 0.05, 0.01, and 0.001 level, respectively (Tukeyôs HSD). NS 

is not significant. 
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Table 3.9. Split-split plot ANOVA for root mass density at five studied depths and total root mass 

density for total depth (0-40 cm), topsoil (0-15 cm), and subsoil (15-40 cm) after 24 months of 

post-installation. 

Factors 

Depth (cm) 

0-7.5 7.5-15 15-22.5 22.5-30 30-40 
Total 

(0-40) 

Topsoil 

(0-15) 

Subsoil 

(15-40) 

Cover NS NS NS NS NS NS NS NS 

Vegetation NS NS NS NS NS NS NS NS 

Cover × Vegetation NS NS NS NS NS NS NS NS 

Compost **  **  NS NS NS **  **  NS 

Compost × Cover  NS NS NS NS NS NS NS NS 

Compost × Vegetation NS NS NS NS NS NS NS NS 

Compost × Cover × 

Vegetation 
NS NS NS NS NS NS NS NS 

*, **, and *** indicate significant at 0.05, 0.01, and 0.001 level, respectively (Tukeyôs HSD). NS 

is not significant. 

 

 

Table 3.10. Volunteer plant covers (%) at 8, 12, 20, and 24 months of post-installation. 

Factors Levels 
Time (month) 

8 12 20 24 

Cover 
Hydro-mulch 12 10 23b 18 

Excelsior 13 9 28a 19 

Vegetation 

Grass 12 13 32a 15b 

Wildflower 13 8 20b 24a 

Grass+Wildflower 12 8 24b 16ab 

Compost 
Compost 13 8b 29a 18 

No-Compost 12 11a 23b 18 

Letters indicate significant differences between treatments/blocks (Tukeyôs HSD; p Ò 0.05). 
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Fig. 3.1. UAV image of the whole experimental plot at installation (Sept 2021) with hydro-mulch 

and excelsior ground cover (Raleigh, NC, USA). 

 

 

 
Fig. 3.2. Weather during SPR measurement under field-capacity (FC) and water-stressed (WS) 

conditions. The research station is within 1 mile from the experimental plot. 
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Fig. 3.3. Major steps involved in the supervised image classification performed in Photogrammetry 

and ArcGIS Pro software. 

 

 
Fig. 3.4. Mean soil bulk density at 8 (Apr 2022), 12 (Aug 2022), 20 (Apr 2023), and 24 (Aug 

2022) months of plot-installation. Bars are standard errors. Letters indicate significant interactions 

between compost and time (Tukeyôs HSD Test; p < 0.05). 
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Fig. 3.5. Mean soil penetration resistance at 24 months of plot-installation. Lower case letters 

indicate significant interactions among depth (up to 15 cm) and compost at field capacity and 

upper-case letters indicate significant interactions among depth (up to 15 cm) and compost at 

water-stressed conditions of soil (Tukeyôs HSD Test; p Ò 0.05). 

 

 
Fig. 3.6. Mean volumetric water content at 8, 12, 20, and 24 months (fixed effects) of plot-

installation. Bars are standard errors. Letters indicate significant interactions between compost and 

time (Tukeyôs HSD; p ¢ 0.05). 
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Fig. 3.7. Mean volumetric water content at 8-month. Bars are standard errors. Letters indicate 

significant interactions among compost, ground cover, and vegetation (Tukeyôs HSD; p < 0.05). 

 

 
Fig. 3.8. Mean infiltration rate at 8, 20, and 24 months. Bars are standard errors. Letters indicate 

significant difference between compost types at each observation (Tukeyôs HSD; p < 0.05). 
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Fig. 3.9. Vegetation cover using different ground covers. Letters indicate significant differences 

between ground cover types at same observation time (Tukeyôs HSD; p¢0.05). Red line is 70% 

recommended cover for permanent site stabilization. 

 

 
Fig. 3.10. Vegetation cover at compost treatments from 2-24 months. Letters indicate significant 

differences between compost type at same month (Tukeyôs HSD; p¢0.05). Red line is 70% 

recommended cover for permanent site stabilization.  

0

20

40

60

80

100

O N D J F M A M J J A S D J F M A M J J A

2021 2022 2023

T
o

ta
l 
v
e

g
e

ta
ti
o

n
 c

o
v
e

r 
(%

)

Observation time after installation (month)

Excelsior Hydro-mulch

0

20

40

60

80

100

O N D J F M A M J J A S D J F M A M J J A

2021 2022 2023

T
o

ta
l 
v
e

g
e

ta
ti
o

n
 c

o
v
e

r 
(%

)

Observation time after installation (month)

Compost No Compost

All months under this square bracket represent 

same relationship

a 

b 

a 

a 

b 

b 

b 

a 



 102 

 
Fig. 3.11. Total vegetation covers using different vegetation treatments from 2-24 months. Letters 

indicate significant differences between vegetations at same month (Tukeyôs HSD; p¢0.05). Red 

line is 70% recommended cover for permanent site stabilization.  

 

 
Fig. 3.12. Green, non-green, and flowers covers over a 24-month study (installed in Sep 2021). 

Total vegetation cover is the sum of these three types of covers. 
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Fig. 3.13. A) Root mass density at 5 studied depths and B) total root mass density at 40 cm, 0-15 

cm, and 15-40 cm depths. Bars are standard errors. Letters indicate significant differences between 

compost types within the same depth (Tukeyôs HSD; p ¢ 0.05). CO is compost, NC is no-compost. 

 

 
Fig. 3.14. Distribution of roots in A) compost type and B) vegetation type treatments at the five 

studied depths.  CO is compost and NC is no compost. G is grass, GW is grass-wildflower, and W 

is wildflower. 
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CHAPTER FOUR 

Effects of Compost Incorporation on Nutrient Availability and Vegetation Establishment 

on Disturbed Sites 

 

Abstract 

Urban soils are highly degraded and prone to erosion, and a lack of nutrients in the subsoil 

poses challenges for establishing resilient vegetation cover. This 24-month study investigated the 

potential of compost incorporation for enhancing soil nutrient availability and erosion-control 

vegetation establishment along with use of wildflower as an alternative to conventional grassing 

practices in urban landscapes. A split plot design was used where three vegetation (grass, grass-

wildflower, and wildflower) were the main plots and four amendment treatments, namely 

compost-fertilizer (CF), compost-no fertilizer (CNF), no compost-fertilizer (NCF), and no 

compost-no fertilizer (NCNF) were the subplot factors. Significant improvements in soil chemical 

properties (pH, CEC, humic matter) and macronutrient availability (P, K, Ca, Mg, and S) were 

found with compost incorporation even after 24 months. Additionally, compost positively 

influenced Mn and Zn availability while decreasing copper availability by 17-30%. Compost 

incorporation increased organic carbon 2.5 times, total nitrogen 2 times, and reduced the C/N ratio 

to ~10, indicating sustained nitrogen mineralization and carbon sequestration potential over an 

extended period. The CF, CNF, and NCF treatments resulted in significantly higher vegetation 

cover up to 13 months compared to NCNF, reaching about 95-98% coverage. Except during the 

first winter, the three vegetation types had similar total vegetation cover, suggesting that 

integrating wildflowers into urban landscapes for erosion control is viable. Volunteer plant cover 

was higher in unamended plots, suggesting that compost incorporation does not necessarily 
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promote volunteer plant infestation. This study underscores the potential of compost incorporation 

as a sustainable urban soil management practice, especially for soil quality improvement and 

vegetation cover establishment.  

 

4.1 Introduction 

Urban landscapes, particularly roadside soils, are frequently characterized by infertility and 

disturbance resulting from construction and ongoing maintenance activities, such as grading, 

dredging, and utility installations (FHWA, 2003). These areas pose a considerable challenge for 

restoration, often exhibiting compaction and a lack of topsoil (Mohammadshirazi et al., 2017). 

Human-altered landscapes undergo heightened erosion, increasing sediment and pollutants in 

runoff water, thus degrading adjacent waterbodies (Kayhanian et al., 2019; US EPA, 2019; Walsh 

et al., 2005; NRCS, 2000). Many regulatory agencies have developed regulations and standard 

practices to minimize soil erosion in disturbed areas (Wu-Smart and Schacht, 2019; Henderson et 

al., 2016; NCDOT, 2015; NCDEQ 2013). Although regulations and methods vary depending on 

location and sites, a common approach is establishing at least 70% vegetation cover for permanent 

stabilization (Lee et al., 2018; US EPA, 2012). Vegetative cover establishment emerges as an 

economical and self-renewing solution for stabilizing soils and controlling erosion in disturbed 

landscapes. Vegetation anchors soil through roots and rhizomes, and eases raindrop splash and 

slows down runoff velocity by canopy cover (Barnette, 2020; Faucette et al., 2006; Cedergren, 

1974). The establishment of vegetation may appear to be a straightforward undertaking, but it is a 

time-consuming and intricate process that may result in costly failure without proper consideration 

and planning. Achieving a successful establishment depends on location, climatic conditions, 
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management practices, and site characteristics (Anache et al., 2018; NCDOT, 2017; Lopez-

Vicente et al., 2011). 

After construction activities, surface soils are often low in organic matter, nutrients, and 

microbial activity, making vegetation cover establishment challenging (Jefferies et al., 2017; Joshi 

et al., 2010; Muskett and Jones, 1981). The topsoil is not always reapplied, resulting in exposed 

subsoils with poor conditions for plant growth and leading to failed attempts to grow vegetation 

(Barnette, 2020; NCDOT, 2017). Addressing soil acidity through liming and providing essential 

nutrients through chemical fertilizers are common practices. Many state or local agencies 

recommend various types of fertilizers, e.g., the North Carolina Department of Transportation 

(NCDOT, 2017) recommends 10-20-20 (1-2-2), 16-8-8 (2-1-1), triple superphosphate (0-46-0), 

and ammonium nitrate (34-0-0) depending on the nutrient requirement. However, these fertilizers 

supply only 1-3 nutrients for the short term and do not address the low organic matter content of 

most subsoils (Larney and Angers, 2012). Since organic matter plays a vital role in the 

improvement of soil quality and functions, compost amendments may offer a sustainable solution 

for urban landscape reclamation (McLaughlin et al., 2023; Akala and Lal, 2000; Gregorich et al., 

1994) by improving soil health, nutrient availability, carbon sequestration, microbial abundance 

and activity, and soil water retention (Wright et al., 2022; Sax et al., 2017; Schmid et al., 2017; 

Curtis and Claassen, 2009). Numerous studies have been conducted on nutrient fate in agricultural 

soils amended with compost, but limited information is available regarding the application of 

compost in constructed landscapes and its subsequent impacts on nutrient availability and soil 

organic matter. Disintegration and decomposition of incorporated compost over time may directly 

affect nutrient availability and supply to plants even after full establishment. 
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Federal and State Departments of Transportation have been integrating wildflowers for 

diverse management goals in the USA (Wu-Smart and Schacht, 2019; NCDOT, 2017; Hopwood 

et al., 2015; NCDOT, 2012; Norcini et al., 2008). Early appropriate seed development attempts for 

roadside areas led to complex combinations comprising 5-15 vegetation species, including 3-4 

legumes and 2 herbs (Boeker, 1970). Since advancements have been made in refining vegetation 

mixtures for roadsides, some have been advocating for as few as 3-4 carefully selected species 

(McLaughlin et al., 2023; Friell and Watkins, 2020; Friell et al., 2015). Despite the literature on 

wildflowers in urban landscapes, studies evaluating wildflower responses to various amendments 

are lacking.  

We hypothesized that compost incorporation would not only improve soil physical 

properties (see Chapter 3) but act as a slow-release fertilizer, gradually releasing multiple 

essential nutrients for an extended time, supporting vigorous vegetation growth for erosion control, 

and eliminating the need for chemical fertilizers during plot installation. Our objectives in this 

study were to i) assess the effects of amendment (compost and fertilizer combination) on nutrient 

availability and ii) evaluate the effectiveness of wildflower and grass-wildflower vegetation as 

erosion control cover in disturbed landscapes. 

 

4.2 Materials and Methods 

4.2.1 Study Site Description 

The experiment was established at the Sediment and Erosion Control Research and Education 

Facility, Raleigh, NC (35.7361664, -78.6781497) in September 2021. The preparation of the 

experimental site involved several steps. The topsoil and existing vegetation were removed, and 

subsoils were tilled (15 cm depth) via a rotary tiller to achieve ~10% slope. Composite subsoil 
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samples were collected from 0-15 cm depth range from random locations across the plot area. A 

comprehensive initial soil chemical composition and nutrient content analysis was conducted by 

Brookside Laboratories, Inc., situated in New Bern, Ohio, USA (Table 4.1). 

 

4.2.2 Experimental Design and Treatments Description 

The study was laid out as a split-plot design, as shown in Table 4.2. Within this design, 

two primary factors were investigated, namely vegetation type and amendment type. The 

vegetation type was designated as the main plot factor, which was categorized into 3 groups: a 

grass mixture (G), a wildflower mixture (W), and a grass-wildflower mixture (GW). The soil 

amendment type was a subplot factor that consisted of 4 groups: compost-fertilizer (CF), compost-

no fertilizer (CNF), no compost-fertilizer (NCF), and no compost-no fertilizer (NCNF). The 

experimental area was divided into 3 blocks and each block was further subdivided into 3 main 

plots. Initially, the vegetation types were randomly assigned to main plots. Subsequently, each 

main plot was divided into 4 subplots, followed by a random assignment of the amendment 

treatments to these subplots. This split-plot design resulted in a total of 36 experimental units 

(Table 4.2). As this experiment and the experiment in Chapter 2 were established on the same day 

(September 2021) and location, we utilized the same vegetation, compost, and fertilizer sources 

and rates described in Chapter 3 (Section 3.2.2). Further details regarding seed types, application 

rates, and lifecycle information are in Table 3.3 (Chapter 3). Initial chemical and nutrient analyses 

of the compost samples were conducted by Brookside Laboratories, Inc. (New Breman, OH, USA) 

(Table 4.3).  
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4.2.3 Plot Installation 

The subplots were 6.0 m by 2.5 m, and a 0.5 m wide alley was maintained between each of the 

subplots. The initial soil pH was 5.63, indicating moderate acidity (USDA, 2018), and thus, lime 

was applied at a 4,483 kg ha-1 rate in all plots (NCDOT, 2017). In addition, compost was applied 

at a rate of 30% by volume in CF and CNF treatments, and fertilizer was applied at a rate of 560 

kg ha-1 in CF and NCF treatments. The compost was collected from the North Carolina State 

University Compost Facility and Research Cooperative (Raleigh, NC), comprising wood chips, 

food waste, yard waste, animal bedding, and food waste. The subsequent plot installation 

procedures mimicked the methods described in Chapter 3 (Section 3.2.3); except we used only 

excelsior ground matting from American Excelsior Company (Arlington, TX, USA) for all plots. 

 

4.2.4 Studied Parameters 

This study involved the assessment of several key soil chemical properties, available 

nutrients, and vegetation cover in different treatments. The investigation of soil chemical 

properties and available nutrients was conducted at three distinct time points relative to the 

installation of the plots, specifically at 6 months (Feb 2022), 12 months (Aug 2022), and 24 months 

(Aug 2023). The assessment of vegetation cover was carried out via a UAV survey. The survey 

was conducted monthly, starting in the 2nd month and concluding in the 24th month of post-

installation. 

 

4.2.4.1 Available Nutrients and Chemical Properties 

Soil core samples were collected randomly to a depth of 15 cm to assess available nutrient and 

chemical properties in the soil. These samples were obtained using a core sampler with a diameter 
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of 7.6 cm manufactured by AMS Inc. (American Falls, ID). The collected samples were oven-

dried (105Á C for 48 hours), sieved through a 2 mm stainless sieve (Fisher Scientific Company, 

Chicago, IL), and sent for chemical analysis to the North Carolina Department of Agriculture & 

Consumer Services (NCDA&CS).  

 

4.2.4.2 Vegetation Cover 

The percentage vegetation cover on plots and its growing pattern over the 24-month cycle were 

estimated using a combination of DJI Phantom 4 RTK UAV (DJI, Shenzhen, China), Agisoft 

Metashape Professional 2.0.3 software (Agisoft LLC, St. Petersburg, Russia), and ArcGIS Pro 

version 3.1 (ESRI, Redlands, CA, USA). A detailed description of this image classification process 

is provided in Chapter 2 (Section 3.2.4.5). 

 

4.2.4.3 Volunteer Plants Quantification 

Volunteer plant cover (VPC) was quantified during the 8th, 12th, 20th, and 24th months post-

installation. The identification of volunteer plants in the plots was carried out using the PictureThis 

app and cross-verified using the North Carolina Gardener Plant Toolbox 

(https://plants.ces.ncsu.edu/identify_a_plant/). Both methods are in Chapter 2 (Section 3.2.4.5). 

 

3.2.5 Statistical Analysis 

The statistical analyses for this study were run in R version 4.3.1 (R Core Team, 2022). For the 

primary analysis, a split-plot analysis of variance (ANOVA) was performed in R. In this split-plot 

design, vegetation type was the main plot and amendment type was the subplot treatments. The 

error terms for each level of analysis were as follows: vegetation type Ĭ replication as main plot 

https://plants.ces.ncsu.edu/identify_a_plant/
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error, amendment type Ĭ replication (vegetation type) as subplot error. To explore the effects of 

time on available nutrients and percentage vegetation cover, repeated measures of ANOVA were 

conducted in IBM SPSS, where the default compound symmetry covariance structure was used. 

The Greenhouse-Geisser and Huynh-Feldt corrections were applied when Mauchly's Test of 

Sphericity yielded significant results for repeated measure ANOVA. Data preparation and 

visualization were carried out using both Microsoft Excel and R software. Whenever significant 

treatment effects were observed in ANOVA, post-hoc analysis was performed using Tukey's HSD 

test at p ¢ 0.05.  

 

4.3 Result and Discussion 

In this study, nutrient availability (P, K, Ca, Mg, S, Mn, Cu, and Zn), soil chemical properties (pH, 

CEC, humic matter), soil organic carbon, total nitrogen, vegetation cover, and volunteer plants 

cover were assessed. The findings are discussed in the following sections. Since we applied 

fertilizer that contained only N, P, and K nutrients, we considered four amendment types (CF, 

CNF, NCF, and NCNF) for P and K, as well as vegetation cover and volunteer plants cover. 

However, nitrogen is very mobile in soil and is either taken up by plants or lost from the soil by 

denitrification, leaching, and runoff water immediately after the application (Larney and Angers, 

2012). Moreover, the values of CF and CNF treatments were very similar, which was also true for 

NCF and NCNF for the rest of the parameters. Therefore, we combined CF and CNF into one 

group as ñCompostò treatment and NCF and NCNF as ñNo-Compostò treatments. 
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4.3.1 Soil Chemical Properties 

4.3.1.1 Carbon, Nitrogen, and C/N Ratio 

Soil organic carbon and total nitrogen significantly increased in response to the application 

of compost after 24 months of plot installation (Table 4.4). Vegetation did not affect SOC, total 

nitrogen, and C/N ratio and did not have any interaction with amendments. The 30% compost 

incorporation increased SOC by 2.5 times and total nitrogen by 2 times, and the SOC and total 

nitrogen values were 3.00 and 1.21% and 0.26 and 0.13% in Compost and No-Compost treatments, 

respectively (Table 4.5). The C/N ratio was comparable in both Compost and No-Compost 

treatments. Compost incorporation decreased soil C/N by 49%, from 22.4 in the initial soil to 11.5 

after 2 years of plot installation. This indicates that compost with a low C/N ratio (19.8) will be 

mineralized and release nitrogen for plant uptake with very little chance of nitrogen immobilization 

(Lashermes et al., 2010). Interestingly, the C/N ratio in No-Compost treatment was reduced to 9.5, 

which was 58% and 21% lower than the initial soil and Compost treatments, respectively. This is 

possibly due to adding nitrogen in No-Compost treatments from mowed vegetation, dead 

vegetation, and dead roots decomposition.   

The increase of SOC and TN in soil in response to compost application has been studied 

extensively in agricultural soils (Wright et al., 2022; Salomon et al., 2020; Pizzeghello et al., 2021; 

Jain and Kalamdha, 2020; Wright, 2007), but very rarely in urban landscapes (Dunifon, 2009; 

Salazar et al. 2009). The findings in this study emphasized that compost incorporation can 

effectively increase SOC and TN and reduce the C/N ratio for years in post-construction 

landscapes. 
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4.3.1.2 Soil pH, CEC, and Humic Matter 

Compost incorporation impacted soil pH at 6 months (Table 4.6), although there were no 

notable differences at 12 and 24 months. With an initial pH of 5.6 (moderately acidic), the soil pH 

was higher in Compost plots at 6.3 in the 6th month (Table 4.7). Subsequently, pH values were 

similar between Compost and No-Compost treatments, stabilizing around slightly acidic or neutral, 

and values were 6.7 and 6.9 at 12 months and 6.4 at 24 months. The higher pH (6.23) of the 

incorporated compost might contribute to the differences at 6 months. Afterward, the effects of 

compost on pH might be diminished, and the applied lime might have been fully activated, 

maintaining a higher pH in both Compost and No-Compost treatments than in the initial soil. Chen 

et al. (2022) found that continuous compost application for 3 years increased the soil pH around 

0.49ï0.75 units, while Cogger (2005) demonstrated increases in pH between 0 and 1 unit in their 

soils. 

Compost incorporation significantly increased the humic matter content in soils by nearly 

2 times at all three sample times, with the highest humic matter found at 24 months (Table 4.7). 

However, there were no significant differences between vegetation type and no amendment-

vegetation interactions (Table 4.6). Humic matter represents the chemically active fraction of 

organic matter that will significantly contribute to the physical, chemical, and biological soil 

properties (Adani et al., 2007; Varanini and Pinton, 1995; Chen and Aviad, 1990). The lifetime of 

humic matter in soil is relatively long because of its slow biodegradation rate (Qualls, 2004), 

contributing to soil carbon storage. Mindari et al. (2018) reported a direct relationship between 

coal-derived humic matter and CEC, where CEC content under coal-derived humic matter was 

significantly higher than in compost and manure. 
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Soil CEC significantly varied only in amendment types at all study events (Table 4.6). 

Compost incorporation increased soil CEC by approximately 67, 46, and 70% at 6, 12, and 24 

months, respectively, compared to No-Compost treatments (Table 4.7). The improvement of CEC 

over the pre-installation soil (6.63 cmol/kg) for Compost treatments was sustained throughout the 

2 years of this study. The sustained CEC, possibly from the decomposition and fragmentation of 

organic materials over time, results in higher specific surface area, making the organic materials 

more available for exchangeable cations adsorption, which might be otherwise impeded by 

mineral-mineral contacts and cementation (Tipping, 2002; Hayes, 1978). Moreover, the carboxyl 

and phenolic hydroxyl functional groups in humic matter are dissociated and produce anions, 

directly contributing to cation exchange capacity (Mindari et al., 2018; Xu et al., 2013). Yang et 

al. (2013) unexpectedly discovered a favorable effect of fulvic acid on higher soil CEC while 

studying the relationship between P availability and fulvic acid. The observed impacts of 30% 

compost incorporation on CEC suggest potential benefits for the sorption capacity of the soil.  This 

aligns with findings from various researchers who have reported similar outcomes for CEC 

following compost application (Jain et al., 2020; Weber et al., 2007; Leifeld et al., 2002). 

 

4.3.1.3 Macronutrients: Phosphorus (P) and Potassium (K) 

Substantial variations in soil phosphorus (P) and potassium (K) concentrations were found 

among the 4 amendment types across all observed time points (Table 4.8). However, no statistical 

differences between vegetation type and its interaction with amendment type were found. There 

were no discernible effects of vegetation types on P and K availability at any of the studied times. 

At 6 months, there was a significantly higher concentration of P and K in CF treatments than in 

CNF, although the differences diminished at 12 and 24 months, except P at 24 months (Fig. 4.1 
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and Fig. 4.2). The concentration of plant available K were higher across amendment treatments 

than pre-established soils at 6, 12, and 24 months. 

Moreover, except at 24 months for K, the NCF and NCNF treatments posed similar P and 

K concentrations, which were significantly lower than those in the CF and CNF treatments (Fig. 

4.1 and Fig. 4.2). In the CF treatments, the maximum concentrations of P and K were observed at 

6 months, while in the CNF treatments, the peak levels were recorded at 12 months. The 

application of chemical fertilizer alone did not cause a substantial increase in soil P and K 

availability at 6 and 12 months. This suggests that the impact of chemical fertilizers diminished 

during the very initial stages in urban landscapes, and only compost continued to supply the 

necessary P and K in the later stages of the study. When comparing the 6-month, 12-month, and 

24-month values of NCF and NCNF treatments with the pre-installation soil value for P (24 mg/kg) 

and K (59.5 mg/kg), it suggests that there are some impacts of established vegetation on P and K 

as well as other nutrients availability likely from the decomposition of dead and mowed 

vegetations. A single compost incorporation practice may serve as a sustainable source of P and K 

availability in urban landscapes and support the establishment of vegetation cover.  

Wright (2007) conducted a 2-year experiment in a turfgrass field and reported increased 

concentrations of P and K in soils with compost incorporation. Larney and Janzen (1997) 

demonstrated that manure was more effective in restoring degraded soil productivity compared to 

chemical P fertilizer, possibly due to the immobilization of fertilizer phosphorus by elevated 

calcium carbonate on the soil surfaces. Delgado et al. (2002) emphasized the positive correlation 

between an increase in humic substance content and the enhancement of available phosphorus in 

soils. Their study highlighted the role of humic substances in forming strong interactions with 

anionic phosphates via cationic metals bridge. (Riggle and von Wandruszka, 2005).  
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 4.3.1.4 Macronutrients: Calcium (Ca), Magnesium (Mg), and Sulfur (S) 

Calcium, Mg, and S varied in amendment types except at 6 months for S (Table 4.9). 

Moreover, Ca had an interaction with amendment and vegetation types, specifically at the 24-

month event.   A positive effect of compost on available Ca and Mg concentration was seen 

compared to the pre-installation soil and No-Compost treatments. The maximum average 

concentrations of available Ca and Mg were found at 12months (Table 4.10).  

An opposite trend was observed for S, where minimum S was found at 12 months for both 

Compost and No-Compost treatments. This observation was likely linked to higher microbial 

activity during summer months, and an adequate C/N ratio might have favored the SO4
2- 

immobilization into ester sulfate and C-bonded S (Randlett et al., 1992; Fitzgerald et al., 1982). 

Additionally, mineralized S could be integrated into organic matter through covalent bonding 

(Saggar et al. 1981). A peak immobilization rate during summer (August-September) and lowest 

occurring during late spring and winter were also reported by Swank et al. (1985).  

 

4.3.1.5 Micronutrients: Manganese (Mn), Zinc (Zn), and Copper (Cu) 

The main plot factor, vegetation, did not affect any micronutrient at any time point (Table 

4.11). However, Compost demonstrated positive effects for Mn at 6 months and 24 months and at 

all samplings points for Zn and Cu, with Compost increasing Mn and Zn but decreasing Cu (Table 

4.12). On average, Compost treatments had an elevated concentration of Mn by 37.7, 24.3, and 

49.3% than the No-Compost treatments, whereas the increases for Zn were 52.9, 34.4, and 52.7% 

at 6-months, 12-months, and 24-months, respectively. The incorporated compost might 

decompose over 2 years and supply a higher availability of Mn and Zn. An increase in available 
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Mn and Zn content in vineyards due to compost application was also reported by Pizzeghello et 

al. (2021). There were no interactions for micronutrients between vegetation and amendment.   

The 30% compost incorporation decreased the Cu availability in soils by 17.3, 28.9, and 

24.5%, respectively, for the three studied times, with the lowest values found at 24 months. 

Phosphorus (0.29%) and iron (0.71%) rich compost could also immobilize Cu in soil. The hydroxyl 

and phenolic groups in humic compounds, identified as chief ligands (Yang et al., 2021), might 

form insoluble complexes with Cu (organoïmetal complexes), thus reducing the bioavailability of 

Cu (Zhang et al., 2017). Compost significantly decreased Cu availability by 8 times compared to 

the control, as reported in previous studies (Li et al., 2021).  

 

4.3.2 Vegetation Cover 

The split-plot ANOVA presented in Table 4.13 indicates differences in total vegetation 

cover concerning vegetation types at 2, 3, 6, 7, 17, and 19 months, amendment type 2-13 and 18 

months, and interaction at 2, 10, and 17 months. However, there was no definite trend in vegetation 

cover among vegetation types. At 2 and 3 months, wildflower exhibited greater vegetation cover 

than grass. Moreover, grass and grass-wildflower treatments showed greater cover compared to 

wildflower vegetation during winter at 6 and 7 months and during the start of winter at 17 months. 

Additionally, grass had the lowest plot coverage at the 19-month event. Since vegetation seeds 

were sown once during the initial plot installation, the utilized vegetation mixtures were self-

regenerated, providing ~100% cover in the second year. The performance of grass, grass-

wildflower, and wildflower were similar in total vegetation cover, except during the first winter 

(Fig. 4.3). Wildflowers could be introduced in the Piedmont region of North Carolina, where 

sufficient spaces in rights-of-way and other urban landscapes are available. McLaughlin et al. 
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(2023) described the efficiency of wildflower vegetation as an alternative to current grass practices 

in North Carolina rights-of-way. 

Compared to no compost or fertilizer, compost and/or fertilizer incorporation provided 

greater vegetation cover for up to 13 months, reaching about 95-98% coverage (Fig. 4.4). 

However, no differences were observed from 14ï24 months (nearly 97-100% coverage in all 

treatments). The CF and CNF treatments exhibited substantially greater total cover compared to 

the NCF and NCNF treatments during the initial 2-4 months (pre-winter) and at 8-9 months (post-

winter), with the lowest canopy observed in NCNF, which was also significantly lower than NCF 

treatment. From 5-7 and 10-13 months, the three amendment types showed similar vegetation 

cover, only substantially varying from the NCNF amendment. The interaction between vegetation 

and amendment types indicated that grass-wildflower and wildflower with compost had greater 

vegetation cover at 2 months (Fig. 4.5). But at 10 and 17 months, grass and grass-wildflower with 

compost and/or fertilizers exhibited greater vegetation trends that significantly varied from 

wildflower. Vegetation growing patterns changed between green vegetation, non-green vegetation, 

and flowers, although total vegetation cover remained similar throughout the second year (Fig. 

4.6, Fig. 4.7, and Fig. 4.8). The non-green vegetation cover increased or exceeded the green cover 

during winter (6-7 and 17-19 months; Jan-Mar) and during summer (11-12 and 23-24 months; Jul-

Aug). 

Our findings indicate that compost incorporation (CF and CNF) provided more rapid and 

robust vegetation cover that reached the required threshold of 70% within 4-5 months (US EPA 

2012). Contrarily, fertilizer treatment (NCF) and control (NCNF) required 9 and 11 months to 

reach 70% marks, respectively. The incorporated compost was rich in macronutrients, 

micronutrients, organic carbon, and humic matter that aided rapid vegetation establishment. 
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Compost incorporation resulted in significantly higher nutrient availability, potentially supporting 

robust vegetation even after 2 years of plot installation. This contrasts with the findings of Gale 

and Biesboer (2004), who reported that compost incorporation in Minnesota roadways did not 

significantly enhance native species canopy within two meters of the roadside due to competitive 

weeds and severe droughty conditions, despite improvement in soil physical and chemical 

properties. 

 Serouart et al. (2022) used RGB images and a support vector machine (SVM) model for 

green vegetation (chlorophyll-active), dead vegetation (nonactive vegetation), and background 

fractions. They reported a 94, 70, and 73% R2 values, respectively, with a 1% error interval for 

green, versus 2.7% for non-green and 2.1% for background at 95 % confidence interval. Furukawa 

et al. (2021) studied vegetation cover changes. They described that Multispectral-UAV was better 

suited for characterizing dead matter, green vegetation, and bare soil classes, while RGB-UAV 

delivered consistent results for vegetation cover assessment.  

 

4.3.3 Volunteer Plants Cover 

We observed a great influence of amendment type at 8 and 12 months, vegetation type at 

24 months, and vegetation-amendment interaction at 12, 20, and 24 months (Table 4.14). The total 

volunteer plant cover ranged from 10-37% for amendment type and 11-33% for vegetation type 

across the 4 time periods (Table 4.15). Specifically, the NCNF amendment displayed the greatest 

volunteer plant cover at 12 months (27%), 20 months (30%), and 24 months (37%). Our results 

indicate a greater infestation of volunteer plants in treatments where no amendment was applied. 

These findings challenge the notion that compost incorporation promotes the infestation of 

volunteer plants. Instead, it was found that volunteer plants may naturally fill the void where initial 
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vegetation cover fails to establish effectively. Moreover, the growth of volunteer plants may 

depend on factors such as initial seed germination, seeding timing in different seasons, and 

management practices. [For a detailed list of identified Volunteer Plants, including their common 

and scientific names, refer to Table 3.4 in Chapter 3]. 

 

4.4 Conclusion 

The findings of this 24-month study highlight the significant positive effects of compost 

incorporation on soil nutrient availability and vegetation dynamics in urban landscapes. Compost-

treated plots consistently exhibited enhanced soil properties, including increased organic carbon, 

total nitrogen, humic matter, and improved cation exchange capacity. Moreover, compost 

application positively influenced the availability of essential nutrients, such as phosphorus and 

potassium, and micronutrients, like manganese and zinc, contributing to the overall fertility of the 

soil. Compost incorporation with or without fertilizer provided similar but faster vegetation cover 

that reached the US EPA-mandated threshold of 70% permanent vegetation cover within 4-5 

months. However, chemical fertilizer application and control treatments required 9 and 11 months, 

respectively, to reach the 70%. Grass, grass-wildflower, and wildflower treatments performed 

similarly regarding total vegetation cover, with variations noted during the initial winter period (6-

7 months), where wildflower had lower cover than the other two vegetation types. The initially 

sown vegetation seeds in the plot self-regenerated, resulting in approximately 100% coverage in 

the second year. The findings suggest the suitability of introducing wildflowers in the Piedmont 

region of North Carolina, particularly in available rights-of-way and other urban landscapes.  

Contrary to concerns about volunteer plant infestation, our results indicated that volunteer 

plant cover was more prominent in untreated plots, suggesting that compost incorporation does 
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not necessarily lead to undesirable plant infestation. These findings underscore the potential of 

compost as a sustainable soil management practice for urban landscapes, offering enhanced 

nutrient availability and resilient vegetation cover. Overall, this research revealed the multifaceted 

impact of compost incorporation on urban soil quality and vegetation dynamics, providing a 

foundation for sustainable and effective urban soil management strategies. 
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Tables and Figures 

Table 4.1. Chemical and nutrient analysis of the pre-installation soil. 

Property 
Mean value/ 

conc. (mg kg-1) 
Method Reference 

CEC (cmol kg-1) 6.63±0.48 TEC by summation Ross, 1995 

pH 5.63±0.05 1:1 in water McLean, 1982 

Organic C (%) 1.12±0.07 Combustion analysis 

Nelson and Sommers, 1996 Total N (%) 0.05±0.005 Combustion analysis 

C/N ratio 22.4±0.81 Combustion analysis 

NO3-N 5.93±0.71 
1 N KCl reduction Dahnke, 1990 

NH4-N 2.05±0.75 

Available P 24.00±12.62 

Mehlich III  Mehlich, 1984 

Available S 15.25±0.96 

Available Ca 656.50±62.05 

Available Mg 121.00±7.35 

Available K 59.50±12.87 

Available Na 8.75±0.50 

Available B 0.40±0.08 

Available Fe 209.75±54.43 

Available Mn 11.50±1.29 

Available Cu 11.42±1.21 

Available Zn 8.16±1.35 

Available Al 726.50±62.68 

Unless otherwise mentioned, all units are in mg/kg. Analysis was done in the Brookside 

Laboratories Inc. (New Bremen, OH). 

 

Table 4.2. Experimental layout for split-plot design. 

Blocks 
Amendment 

type 

Vegetation type 

Grass (G) Grass-Wildflowers (GW)  Wildflower (W)  

I Amendment 

NCF CF NCNF 

CNF NCNF NCF 

CF NCF CNF 

NCNF NCNF CF 

II  Amendment 

CNF NCNF NCF 

NCNF CNF CF 

NCF CF NCNF 

CF NCF CNF 

III  Amendment 

NCF CNF CNF 

CF NCNF CF 

NCNF NCF NCF 

CNF CF NCNF 

CF is compost-fertilizer, CNF is compost-no fertilizer, NCF is no compost-fertilizer, and NCNF 

is no compost-no fertilizer.   
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Table 4.3. Initial chemical and total nutrient analysis of the compost. 

Property 
Mean value/ 

conc. (%) 
Method Reference 

pH 6.23±0.41 1:2 in water Ross, 1995 

OM  48.95±2.99 550°C ashing oven McLean, 1982 

OC  23.58±0.66 

Oxygen combustion 
Elementar Vario Max CN 

(AOAC, 1990) 
TN 1.23±0.27 

C/N ratio 19.78±4.29 

Total P 0.29±0.04 

Acid digestion 
EPA Method 3051 

(US EPA, 2007) 

P2O5-P 0.67±0.08 

Total K 0.60±0.05 

K2O-K 0.72±0.06 

Total Ca 0.95±0.11 

Total Mg 0.23±0.03 

Total Na 0.21±0.02 

Total S 0.18±0.02 

Total Fe 0.71±0.08 

Total B (mg kg-1) 6.19±1.45 

Total Mn (mg kg-1) 255.59±21.71 

Total Cu (mg kg-1) 39.40±2.41 

Total Zn (mg kg-1) 84.82±8.73 

All the units are in %, otherwise mentioned. C/N ratio has no unit.  

 

 

Table 4.4. Split-plot analysis of variance (ANOVA) for soil organic carbon, total nitrogen, and 

C/N ratio at 24 months of post-installation. 

Factors 
Soil organic carbon 

(%)  

Total nitrogen 

(%)  
C/N ratio  

Vegetation NS NS NS 

Amendment ***  **  NS 

Vegetation × Amendment NS NS NS 

** and *** are significant differences at 0.01 and 0.001 levels (Tukeyôs HSD). NS is not 

significant. 
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Table 4.5. Soil organic carbon, total nitrogen, and C/N ratio after 24 months of plot installation.  

Vegetation 

Soil organic C (%) Total nitrogen (%)  C/N ratio 

Compost 

Mean 

Compost 

Mean 

Compost 

Mean CO NC CO NC CO NC 

Grass 2.95 1.13 2.04 0.28 0.11 0.20 10.63 10.33 10.48 

Grass+ Wildflower 3.04 1.18 2.11 0.28 0.13 0.21 10.93 9.17 10.05 

Wildflower 2.97 1.30 2.14 0.24 0.14 0.19 12.81 9.17 11.00 

Mean 2.99 a 1.21 b  0.26 a 0.13 b  11.45 9.46  
Letters indicate significant differences (Tukeyôs HSD; p¢0.05). CO is compost and NC is no-

compost. 

 

Table 4.6. Split-plot ANOVA for pH, cation exchange capacity (CEC), and humic matter of soil 

at 6 months (6), 12 months (12), and 24 months (24) of post-installation. 

Factors 
pH CEC (cmol kg-1) Humic matter (%) 

6 12 24 6 12 24 6 12 24 

Vegetation NS NS NS NS NS NS NS NS NS 

Amendment ***  NS NS ***  ***  ***  ***  ***  ***  

Vegetation × Amendment NS NS NS NS NS NS NS NS NS 

*** significant differences at 0.001 level (Tukeyôs HSD; p¢0.05); NS is not significant.  

 

4.7. Mean soil pH, cation exchange capacity (CEC), and humic matter at 6 months (6), 12 

months (12), and 24 months (24) of post-installation.  

Factor  
pH CEC (cmol kg-1) Humic matter (%) 

6 12 24 6 12 24 6 12 24 

G 6.2 6.7 6.4 9.0 9.6 8.7 0.65 0.60 0.76 

GW 6.1 6.7 6.5 8.3 9.0 8.6 0.61 0.57 0.76 

W 6.1 6.9 6.4 8.4 9.5 8.6 0.63 0.51 0.73 

CO 6.3a 6.7 6.4 10.7a 11.1a 10.9a 0.80a 0.70a 0.97a 

NC 6.0b 6.9 6.4 6.4b 7.6b 6.4b 0.46b 0.42b 0.53b 

G × CO 6.3 6.6 6.3 11.1 11.7 10.8 0.85 0.77 1.00 

GW × CO 6.3 6.7 6.5 10.2 10.8 10.5 0.75 0.69 0.91 

W × CO 6.2 6.7 6.5 10.7 10.8 11.3 0.8 0.65 1.00 

G × NC 6.1 6.8 6.5 6.8 7.4 6.6 0.45 0.43 0.53 

GW × NC 6.0 6.7 6.5 6.4 7.2 6.8 0.48 0.46 0.60 

W × NC 6.0 7.0 6.4 6.1 8.2 5.9 0.46 0.38 0.45 

Letters indicate significant differences between treatments (Tukeyôs HSD; p¢0.05). G is grass, 

GW is grass-wildflower, W is wildflower. CO is compost and NC is no compost. 
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Table 4.8. Split-plot ANOVA for available P and K at 6-months (6), 12-months (12), and 24-

months (24) of post-installation. 

Factors 
                 P (mg kg-1) K (mg kg-1) 

6 12 24 6 12 24 

Vegetation NS NS NS NS NS NS 

Amendment ***  ***  ***  ***  ***  ***  

Vegetation × Amendment NS NS NS NS NS NS 

*** is significant difference at 0.001 level (Tukeyôs HSD; p¢0.05). NS is not significant. 

 

 

Table 4.9. Split-plot ANOVA for macronutrients (Ca, Mg, and S) at 6 months (6), 12 months (12), 

and 24 months (24) of post-installation. 

Factors 
Ca (mg kg-1) Mg (mg kg-1) S (mg kg-1) 

6 12 24 6 12 24 6 12 24 

Vegetation NS NS NS NS NS NS NS NS NS 

Amendment ***  ***  ***  ***  **  ***  NS *  ***  

Vegetation × Amendment NS NS *  NS NS NS NS NS NS 

*, **, and *** are significant differences at 0.05, 0.01, and 0.001 levels (Tukeyôs HSD). NS not 

significant. 

 

 

Table 4.10. Mean available concentrations of Ca, Mg, and S at 6 months (6), 12 months (12), and 

24 months (24) of post-installation.  

Factor 
Ca (mg kg-1) Mg (mg kg-1) S (mg kg-1) 

6 12 24 6 12 24 6 12 24 

G 1051.3 1136.1 992.0 256.8 317.3 289.5 33.4 14.1 28.3 

GW 930.7 1054.3 986.1 244.2 297.5 292.0 34.3 18.3 30.3 

W 950.1 1117.2 971.8 231.8 334.1 273.6 35.7 14.0 32.2 

CO 1233.6a 1312.4a 1246.3a 305.3a 355.7a 360.7a 34.5 26.8a 34.4a 

NC 721.1b 892.6b 720.3b 183.2b 276.9b 209.4b 34.4 14.2b 26.1b 

G × CO 1321.3 1403.8 1245.0a 316.2 367.5 353.8 32.0 15.5 31.8 

GW × CO 1158.7 1285.0 1192.3b 302.2 340.7 357.5 34.5 19.0 33.3 

W × CO 1220.7 1248.5 1301.0a 297.5 358.8 370.7 37.0 15.8 38.0 

G × NC 781.2 868.3 739.0c 197.5 267.2 225.2 34.8 12.7 24.7 

GW × NC 702.7 823.7 751.3c 186.2 254.3 226.5 34.0 17.7 27.2 

W × NC 679.5 985.8 670.5c 166.0 309.3 176.5 34.3 12.2 26.3 

Letters indicate significant differences between treatments (Tukeyôs HSD; p¢0.05). G is grass, 

GW is grass-wildflower, W is wildflower. CO is compost and NC is no compost. 
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Table. 4.11. Split-plot ANOVA for micronutrients (Mn, Zn, and Cu) at 6 months (6), 12 months 

(12), and 24 months (24) of post-installation. 

Factors 
Mn (mg kg-1) Zn (mg kg-1) Cu (mg kg-1) 

6 12 24 6 12 24 6 12 24 

Vegetation NS NS NS NS NS NS NS NS NS 

Amendment ***  NS ***  ***  **  ***  **  ***  *  

Vegetation × Amendment NS NS NS NS NS NS NS NS NS 

*, **, and *** are significant differences at 0.05, 0.01, and 0.001 levels (Tukeyôs HSD). NS is 

not significant. 

 

Table 4.12. Mean available concentrations of micronutrients (Mn, Zn, and Cu) at 6 months (6), 12 

months (12), and 24 months (24) of post-installation.  

Factor 
Mn (mg kg-1) Zn (mg kg-1) Cu (mg kg-1) 

6 12 24 6 12 24 6 12 24 

G 25.4 22.5 26.0 9.1 9.1 7.5 9.7 9. 8 7.2 

GW 20.7 16.8 20.6 9.2 9.3 8.6 10.5 10.3 7.9 

W 23.6 20.0 24.8 8.7 9.4 7.8 10.4 10.1 7.4 

CO 26.9a 21.9 28.5a 10.9a 10.6a 9.6a 9.2b 8.4b 6.4b 

NC 19.5b 17.6 19.1b 7.1b 7.9b 6.3b 11.2a 11.8a 8.5a 

G × CO 30.3 26.1 32.3 10.4 10.9 8.8 8.6 8.1 5.9 

GW × CO 23.7 19.1 25.3 11.4 10.3 9.9 9.8 8.3 6.7 

W × CO 26.5 20.5 27.9 10.9 10.7 10.3 9.3 8.7 6.7 

G × NC 20.4 18.9 19.7 7.8 7.3 6.3 10.7 11.5 8.6 

GW × NC 17.6 14.5 15.9 7.1 8.4 7.4 11.3 12.3 8.9 

W × NC 20.5 19.5 21.6 6.5 8.1 5.3 11.4 11.5 8.1 

Letters indicate significant differences between treatments (Tukeyôs HSD; p¢0.05). G is grass, 

GW is grass-wildflower, W is wildflower. CO is compost and NC is no compost. 

 

Table. 4.13. Split-plot ANOVA for vegetation cover (%) from 2-24 months of post-installation. 

Factor 
Time (month) 

2 3 4 5 6 7 8 9 10 11 12 

Vegetation **  **  NS NS **  **  NS NS NS NS NS 

Amendment ***  ***  ***  ***  ***  ***  ***  ***  ***  ***  **  

Vegetation × Amendment *  NS NS NS NS NS NS NS *  NS NS 

                                                 Time (month) 

Factor 13 15 16 17 18 19 20 21 22 23 24 

Vegetation NS NS NS **  NS **  NS NS NS NS NS 

Amendment ***  NS NS NS ***  NS NS NS NS NS NS 

Vegetation × Amendment NS NS NS *  NS NS NS NS NS NS NS 

*, **, and *** are significant differences at 0.05, 0.01, and 0.001 levels (Tukeyôs HSD). NS is not 

significant. 
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Table 4.14. Split plot analysis of variance (ANOVA) for volunteer plant cover (%) at 8, 12, 20, 

and 24 months of post-installation. 

Factors 
Time (month) 

8 12 20 24 

Vegetation NS NS NS *  

Amendment NS ***  *  *  

Vegetation × Amendment NS *  NS NS 

* and *** are significant differences at 0.05 and 0.001 levels (Tukeyôs HSD). NS is not 

significant. 

 

 

 

 

 

Table 4.15. Mean volunteer plant cover (%) at 8, 12, 20, and 24 months of post-installation.  

Factors 
Time (month) 

8 12 20 24 

Grass 12 24 19 20b 

Grass-Wildflower 11 18 26 24b 

Wildflower 13 19 31 33a 

Compost-Fertilizer (CF) 12 16b 22b 18b 

Compost-No Fertilizer (CNF) 11 18b 25ab 19b 

No Compost-Fertilizer (NCF) 12 20b 23b 30ab 

No Compost-No Fertilizer (NCNF) 10 27a 30a 37a 

Letters indicate significant differences between treatments (Tukeyôs HSD; p¢0.05). 
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Fig. 4.1. Available P concentrations in soils. Error bars are standard errors. Letters indicate 

significant differences between treatments within observation time (Tukeyôs HSD; p ¢0.05).  

 

 
Fig. 4.2. Available K concentrations in soils. Error bars are standard errors. Letters indicate 

significant differences between treatments within observation time (Tukeyôs HSD; p ¢0.05).  
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Fig. 4.3. Mean vegetation covers in different vegetation types from 2-24 months. Letters indicate 

significant differences between vegetations at 2-3, 6-7, 17, and 19 months (Tukeyôs HSD; p ¢0.05). 

Red line represents 70% recommended cover for permanent stabilization. 

 

 
Fig. 4.4. Average vegetation covers in different treatments from 2-24 months. Letters indicate 

significant differences between amendments at each month (Tukeyôs HSD; p ¢0.05). Red line 

represents 70% recommended threshold for permanent stabilization. Months under the same 

square bracket represent same statistical relationships. 
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Fig. 4.5. Mean vegetation cover at 2, 10, and 17 months. Letters indicate significant interactions 

of vegetation and amendment (Tukeyôs HSD; p ¢0.05). GM is grass, GWM is grass-wildflower, 

and WM is wildflower mix. 

 

 
Fig. 4.6. Grass cover dynamics in a 2-year study. Red line represents 70% recommended threshold. 
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Fig. 4.7. Grass-wildflower dynamics in a 2-year study. Red line represents 70% threshold cover. 

 

 
Fig. 4.8. Wildflower dynamics in a 2-year study. Red line represents 70% recommended cover. 
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CHAPTER FIVE 

Wildflower and Grass Cover Establishment for Erosion Control in North Carolina Rights-

of-Way: Evaluating 3:1 Type Fill vs. Cut Slopes 

 

Abstract 

We conducted a two-year field experiment to assess the effectiveness of ground cover 

(hydro-mulch and excelsior) and vegetations (grass mix, grass-wildflower mix, and wildflower 

mix) in mitigating erosion and enhancing soil stability on a fill slope at the Coastal Plain site and 

on a cut slope at the Piedmont site. Experimental plots were implemented following a completely 

randomized block design. Monthly photographs from an unmanned aerial vehicle captured images 

for assessing vegetation cover from 2-24 months. Additionally, root mass density, root 

distribution, and bulk density were determined in 0-40 cm depths two years after installation at the 

Coastal Plain site. There were contradictory outcomes at the Coastal Plain and Piedmont sites. The 

Piedmont site experienced heavy soil erosion and seed washout from intensive rainfall, particularly 

in hydro-mulch plots, resulting in poor vegetation establishment within 30-36 days of plot 

installation. The runoff from the upland forested area also contributed to this failure, prompting 

site abandonment. This failure emphasized the significance of considering environmental factors 

in plot installation on steeper slopes. At the Coastal Plain site, hydro-mulch resulted in greater 

vegetation cover than excelsior blankets during the initial 5 months. Total vegetation covers in 

grass, grass-wildflower, and wildflower treatments were similar throughout the study period and 

exceeded the 70% threshold of permanent soil stabilization at 4 months. The findings emphasized 

the viability of wildflower and grass-wildflower mixes as erosion control cover in urban 

landscapes. The grass-wildflower mix exhibited greater fine root (< 1 mm diameter) density than 
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wildflower mix alone, suggesting their potential for roadside soil stabilization. About 80-85% 

roots were concentrated within the top 0-7.5 cm due to high bulk density from severe compaction 

during filling and construction of road. The findings underscore the need for site-specific 

considerations and preventative measures to ensure successful vegetation establishment and long-

term effectiveness in mitigating erosion risks on construction sites. 

 

5.1 Introduction 

Establishing vegetation cover is a cost-effective and sustainable strategy for stabilizing soil 

and controlling erosion in urban settings affected by disturbance and compaction (Wu et al., 2019; 

NC DEQ, 2008; Faucette et al., 2006). Vegetation covers protect against soil erosion by reducing 

runoff velocity and dispersing raindrops (Gyssels et al., 2005; Rey, 2003). Additionally, they 

improve soil physical and chemical properties by contributing organic matter from canopy and 

root systems (Bronick and Lal, 2005). 

Since the 1930s, turfgrasses have consistently been used in the limited-access right-of-way 

in the USA (FHWA, 2003), offering multifaceted benefits such as soil erosion control, dust 

trapping, stormwater filtration, and year-round aesthetic landscapes (Kranz et al. 2022a; Friell and 

Watkins, 2021; Arlshraah 2020; Mohammadshirazi, 2017; Weingroff, 2013). The historical 

significance of landscape management was reflected in the Texas Highway Department's 

(presently known as the Texas Department of Transportation) hiring of the first landscape architect 

in 1933 to beautify the state's highways (Bergeron, 2008). The introduction of wildflowers in right-

of-ways occurred in the early 1960s when the Florida Department of Transportation planted 

crimson clover (Trifolium incarnatum) on the state highway, sourced from a nearby cattle farmer- 

an event considered as the first introduction of wildflowers in such landscapes (Florida Wildflower 
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Foundation, https://www.flawildflowers.org/fdot-wildflower-program-history/). According to the 

Surface Transportation and Uniform Relocation Assistance Act of 1987 (STURAA), Federal-aid 

highway landscaping projects are required to include planting of native wildflower seeds or 

seedlings, with a minimum allocation of one-quarter of one percent of project funds for this 

purpose and specifying that a waiver is necessary for exemption (Bergeron, 2008).  

In recent decades, both the federal (Hopwood et al., 2015; Bergeron, 2008) and state 

Department of Transportation (North Carolina, South Carolina, Florida, Texas, California, 

Nebraska, Wisconsin, Missouri, and others) have increasingly integrated wildflowers into roadside 

plantings, aligning with diverse management objectives, a trend notably adopted by the North 

Carolina Department of Transportation since 1985  (NCDOT, 2012). Wildflower plantings not 

only provide ecological, economic, and aesthetic benefits but also contribute to habitat (Billeisen 

et al., 2022; Blackmore and Goulson, 2014; Potts et al., 2010). Moreover, wildflower introduction 

in urban rights-of-way can provide habitat, food sources, and migration corridors for pollinators, 

potentially minimizing urbanization's negative impacts on natural pollinator habitat decline 

(Billeisen et al., 2022; Gaston et al., 2005; Miller, 2005). However, existing literature on 

wildflower addition into roadside areas and urban landscapes has primarily focused on 

establishment on flat or very gentle slopes, leaving a knowledge gap regarding the performance of 

wildflowers on steeper slopes, particularly 3:1 type fill and cut slopes.  

Construction site runoff poses a substantial risk of sediment transport and project failure 

resulting from erosion (US EPA 2005). The USEPA (2012) mandates that temporary erosion 

control cover (non-vegetative) must be applied on seeded areas to mitigate sediment loss and seed 

washout. Over the decades, hydraulically applied and excelsior mulches have undergone 

significant technological advancement and emerged as an efficient and widely used blanket for 
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vegetation establishment and erosion control (McLaughlin et al., 2023; Kranz et al., 2022b; 

Mohammadshirazi et al., 2017; Wilson, 2010). 

Vegetation cover assessment is crucial for monitoring the impacts of management 

practices, especially to meet the legal requirement of achieving at least 70% vegetation cover 

erosion control in construction sites (US EPA 2012). Traditional clipping measurement techniques 

often fail to assess the in-field biomass heterogeneity (Schellberg and Verbruggen, 2014). 

However, using unmanned aerial vehicles (UAV) imagery and ArcGIS presents a cost-efficient 

and near-real-time approach for assessing vegetation cover with high temporal and spatial 

resolution. While this methodology is successfully applied in diverse areas (Wolff et al., 2023; 

Davidson et al., 2022; Feng et al., 2022; Blanco-Sacrist§n et al., 2021), its application to 

construction sites for evaluating vegetation cover is a novel area that has not been explored 

previously. 

This field experiment examines the potential for wildflowers and a grass-wildflowers mix 

as ground covers in the rights-of-way with 3:1 type fill and cut slopes, comparing their 

effectiveness against traditional grass mix. In addition, we compared 2 common temporary ground 

covers, excelsior matting and hydro-mulch, in establishing these 3 vegetation types.   

 

5.2 Materials and Methods 

5.2.1 Study Sites Description and Preparation 

This experiment was conducted at two distinct locations, one in the Coastal Plain and one 

in the Piedmont physiographic regions of North Carolina, USA. The first experimental site, 

designated as the "Coastal Plain" site, was at the Kingsboro Industrial Park in Tarboro, NC, USA 

(35.930163, -77.650839). This site featured a 3:1 type fill slope. The second study site, referred to 
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as the "Piedmont" site, was established at the I-540 Interstate Highway construction area in Garner, 

NC, USA (35.632505, -78.578443) and exhibited a 3:1 type cut slope. Both sites were active 

construction zones during our study, with ongoing industrial development at Coastal Plain (Fig. 

5.1) and highway expansion at Piedmont (Fig. 5.2). The Coastal Plain site was originally a 

residential area evacuated to establish an industrial park. The Coastal Plain plots were established 

in April 2021, while the Piedmont plots were established in April 2022. The Coastal Plain site was 

situated on a fill slope created as an access road within the industrial area. In contrast, the Piedmont 

site was located in a hilly forest that was cleared for highway construction. Detailed characteristics 

of both sites and their soils are illustrated in Table 5.1 (NRCS, 2018).  

Prior to seeding and amendment application, the steep fill and cut slopes at both sites 

underwent a series of preparatory measures. At the Coastal Plain site, which had already been 

vegetated, the existing vegetation was carefully scraped off by a backhoe. At the Piedmont site, 

slopes were smoothed using a bulldozer to create a more uniform surface. Subsequently, the 

bulldozer was run up and down the slope to create grooves perpendicular to the slope, known as 

tracking. This is a common practice to reduce runoff velocities and rill formation. To assess the 

pre-installation soil characteristics at each site, three composite soil samples were collected from 

three points (top, middle, and bottom sections of the slope) of each plot, each to a depth of 0-15 

cm. These samples were analyzed at the North Carolina Department of Agriculture & Consumer 

Services (NCDA&CS) to determine soil chemical composition and available nutrient content. The 

detailed results of this analysis are presented in Table 5.2. Moreover, 40 cm deep soil core samples 

were also collected from each plot to estimate the pre-installation soil bulk density at 0ï7.5 cm, 

7.5ï15 cm, 15ï22.5 cm, 22.5-30 cm, and 30-40 cm depths. 
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5.2.2 Experimental Design and Treatments Description 

The experiment employed a completely randomized block design, incorporating 2 ground 

cover materials and 3 vegetation types. The ground cover included excelsior blanket and hydro-

mulch, while the vegetation types comprised grass mix, grass-wildflower mix, and wildflower mix. 

The completely randomized block design generated 6 main treatment combinations: i) Grass + 

Excelsior, ii) Grass + Hydro-mulch, iii) Grass-Wildflower + Excelsior, iv) Grass-Wildflower + 

Hydro-mulch, v) Wildflower + Excelsior, vi) Wildflower + Hydro-mulch.  

Each study area was divided into 3 blocks and then each block was subdivided into 6 

individual plots measuring 6.0 m in length and 2.5 m in width (15 m2). Each treatment was 

randomly assigned within each block, ensuring a balanced and unbiased distribution of treatments 

across the experimental area.  

The excelsior erosion control blanket was manufactured by American Excelsior Company 

(Arlington, TX, USA) and made from aspen fibers interwoven with synthetic polyester. The hydro-

mulch was produced by Profile Products LLC (Buffalo Grove, IL, USA) and consisted of a blend 

of thermally refined virgin wood fiber (70%) and cellulose fibers (30%). The grass mix utilized 

for both sites was composed of tall fescue (Schedonorus arundinacea), centipede (Eremochloa 

ophiuroides), and bermudagrass (Cynodon dactylon), which is what NCDOT prescribes for these 

types of slopes. For the Coastal Plain site, the Southeast Pollinator Wildflowers Seed Mix 

(American Meadow Inc., Shelburne, Vermont, USA) was employed as wildflower vegetation 

(Wildflower Mix 1). This mix included 17 wildflower species, comprising 9 annuals for first-year 

bloom and 8 perennials for subsequent years (Table 5.3). At the Piedmont site, a customized 

pollinator wildflower mix was made, incorporating California poppy (Eschscholzia californica), 

sulfur cosmos (Cosmos sulphureus), lance leaf coreopsis (Coreopsis lanceolata), and Indian 
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blanket flower (Gaillardia pulchella) species. A ratio of 60% grass and 40% wildflower seeds by 

weight from the respective mixes was utilized for the grass-wildflower mix. Detailed seed types 

and application rates are provided in Table 5.4. 

 

5.2.3 Plot Installation 

As previously noted, each plot at both experimental sites was 6.0 m in length and 2.5 m in 

width, corresponding to an area of 15 m2. To facilitate mowing operations and data collection, a 

0.5 m wide alley was maintained between each sub-plot. The Coastal Plain site exhibited very 

strongly acidic conditions (pH 4.63), while the Piedmont soil exhibited moderate acidity (pH 5.95). 

Moreover, both sites were classified as nutrient-poor. Following NCDOT recommendations, lime 

and fertilizer (10-20-20 grade) were applied at a rate of 4485 kg ha-1 and 560 kg ha-1, respectively, 

to the plot surface using a lime spreader (NCDOT, 2015). No fertilizer was applied to wildflower 

plots.  The seeds were spread by hand in April 2021 (Coastal Plain) and April 2022 (Piedmont), 

with the grass and wildflowers sown separately in the grass-wildflower plots. After applying lime, 

seeds, and/or fertilizers, the soil was raked with steel garden rakes to mix the materials into the 

surface of the soil. The plots were then covered with excelsior and hydro-mulch blanket for 

immediate erosion control and seed protection. The excelsior blankets were anchored to the ground 

with metal sod staples. The hydro-mulch was prepared by mixing it with water in a 2:1 ratio using 

a hydro-mulch spreader. It was then uniformly applied to the designated plots at the manufacturer's 

recommended rate of 3100 kg ha-1. 

 

5.2.4 Studied Parameters 

To evaluate the effectiveness of the applied treatments on vegetation cover dynamics, UAV 

surveys were run monthly to capture vegetation images from 2-24 months. At the end of the 24 
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months monitoring period, the root mass density, root distribution, and soil bulk density were 

determined at Coastal Plain plot. These soil parameters provided insights into the impact of the 

treatments on soil conditions for root growth. 

 

5.2.4.1 Vegetation Cover 

The vegetation cover was assessed using a combination of UAV, photogrammetry, and 

ArcGIS software. The process involved several vital steps. First, aerial imagery was captured using 

a DJI Phantom 4 RTK (DJI, Shenzhen, China) UAV equipped with a composite RGB (Red-Green-

Blue) wavelength camera. The choice was made due to its accessibility and affordability compared 

to multispectral cameras. UAV flights were conducted at 25-m height at midday to minimize 

shadow effects. An 80% forward and side overlap grid pattern between flight lines ensured 

comprehensive and detailed image coverage. 

Secondly, the hundreds of aerial images captured from each flight were processed in 

Agisoft Metashape Professional (Version 2.0.3) photogrammetry software (Agisoft LLC, St. 

Petersburg, Russia). The processing steps included photo alignment, dense cloud generation, mesh 

creation, digital elevation model (DEM) generation, and orthomosaic image production. The North 

American Datum of 1983 (NAD83, EPSG 2264) was employed as the reference system for all 

spatial data.  

Finally, the orthomosaic images were imported into ArcGIS Pro software (version 3.1) 

developed by ESRI (Redlands, CA, USA) for further analysis. The images were georeferenced 

and aligned utilizing land features within the imagery. A supervised classification approach using 

a support vector machine (SVM) algorithm was employed to quantify the vegetation cover in the 

orthomosaic images. The SVM classifier was trained on a representative set of labeled image data, 
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effectively distinguishing between green vegetation, non-green vegetation, flowers, and bare soil 

pixels in the orthomosaic images. 

 

5.2.4.2 Root Mass Density and Root Distribution 

Soil core samples were collected to a depth of 40 cm using a sliding hammer root core 

sampler (diameter 7.30 cm and height 60 cm) to assess root density and distribution across the 

experimental plots (Appendix B1). Two core samples were collected from two distinct locations 

within each plot. The intact core samples were carefully segmented into five distinct depths: 0-7.5 

cm, 7.5-15 cm, 15-22.5 cm, 22.5-30 cm, and 30-40 cm. The subsequent washing, drying, and 

calculation methods for root mass density and are described in detail in Chapter 2 (Section 3.2.4.4).  

 

5.2.4.3 Soil Bulk Density 

To quantify BD, soil cores were collected from random locations within each plot at a 

depth of 40 cm using a 7.6 cm diameter core sampler (AMS Inc., American Falls, ID). The top 1.5 

cm of each sample was excluded to avoid compaction from the sampler hammer. The intact core 

samples were segmented into 0ï7.5 cm, 7.5ï15 cm, 15ï22.5 cm, 22.5-30 cm, and 30-40 cm 

intervals. Subsequently, the samples were oven-dried at 105 ÁC until a constant weight was 

achieved, and soil BD was calculated.  

 

5.2.5 Statistical Analysis 

Statistical analyses were performed using R software version 4.3.1 (R Core Team. 2022). 

To evaluate the effects of ground cover and vegetations on vegetation cover, root mass density, 

and bulk density, a two-way analysis of variance (ANOVA) with 3 replications was performed. 
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The error term in this two-way ANOVA was ground cover Ĭ vegetation (replication - 1). In the 

Coastal Plain site, vegetation cover was assessed monthly from 2-24 months (May 2021-March 

2023) from the same experimental plots, therefore, a repeated measures ANOVA was conducted 

to assess the impact of time on vegetation cover in IBM SPSS software (compound symmetry 

covariance structure). The Greenhouse-Geisser and Huynh-Feldt corrections were applied when 

Mauchly's Test of Sphericity yielded significant results for repeated measure ANOVA. R and 

Microsoft Excel software were used to visualize the results.  

 

5.3 Results and Discussion 

The Coastal Plain and Piedmont sites were established following the same methods 

recommended by North Carolina Department of Transportation. However, two different outcomes 

were found in these two locations. While the Coastal Plain site exhibited successful vegetation 

installation, the Piedmont site experienced vegetation failure within six weeks of plot installation. 

The topography and very fragile saprolite soil characteristics of the Piedmont site, featuring a 

substantial forested area atop the experimental plots, played a pivotal role in the observed outcome. 

This site received 15.04 cm of rainfall over the first 37 days after installation, especially ~10 cm 

of rainfall between 30-37 days (20-26 May 2022) (Fig. 5.3). The heavy rainfall led to heavy soil 

erosion and seed washout, particularly in hydro-mulch ground-covered plots (Appendix B2). 

Despite the presence of a fence designed to divert incoming water at the Coastal Plain site, its 

effectiveness was compromised during this intense rainfall event, which might have contributed 

to this failure. (Fig. 5.4). Consequently, the plots at the Piedmont site were rendered nonviable and 

no further data collection occurred at this site. The plots were subsequently reseeded and covered 

with excelsior ground cover by the construction site authority (Fig. 5.5). Although the Coastal 
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Plain site received an intensive rainfall of about ~11 cm between 50-51 days, negligible soil 

erosion and seed washout noticed due to effectiveness of runoff diversion berm (Fig. 5.6). 

The experience with the Piedmont site underscores the importance of considering 

environmental factors that may impact plot installation, particularly on cut slopes. In light of this, 

implementing an earthen berm at the top and/or a horizontal coconut/excelsior berm in the middle 

of the plot might be a preventative measure against water ingress into the plots until a substantial 

70-80% vegetation cover is achieved. Other critical environmental factors that should be 

considered for successful vegetation establishment on steep slopes are stability of slopes, rainfall 

intensity and patterns, season, vegetation types, and erosion control blanket type. These strategies 

may mitigate the risk of erosion and seed washout, ensuring more favorable conditions for 

successful plot installation in areas characterized by steeper slopes. We discuss the Coastal Plain 

site in the subsequent sections. 

 

5.3.1 Vegetation Cover 

Vegetation cover was assessed from 2-24 months (May 2021- March 2023) of plot 

installation in April 2021. There were differences in total vegetation cover between ground cover 

treatments from 2-5 months (Table 5.5), but after 5 months, no effects of ground cover on 

vegetation cover were observed. Vegetation type did not affect total vegetation cover and was not 

affected by the two temporary ground covers throughout the study duration. Hydro-mulch 

treatments had greater vegetation cover in comparison to excelsior treatments from 2 to 5-month 

observations (Fig. 5.7). The mean values ranged from 32% at 2 months to 85% at 5 months for 

hydro-mulch, contrasting with the 20-75% range for excelsior treatments during the same period. 

Two factors likely contributed to these differences: First, hydro-mulch application may have 
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facilitated elevated moisture levels (not determined) that supported rapid and extensive seed 

germination since this site received its first rainfall on 11th day (0.38 cm) and cumulative 0.58 cm 

in the initial 19 days (Fig. 5.6). Second, the germinated vegetation beneath the excelsior mulch 

took 5 months to fully emerge from under the blanket. The vegetation cover reached the threshold 

70% value set by NCDOT for permanent soil stabilization within 4 months of installation at all 

treatments. Vegetation cover declined after 6 months due to the onset of winter. Unfortunately, we 

could not analyze the vegetation cover from 9-11 months (Dec 2021-Feb 2022). Over the two-year 

study period, the total vegetation cover for grass, grass-wildflower, and wildflower exhibited 

comparable trends, maintaining levels exceeding 80% after 6 months (Fig. 5.8). This observation 

underscores the viability of each of these three vegetation mixes for erosion control vegetation 

establishment in post-construction landscapes, particularly on right-of-way. 

 

5.3.2 Root Mass Density and Root Distribution 

There were no differences in root mass density within vegetation and ground cover 

treatments in the total depth of 40 cm (Table 5.6). The ANOVA by depth exhibited differences in 

RMD between vegetation treatments only at 0-7.5 cm depth and similar in the rest of the studied 

depths. Nonetheless, there were no ground cover effects or interaction with vegetation for root 

mass density. The total root mass density in the 40 cm soil profile were 7.54, 10.87, and 10.11 kg 

m-3 for grass, grass-wildflower, and wildflower vegetation, respectively (Fig. 5.9A).  The root 

mass density exhibited a steep decline with soil depth. Average values of root mass density for 0-

7.5 cm to 30-40 cm depth declined from 6.08 to 0.15 kg m-3 for grass, 9.40 to 0.17 kg m-3 for grass-

wildflower, and 8.59 to 0.10 kg m-3 for wildflower (Fig. 5.9B). Approximately 80-86% of roots 

were concentrated within the top 0-7.5 cm depth (Fig. 5.10). The higher root distribution in the 



 155 

shallowest depth may be attributed to high soil bulk densities resulting from compaction during 

filling and road construction. Vegetation roots contribute to slope stabilization by increasing the 

shear strength of the soils (Liu et al., 2022). The observed higher fine root in grass-wildflower and 

grass treatments on 3:1 fill slopes suggests that these vegetation mixes may improve roadside soil 

stabilization (Table 5.7). The fine grassroots would evenly penetrate topsoil, forming a dense 

network that effectively reinforces and strengthens the slope soil. In contrast, the thicker and 

deeper tap wildflower roots would act as anchors, penetrating the soil to enhance friction and 

bolstering its resistance against damage. This dual-root system of grass-wildflower mixture might 

also be a viable strategy for improving the overall stability and resilience of roadside soils. 

 

5.3.3 Soil Bulk Density 

Neither cover type nor vegetation type posed a influence on soil bulk density (Table 5.8). 

Soil bulk density decreased with increasing soil depth from 1.78 g cm-3 at 0-7.5 cm to 1.68 g cm-3 

at 30-40 cm (Fig. 5.11). However, there were no differences between the depths. The ideal bulk 

density in sandy loam soil is < 1.40 g cm-3 for plant growth, critical root growth affecting value is 

1.63 g cm-3, and root-restricting value is 1.80 g cm-3 (Mukhopadhyay et al., 2019; NRCS, 2003; 

Pierce et al., 1983). At Coastal Plain site, soil bulk density was nearly at the restriction value. This 

higher bulk density was possibly one of the reasons that most of them were roots in the top 0-7.5 

cm depth. Randrup (1997) conducted bulk density estimation across 17 construction sites, 

revealing variations ranging from 1.65 to 1.91 g cm-3 at top 40 cm depths, which closely aligned 

with our study. Additionally, Shober and Denny (2010) described that bulk density in urban 

landscapes can exhibit a range from normal (1.4 g cm-3) to extremely compacted (2.2 g cm-3), 

providing further context to the observed soil density variations in our investigation. 
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5.4 Conclusion 

The study, conducted on 3:1 type fill slope in Coastal Plain and cut slope in Piedmont sites, 

encompassed a range of analyses, including UAV surveys for vegetation cover, assessments of 

root mass density and root distribution, measurements of soil bulk density, and considerations of 

environmental factors impacting plot installation. The divergent outcomes observed at the Coastal 

Plain and Piedmont sites underscore the complex nature of vegetation establishment on 

construction slopes. While the Coastal Plain site demonstrated successful vegetation 

establishment, the Piedmont site experienced failure due to different rainfall patterns and incoming 

runoff water from atop forest area. Preventative measures, such as diversion berms at the top and/or 

a horizontal coconut/excelsior berm in the middle of the plot to eliminate runoff from upland areas 

reaching newly established slopes were clearly needed. 

Vegetation cover assessment, analyzed through monthly UAV surveys, revealed initial 

significant variations among ground cover treatments, with hydro-mulch treatments exhibiting 

higher vegetation cover during the early months. However, these differences diminished over time, 

with total vegetation cover exceeding 70% threshold at 4 months and sustained until 24 months 

for grass, grass-wildflower, and wildflower treatments. This sustained vegetation cover 

emphasizes the viability of these three vegetation mixes for erosion control in post-construction 

landscapes, mainly on rights-of-way. The dual-root system (coarse and fine roots) of wildflower 

and grass-wildflower holds promise for enhancing roadside soil stabilization by evenly penetrating 

topsoil and acting as anchors to improve friction and bolster resistance against damage. Soil bulk 

density analyses indicated no influence from ground cover or vegetation type, with a decrease 

observed with increasing soil depth. The high bulk density may have restricted root growth, 

highlighting the importance of considering soil conditions during road construction. The findings 
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emphasized the importance of site-specific considerations of rainfall patterns as well as other 

environmental factors for successful vegetation establishment in construction sites. 
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Tables and Figures 

Table 5.1. Study sites soil characteristics (NRCS, 2018). 

Experimental Site 
Study Site 

 Piedmont Coastal Plain 

Location  Garner, NC Tarboro, NC 

County Wake Edgecombe 

Physiographic Region  Piedmont Coastal Plain 

Textural Class Sandy Loam Sandy Loam 

Soil Series Wedowee  Norfolk 

Parent Material  Saprolite residuum  Loamy marine deposits 

Taxonomic Class 
Fine, kaolinitic, thermic Typic 

Kanhapludults 

 Fine-loamy, kaolinitic, thermic 

Typic Kandiudults  

 

 

 

Table. 5.2. Pre-installation physical and chemical properties and available nutrients at two sites. 

Properties 
Study Site 

Piedmont Coastal Plain 

Physical Properties   

Bulk density (g cm-3) 1.42 1.80 

Moisture content cm3 cm-3) 0.19 0.23 

Chemical property Content 

Humic matter (g/100 cm3) 0.18 0.04 

Cation exchange capacity 

(CEC) (cmol kg-1) 
4.6 3.63 

Base saturation (BS) (%) 89.0 31.3 

Acidity (cmol kg-1) 0.50 2.50 

pH 5.95 4.63 

Available nutrient  Concentration (mg kg-1) 

P 33 1.3 

K  81 75.7 

Ca 513 45.3 

Mg 162 88 

S 11 44.7 

Mn 43.4 3.5 

Zn 1.1 0.23 

Cu 0.60 0.30 
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Table 5.3. Common name, botanical name, life cycle, and blooming seasons of different species 

in Southeast Pollinator Wildflower Seed Mix (American Meadows Inc., Shelburne, Vermont). 

Common Name Botanical Name Life Cycle Bloom Season 

Butterfly Milkweed Asclepias tuberosa Perennial Summer 

New England Aster Aster novae-angliae Perennial Fall 

Siberian Wallflower Cheiranthus allionii Perennial Spring 

Lance-Leaf Coreopsis1 Coreopsis lanceolata Perennial Summer, Fall 

Plains Coreopsis Coreopsis tinctoria Annual Summer, Fall 

Wild Cosmos Sensation Mix Cosmos bipinnatus Annual Summer, Fall 

Sulphur Cosmos1 Cosmos sulphureus Annual Summer, Fall 

Chinese Forget Me Not Cynoglossum amabile Annual Summer 

Purple Coneflower Echinacea purpurea Perennial Summer, Fall 

Indian Blanket1 Gaillardia pulchella Annual Summer 

Rose Mallow Lavatera trimestris Annual Summer, Fall 

Sweet Alyssum Lobularia maritima Annual Spring, Summer 

Four O'Clock Mirabilis jalapa Perennial Summer, Fall 

Red Poppy Papaver rhoeas Annual Spring, Summer 

Clasping Coneflower Dracopis amplexicaulis Annual Summer, Fall 

Black-eyed Susan Rudbeckia hirta Perennial Summer, Fall 

Scarlet Sage Salvia coccinea Perennial Summer, Fall 
1Species included in the customized wildflower seed mix with California poppy (Eschscholzia 

californica). 
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Table 5.4. Vegetation seeding and amendment application rates. 

Vegetation/Amendment Type Application Rate (kg ha-1) 

Grass Mix 

Tall fescue (Schedonorus arundinacea) [cool-season] 56 

Hulled Bermuda (Cynodon dactylon) [warm-season] 40 

Centipede (Eremochloa ophiuroides) [warm-season] 11 

  

Wildflower Mix 1 (Coastal Plain Site) 

Southeast Pollinator Wildflower Seed Mix 50 

  

Wildflower Mix 2 (Piedmont Site)  

California poppy 12 

Sulfur cosmos 13 

Lance leaf coreopsis 5 

Indian blanket flower 12 

  

Grass-Wildflower Mix   

Grass: Wildflower 60:40 

  

Amendment  

Fertilizer (10-20-20) 560 

Lime 4485 

 

 

 

Table 5.5. Two-way ANOVA for total vegetation cover in Coastal Plain site at 2-24 months 

(May 2021- Mar 2023) of plot installation in April 2021. 

Factor 
Time (month) 

May Jun Jul Aug Sep Oct Nov Mar  Apr  

Cover *  ***  ***  ***  NS NS NS NS NS 

Vegetation NS NS NS NS NS NS NS NS NS 

Cover × Vegetation NS NS NS NS NS NS NS NS NS 

Factor 
Time (month) 

May Jun Jul Aug Sep Oct Nov Dec Mar  

Cover NS NS NS NS NS NS NS NS NS 

Vegetation NS NS NS NS NS NS NS NS NS 

Cover × Vegetation NS NS NS NS NS NS NS NS NS 

* and *** are significant at 0.05 and 0.001 level (Tukeyôs HSD; p Ò0.05). NS is not significant. 
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Table 5.6. Two-way ANOVA for root mass density at 24 months (Mar 2023) of post-installation 

(Coastal Plain site). 

Factor 
Depth (cm) 

0-40 0-7.5 7.5-15 15-22.5 22.5-30 30-40 

Cover NS NS NS NS NS NS 

Vegetation NS *  NS NS NS NS 

Cover × Vegetation NS NS NS NS NS NS 

* Significant at 0.05 level (Tukeyôs HSD test). NS is not significant. 

 

Table 5.7. Root mass density of coarse root and fine root at 24 months of post-installation (Coastal 

Plain site). 

Depth 

(cm) 

Grass Grass-Wildflower Wildflower 

Coarse root1 Fine root1 Coarse root1 Fine root1 Coarse root1 Fine root1 

0-7.5 0.11 5.97 1.56 7.84 2.41 6.18 

7.5-15 0.05 0.54 0.17 0.40 0.17 0.61 

15-22.5 0 0.42 0.10 0.36 0.08 0.42 

22.5-30 0 0.30 0.03 0.26 0.03 0.12 

30-40 0 0.15 0 0.17 0 0.10 
1Fine roots diameter < 1 mm and coarse root diameter >1 mm measured using digital calipers. 

 

 

Table 5.8. Two-way ANOVA for bulk density (Coastal Plain site). 

Factor Bulk density 

Cover NS 

Vegetation NS 

Cover × Vegetation NS 

NS is not significant at p Ò 0.05 (Tukey's HSD) 
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Fig. 5.1. Study site 1 (Coastal Plain) in Kingsboro Industrial Park, Tarboro, NC (Source: Google 

Map at 1,000 ft). 

 

 
Fig. 5.2. Study site 2 (Piedmont) in I-540 Interstate Highway, Garner, NC (Source: Google Map 

at 1,000 ft). 
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Fig. 5.3. Cumulative rainfall in Piedmont site during the first 60 days of post-installation. Box 

represents excessive rainfall during 30-36 days of installation that caused site failure. 

 

 
Fig. 5.4. Severe soil erosion in the Piedmont site (May 2022). 
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Fig. 5.5. Reseeding and excelsior blanket usage by contractor after failure in Piedmont site.  

 

Fig. 5.6. Cumulative rainfall in Coastal Plain site during the first 60 days of post-installation. Box 

represents heavy rainfall during 50-51 days. 
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Fig. 5.7. Monthly average vegetation cover in ground cover treatments from 2-24 months (Coastal 

Plain). Letters indicate significant differences between treatments (Tukeyôs HSD, p¢0.05). Red 

line represents 70% recommended cover. 

 

 
Fig. 5.8. Monthly average vegetation cover in vegetation treatments from 2-24 months (Coastal 

Plain site). Red line represents 70% recommended cover. 
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Fig. 5.9. A) Mean total root mass density at 40 cm depth and B) root mass density at 5 studied 

depths after 24 months of plot installation (Coastal Plain site). G is grass, GW is grass-wildflower, 

and W is wildflower. Bars are standard errors. Letters indicate significant differences between 

vegetation type at 0-7.5 cm depth (Tukey's HSD test; p Ò0.05). 

 

 
Fig. 5.10. Root distribution (%) at five studied depths after 24 months of plot installation (Coastal 

Plain site).  
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Fig. 5.11. Soil bulk density at pre-installation and 2 years of post-installation (Coastal Plain site). 

Error bars are standard errors. 
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CHAPTER SIX 

Conclusion and Future Research 

6.1 Conclusion 

Construction contractors face challenges in achieving the goal of the North Carolina 

Department of Transportation recommended 70% vegetation coverage for permanent stabilization 

of nutrient-poor construction sites across North Carolina. The poor vegetation cover significantly 

contributes to soil erosion and sediment load in runoff water. The consequences of insufficient 

vegetation cover can cause additional financial burdens and environmental ramifications for the 

state of North Carolina. 

The major objectives of this project were to improve soil quality and protect soil from erosion 

through compost amendment incorporation and vegetation cover establishment on disturbed 

construction sites in North Carolina. Additionally, the effects of incorporated compost on 

stormwater infiltration and nutrient availability were assessed. This project continued for two years 

and led to several key conclusions: 

¶ Woodchips-food waste and poultry manure-food waste composts incorporation at 15, 30, and 

50% rates in laboratory settings demonstrated the potential to increase infiltration rate, 

porosity, and water retention, while decreasing bulk density after 6 months. However, at least 

30% compost incorporation was required to observe any significant changes in these soil 

properties compared to the control (0% compost). Despite some carbon loss with leachate 

water and gaseous form, a substantial proportion of carbon was retained within the soils. 

¶ Incorporating 30% compost in the field was effective in reducing bulk density (19-25%), 

alleviating soil compaction (below 2MPa critical threshold), and enhancing stormwater 

infiltration (2-3 times). This approach also led to rapid and extensive vegetation coverage, 
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reaching 95-98% within 12 months of plot installation. Wildflowers and grass-wildflower 

(60:40 ratio of grass and wildflower) mixes provided similar erosion control vegetation cover 

compared to conventional turfgrass mix on post-construction landscapes.  

¶ Customized wildflower mixes of four species (tested in 3 sites) namely, California poppy 

(Eschscholzia californica), sulfur cosmos (Cosmos sulphureus), lance leaf coreopsis 

(Coreopsis lanceolata), and Indian blanket flower (Gaillardia pulchella) can be viable 

alternative to 17 or more wildflower species mix in North Carolina since we noticed only 3-

5 species growing in our one study site. However, number of wildflower species may depend 

on geographic locations of the construction sites. 

¶ Compost-incorporated treatments exhibited significantly higher root mass density within the 

incorporation depth (15 cm) compared to controls. However, compost did not alter the 

percentage root distribution in the 40 cm soil profile. 

¶ A 30% compost incorporation, with or without chemical fertilizer, improved soil chemical 

properties (pH, CEC, humic matter) and nutrient availability (P, K, Ca, Mg, and S) over 2-

year period compared to fertilizer only and control (no compost-no fertilizer) treatments. 

Compost also facilitated sustained nitrogen mineralization and carbon sequestration. 

Furthermore, compost increased Mn and Zn availability but negatively affected Cu 

availability. 

¶ Volunteer plant cover showed mixed results in two different studies. While one experiment 

showed no specific trend in volunteer plant coverage, another experiment revealed higher 

Volunteer plant cover in unamended plots initially but later in compost-incorporated plots at 

some studied times. It is worth mentioning that if there is good vegetation cover (planted) 

initially, Volunteer plant cover is not a problem and vice versa. 
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¶ The last experiment assessed the effectiveness of ground cover (hydro-mulch and excelsior) 

and vegetation types (grass, grass-wildflower, and wildflower mix) in establishing vegetation 

cover and enhancing soil stability on 3:1 type fill slope (Coastal Plain site) and cut slope 

(Piedmont site). While the Piedmont site experienced failure within 30-36 days due to heavy 

rainfall and upland runoff water, the Coastal Plain site revealed the viability of wildflower 

and grass-wildflower mixes as erosion control covers in rights-of-way in North Carolina. 

¶ Between the excelsior and hydro-mulch erosion control blanket, hydro-mulch provided 

higher vegetation cover in the first 5-6 months. This suggests that vegetation may take 5-6 

months to fully emerge through the excelsior blanket. 

Even under ideal environments, vegetation cover establishment from seeds poses 

considerable challenges. There is a prevalent misconception that establishing vegetation from seed 

can be accomplished within a few weeks, meeting the necessary threshold. This study revealed 

that the timeframe required to meet the 70% uniform coverage threshold extends 4-6 months, 

depending on specific soil conditions prevalent on construction sites. This insight underscores the 

importance for contractors and project managers to extend the timeline when strategizing and 

scheduling construction projects.  

 

6.2 Future Research Direction 

¶ Future research should explore strategies to expedite the timeframe needed to achieve the 

70% uniform vegetation coverage in construction sites. 

¶ Conducting additional studies to explore the feasibility of introducing wildflowers on steeper 

slopes is crucial.  
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¶ Investigating the comparative effects of surface compost application versus incorporation on 

vegetation cover establishment and nutrient availability is recommended. 

¶ While it is known that compost supplies nutrients to plants, limited research has explored the 

long-term sustainability of the effects following a single compost incorporation. Therefore, 

studies spanning 3-5 years are recommended to delve into nutrient and soil health status.  

¶ Examining the role of fine and coarse root sizes in mitigating concentrated flow erosion 

across diverse soil types and compaction levels would be a valuable area for investigation. 

¶ Customized 4-5 species vs. 17-26 species wildflower mix should be tested in different 

geographic regions. 

These future research on continuous improvement and innovation in vegetation 

establishment techniques is essential for enhancing efficiency and meeting regulatory standards 

within the construction industry. 
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APPENDICES 
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Appendix A 

 
A1. Measurement of infiltration rates using single ring and double ring infiltrometers. 

 

A2. Fine and coarse roots of vegetations in the 40 cm soil profile at 24 months. 

Depth 

(cm) 

Compost 

type 

Grass Wildflower Grass-Wildflower 

Fine 

root1 

Coarse 

root2 

Fine  

root 

Coarse 

root 

Fine  

root 

Coarse 

root 

0-7.5 
CO 1.53 6.52 2.77 4.93 2.47 6.35 

NCO 0.66 4.86 1.03 4.69 1.10 4.42 

7.5-15 
CO 0.25 1.56 0.37 1.29 0.29 1.09 

NCO 0.09 0.59 0.15 0.98 0.14 0.73 

15-22.5 
CO 0.00 0.90 0.18 0.96 0.10 0.69 

NCO 0.00 0.60 0.10 0.87 0.06 0.53 

22.5-30 
CO 0.00 0.76 0.10 0.62 0.00 0.70 

NCO 0.00 0.41 0.00 0.72 0.00 0.37 

30-40 
CO 0.00 0.49 0.00 0.64 0.00 0.48 

NCO 0.00 0.31 0.00 0.65 0.00 0.39 
1fine root (< 1mm in diameter) and 2coarse root (>1 mm in diameter). CO is compost and NCO is 

no compost treatments. 
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A3. Infiltration rates at 12-month event during summer 2022 (August). Letters indicate significant 

differences (Tukeyôs HSD Test; p ¢ 0.05). 
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        Orthomosaic image      2-month (Oct 2021)        ArcGIS-Classified image 

 
Orthomosaic image        3-month (Nov 2021)          ArcGIS-Classified image 

 
Orthomosaic image        6-month  (Feb 2022)         ArcGIS-Classified image 


