
 

EARTHWORM POPULATIONS IN AGRICULTURAL GREEN ROOFS AND THEIR 

INFLUENCE ON SOIL NITROGEN, GREATER TORONTO AREA 

 

 

by 

Caitlin Victoria Santos  

  H.B.Sc., McMaster University,  

Hamilton, Ontario, Canada, 2013 

 

A thesis  

presented to Ryerson University 

 

in partial fulfillment of the requirements 

for the degree of 

Master of Applied Science 

in the program of    

Environmental Applied Science and Management 

 

Toronto, Ontario, Canada, 2018 

 

 

© Caitlin Victoria Santos 2018 



 ii   
 

Author’s Declaration 

 

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including 

any required final revisions, as accepted by my examiners.  

I authorize Ryerson University to lend this thesis to other institutions or individuals for the 

purpose of scholarly research.  

I further authorize Ryerson University to reproduce this thesis by photocopying or by other 

means, in total or in part, at the request of other institutions or individuals for the purpose of 

scholarly research.  

I understand that my thesis may be made electronically available to the public. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iii   
 

Earthworm Populations in Agricultural Green Roofs and their Influence on Soil Nitrogen, 

Greater Toronto Area 

Caitlin Victoria Santos 

Master of Applied Science 2018 

Environmental Applied Science and Management 

Ryerson University 

Abstract 

 

 Earthworm consumption and egestion of organic materials can increase bioavailable 

nitrogen in soils. Along with other benefits resulting from their burrowing activities, this process 

can increase soil fertility. This research investigated whether earthworms were present, and 

whether a relationship between earthworms and increased ammonium and nitrate levels was seen 

in the soils of the agricultural green roofs sampled in the greater Toronto area. Earthworms were 

found at several of the agricultural green roofs, but low soil moisture, low organic carbon, 

shallow depth, and compactness may have inhibited the establishment of earthworm populations 

in some soils. Results showed a statistically significant increase in levels of ammonium, but not 

in nitrate, with the increasing presence of earthworms. Findings indicate that some degree of 

increased bioavailable nitrogen benefits, resulting from earthworm presence, that are evident in 

conventional agricultural soils, can also be possible in agricultural green roofs, with attention to 

management of soil conditions that support earthworm populations. 
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1. Introduction 

 

In most of North America, native earthworm species populations were eliminated by the 

Wisconsinan glaciations (Addison, 2009; Evers et al., 2012). Since then, introduction, 

establishment, and spread of European earthworm species have occurred (Addison, 2009; Evers 

et al., 2012). In Ontario, there are currently 17 species of introduced European earthworms, and 

two North American native species which were not native to Ontario (Addison, 2009; Evers et 

al., 2012). The spread of earthworms through their own migration is slow, with the through soil 

migration per year averaging 5 to 10 m (Addison, 2009; Pinder, 2013). Range expansion by 

natural migration through movement of earthworms through soil is therefore slow, and the main 

mechanisms of earthworm advancement into new areas are through anthropogenic or other 

methods of dispersal (Addison, 2009; Pinder 2013). Some dispersal methods include disposal of 

bait, cocoons carried down streams and deposited on banks, transportation in vehicles or in tire 

treads, agricultural use for soil fertility, earthworms carried and dropped by birds, transport with 

soil, and use in vermicomposting (Addison, 2009; Evers et al., 2012; Pinder, 2013). 

In urban landscapes, most areas are paved over, leaving a lack of green space. A more 

recent effort to bring green space into cities is through green roofs (Peck & Kuhn, 2003). Here, 

there can be a simple, shallow growing medium with grasses and other stress-tolerant ground 

cover plants for the main purpose of energy savings or water retention (Peck & Kuhn, 2003). 

There can also be green roofs with deeper growing mediums to support gardens or agricultural 

plants (Peck & Kuhn, 2003). The depths of green roof soils are shallower than those found 

naturally due to weight considerations. Extra weight requires extra support and building 

materials raising capital costs of such projects (Peck & Kuhn, 2003). The green roofs are also 

more isolated from other environments than conventional gardens. This leads to the questions of 

whether earthworms are present in the soils on green roofs, either brought up to green roofs 

during construction or subsequently introduced into green roof soils by an alternative dispersal 

mechanism, and whether they can survive in these soils. If green roofs are meant to host 

agricultural plants, there may be a benefit to having earthworm populations present in the green 

roofs soils as they have been known to increase soil fertility by increasing the availability of 

nitrogen, which is a limiting nutrient for plant growth, and manipulating soil structure (Scheu & 

Parkinson, 1994; Scheu et. al., 1999; Kladivko, 2001; Buffam & Mitchell, 2015). Agricultural 
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crops require additional water and nutrient inputs compared to the plants in the more common, 

extensive green roofs. The application of these additional nutrients needs to be closely managed. 

This is so that the plants needs are met appropriately to allow for adequate growth, but not 

exceeded which could result in negative consequences such as increased runoff and increased 

nutrient pollution in runoff. 

There is a growth in the number of green roofs being constructed in accordance with the 

new bylaw in the city of Toronto, the Green Roof bylaw, Toronto Municipal Code Chapter 492, 

Green Roofs (City of Toronto, 2009). The bylaw requires that all buildings constructed after 

January 30th, 2010, have between 20 percent to 60 percent of green roof coverage on their roofs 

based on the square footage of the building (City of Toronto, 2009). The bylaw includes some 

standards or references to standards on the requirements of the green roof, but does make any 

reference to agriculture on green roofs either as a requirement or a guideline for agricultural 

green roof applications (City of Toronto, 2009). Any choice to invest in agricultural green roof 

applications and beyond the bylaw standards how to design, maintain, and carry out the 

application would be a decision left to the building or property owners, occupants, or 

construction companies. There are various uses for green roofs including aesthetic gardens and 

small scale agricultural gardens. Nitrogen can be a limiting factor to growth, and earthworms can 

increase the production of bioavailable nitrogen enhancing the possible success of plant growth 

(Costella & Lamberti, 2008; Costella & Lamberti, 2009; Costella, 2010). Earthworms can also 

increase water infiltration in soils, soil aeration, and soil mixing which can improve plant growth 

(Edwards et al., 1989; Edwards et al., 1990; Scheu & Parkinson, 1994; Scheu et. al., 1999; 

Shipitalo et al., 2004; Addison, 2009; Kladivko, 2001; Evers et al., 2012). The survey of 

earthworm populations on green roofs will give an idea of the status of earthworm presence and 

ability to survive in these soils. A survey of earthworm populations and nitrogen species in 

agricultural green roofs will give an idea of their status and their relationship within agricultural 

green roof soils. Measurements of nitrogen species and information from the people who manage 

the green roofs will provide further insight into the status of management strategies on green 

roofs. Increased information about the scenarios, and actors involved in the development and 

management of agricultural green roofs can result in greater knowledge on the subject so more 

appropriate decisions can be made. This will increase the effectiveness of plant growth and 

yeilds of agricultural green roofs. This is important because currently green roofs are seen as an 
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environmental benefit in urban areas. There are high capital costs involved with green roofs and 

additional maintenance costs over time, all increasing with the intensiveness of the green roof. 

Agricultural green roofs are more on the intensive side of what commonly exists with green roof 

applications. If strategies fail to be productive or produce increasingly polluted runoff as seen in 

several studies that will be presented here, then this is reason for disinvestment in agricultural 

green roofs. The future success of agricultural green roofs, therefore, depends on increasing the 

knowledge base specific to green roofs and beneficial strategies to help support the success of 

current agricultural green roof applications. 

The objectives of this study were to explore what earthworm populations are present in 

agricultural green roofs soils. The amounts and of nitrogen species, including ammonium, and 

nitrate in these agricultural green roof soils was analyzed. Possible effects of earthworm presence 

on nitrogen species measurements was examined. The possible effects of different agricultural 

plants and practices and insight into agricultural green roof operations within the greater Toronto 

area was also considered in analysis for the selected sites. 

To fulfill the objectives of this study, several methods were employed. There will be a 

field component to collect earthworm and soil samples. This will be followed by a lab 

component to analyze the earthworm and soil samples for earthworm identification, and soil 

characteristics; nitrogen species, pH, water content, organic carbon content, and clay content. An 

interview component will help to provide insight into the agricultural green roofs examined and 

agricultural green roofs in general. An analysis component will involve statistical analysis of 

measurements and additional literature review to explore and discuss the results.  
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2. Literature Review 

 

 This literature review will begin with an overview of earthworms in their soil habitats. 

Nitrogen cycling in soils will be overviewed. The influences earthworms have on nitrogen 

cycling in soils and how this is made use of in agriculture will be presented. A look at green 

roofs, what they are, and studies of macroinvertebrates and nitrogen dynamics on green roofs 

that exist in the literature currently will be presented. 

2.1. Earthworms 

 

Based on their burrowing behaviours there are three main ecological groups that are used 

to classify earthworms (Evers et al., 2012). The different functional groups of earthworms can be 

found at different depths in the soils they inhabit (Kladivko, 2001). Epigeic earthworms are 

found in the litter layers, endogeic earthworms are found within the top 30 cm of the soil, and 

anecic earthworms create burrows from the surface of the soil to depths of approximately 1 to 2 

metres below the soil surface (Kladivko, 2001). Epigeic earthworms burrow horizontally in the 

surface litter layers (Kladivko, 2001; Evers et al., 2012). They consume leaf litter, preferentially 

with higher organic content (Evers et al., 2012). Endogeic earthworms can be located in the soils 

just below the soil surface and they burrow horizontally (Evers et al., 2012). These species 

consume smaller soil particles and their burrowing and feeding behaviours can lead to organic 

matter becoming incorporated into the surficial layers of mineral soils, and mineral soils in upper 

soil horizons (Evers et al., 2012). Anecic earthworms burrow vertically, from the soil’s surface to 

the deeper mineral layers (Addison, 2009; Evers et al., 2012). They consume partially 

decomposed organic matter and leaf litter, which is carried from the surface to deeper soil layers, 

including the mineral layer, through the earthworm’s burrows; soils from the mineral layer are 

carried to the upper horizons in the same fashion creating a mixing effect in the soils (Addison, 

2009; Evers et al., 2012). Each species of earthworms has specific soil preferences but generally 

they can inhabit soils with strongly acidic pH values around 4 and higher, and soil moisture 

contents can not be too low and dry, or too high and flooded (Auerswald et al., 1996; Muys & 

Granval, 1997; Römbke et al., 2005) 
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2.2. Nitrogen Dynamics in Soils and the Influences of Earthworms 

 

Nitrogen cycling involves several reactions which at times require opposing conditions. 

Nitrogen gas (N2) in the atmosphere enters the soil through nitrogen fixation which can take 

place through lighting strikes or, most commonly, through the biological nitrogen fixation (BNF) 

of nitrogen gas by microbes to organically bound nitrogen or ammonium (NH4⁺) (Galloway et 

al., 1995; Galloway et al., 2003; Buffam & Mitchell, 2015). Presently, anthropogenic nitrogen 

fixation of nitrogen gas into reactive nitrogen species, mainly ammonia (NH3), is an additional 

and large route for the introduction of nitrogen into soils (Galloway et al., 1995; Galloway et al., 

2003). The microbial breakdown of nitrogen in soils involves nitrogen mineralization, the 

breakdown of organically bound nitrogen to ammonium (NH4⁺), followed by nitrification, the 

transformation of ammonium to nitrate (NO3ˉ), and ending with denitrification, the 

transformation of nitrate to gaseous nitrogen species (N2 and NOx) which removes nitrogen from 

the soil (Mikkelson & Vesho, 2000; Pinder, 2013; Buffam & Mitchell, 2015). Ammonium and 

nitrate are bioavailable forms of nitrogen which can readily be taken up by plants, and 

incorporated into the plant’s organic biomass (Buffam & Mitchell, 2015). Nitrification is an 

aerobic process whereas the subsequent denitrification is an anaerobic process. Increased water 

in soils, and increased compaction of soils are two common conditions that both lead to reduced 

space and ability for oxygen to diffuse into the soil, and this favours anaerobic processes such as 

denitrification (Smith & Tiedje, 1979; Asady & Smucker, 1989; Drew, 1990; Dobbie et al., 

1999; Dobbie & Smith, 2001; Costella & Lamberti, 2008; Beare et al., 2009; Balaine et al., 

2013). This leads to the transformation of nitrate to gaseous nitrogen species being a dominant 

reaction (Smith & Tiedje, 1979; Asady & Smucker, 1989; Drew, 1990; Dobbie et al., 1999; 

Dobbie & Smith, 2001; Costella & Lamberti, 2008; Beare et al., 2009; Balaine et al., 2013). 

However, earthworm burrowing by endogeic and anecic species increases the permeability of 

soils and facilitates the transport of oxygen (O2) into soils (House & Parmelee, 1985; Joschko et 

al., 1989; Parkin & Berry, 1999; Costella & Lamberti, 2008). This creates more oxic conditions, 

and subsequently alters the redox potential increasing the potential for aerobic reactions (House 

& Parmelee, 1985; Costella & Lamberti, 2008). This increases the potential for nitrification and 

the conversion of ammonium into nitrate (Edwards et al., 1989; Parkin & Berry, 1999; Costella 

& Lamberti, 2008). On the other hand, higher soil moisture creates anoxic conditions necessary 



 6   
 

for anaerobic denitrification; earthworms can also influence water infiltration and therefore soil 

moisture content (Edwards et al., 1989; Edwards et al., 1990; Parkin & Berry, 1999; Joschko et 

al., 1989; Mikkelson & Vesho, 2000). Pinder (2013) found a positive relationship between rates 

of denitrification in riparian soils and soil moisture and respiration further supporting this 

concept. Conditions due to earthworm activities can not only alter the redox potential of 

reactions in soils, but this can also increase populations of nitrifying and denitrifying organisms 

by providing favourable conditions for their growth (Parkin & Berry, 1999). This would lead to 

additional increases in nitrification or denitrification rates depending on the aerobic or anaerobic 

state of the soil at the time (Parkin & Berry, 1999). 

Experiments by Costello and Lamberti (2008) examined nitrogen dynamics in riparian 

zones in relation to invading earthworms. The experiments by Costella and Lamberti (2008) 

found alterations in nitrogen dynamics between conditions. With an increasing earthworm 

biomass there was an increase in total nitrogen (TN) present in leachate (Costella & Lamberti, 

2008). The majority of nitrogen species present in the leachate were in the form of nitrate and a 

small percentage were in the form of ammonium (Costella & Lamberti, 2008). A similar result 

was found by Scheu and Parkinson (1994), who saw an increased amount of nitrogen being 

leached, mainly in the form of nitrate, from soils when earthworms were added. Costella and 

Lamberti (2008) saw that an increasing earthworm biomass was positively correlated with 

increasing amounts of ammonium and nitrate in leachate, with amounts of nitrate also increasing 

over time. Earthworms excrete nitrogen, primarily in the form of ammonium (Costella & 

Lamberti, 2008). When Dendrobaena octaedra  and Lumbricus terrestris were fed various 

species of leaves, a carbon limitation was observed for the growth of earthworms (Costella, 

2010). There was a high amount of nitrogen present in casts and waste products, which can drive 

the increase in ammonium seen with increasing earthworm biomass (Costella & Lamberti, 2008; 

Costella, 2010). The amount of ammonium did not increase with time; however the amount of 

nitrate did (Costella & Lamberti, 2008). This buildup of nitrate can be due to the increasing 

favourable conditions for aerobic processes, such as nitrification of ammonium to nitrate, 

associated with earthworm activity (Costella & Lamberti, 2008). This would keep the increasing 

inputs of ammonium under control by conversion to nitrate, and cause an accumulation of nitrate 

due to an increase in nitrification and decrease in denitrification following a change in redox 
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potentials (Costella & Lamberti, 2008). The soils in and around earthworm burrows cultivate 

these conditions and situations (Costella & Lamberti, 2008).  

The movement of nitrogen from soils is influenced by earthworms. In field experiments 

by Costella and Lamberti (2009), it was found that denitrification of nitrate into gaseous nitrogen 

was the dominant form of nitrogen removal from soils. In this circumstance, the rainfall was 

approximately half of the usual rainfall for that time period (Costella & Lamberti, 2009). This 

decreased drainage and flushing of nitrogen, in the form of ammonium or nitrate, out of the soils 

through movement with infiltrating water (Costella & Lamberti, 2009). It also increased the 

hydraulic retention time of the soils increasing the contact time and probability of microbial 

denitrification (Costella & Lamberti, 2009). Between three treatments – control (no burrows or 

earthworms), burrows (manually created burrows and no earthworms), and earthworms 

(earthworm created burrows and earthworms) – the net nitrogen mineralization rate and the net 

nitrification rate were not seen to differ between either of the manipulation treatments (burrows 

or earthworms) compared to the control treatment (Costella & Lamberti, 2009). The 

denitrification rate was unchanged between the control and burrow conditions; however, it was 

approximately 400% greater in the earthworm condition compared to the control condition 

(Costella & Lamberti, 2009). This shows that burrows alone do not lead to a flux in nitrogen 

dynamics, but that other earthworm activities such as feeding, egestion, and mucus secretion, are 

also involved in the nitrogen flux associated with earthworms (Costella & Lamberti, 2009). 

Similar results were found by Pinder (2013), where overall earthworm biomass was positively 

associated with denitrifaction. Mass balance suggests that the unaccounted for input of nitrate 

necessary to raise denitrification rates were provided for by nitrification, since earthworms do 

not egest nitrate (Costella & Lamberti, 2009). Gross nitrification therefore would have had to 

increase to a similar rate as denitrification to provide the necessary reactants for the 

denitrification rates found (Costella & Lamberti, 2009). Here, denitrification would have 

counterbalanced the increased nitrification, leading to no net change in nitrification between the 

earthworms and other treatments (Costella & Lamberti, 2009). Overall, whether or not the flux 

of nitrogen out of soils occurs through denitrification, surface or subsurface flow depends on the 

soil characteristics and amount of rainfall for drainage (Costella & Lamberti, 2009). The 

amounts of nitrogen in and moving from soils can be affected by the presence of earthworms, 

and, as will be discussed further, the soil characteristics that determine whether nitrogen goes 
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through denitrification or is drained from soils can also be affected by the presence of 

earthworms.   

Adsorption of nitrogen species to soil particles can also increase the retention of nitrogen 

in soils and reduce drainage and movement of nitrogen. Ammonium has a higher adsorption 

potential to soils than nitrate (Kothawala & Moore, 2009). The adsorption of ammonium to 

mineral soils increases with clay content and pH (Kothawala & Moore, 2009). Adsorption to 

mineral soils by nitrate is weak and does not exhibit the same increases with changing conditions 

as with ammonium nitrogen species (Kothawala & Moore, 2009). Mixing of mineral soils into 

upper soil horizons by endogeic and anecic earthworms may possibly increase this effect by 

supplying more mineral soils where earthworm activity occurs (Scheu & Parkinson, 1994; 

Addison, 2009; Evers et al., 2012). This enhanced retention of ammonium can extend the chance 

of the reduction of the ammonium to nitrate through microbial nitrification. Ammonium and 

nitrate are very water soluble and therefore can be carried with infiltrating water into subsurface 

soils readily (Turtola & Paajanen, 1995). Nitrate can be carried with water through soil 

especially easily because the movement is not impeded by adsorption to soils (Kothawala & 

Moore, 2009; Turtola & Paajanen, 1995).  

Improved water infiltration and drainage of soils has been seen to increase nitrogen 

leaching (Turtola & Paajanen, 1995). Earthworms have been studied to have several effects on 

infiltration capabilities involving soil texture and porosity. Most noted is the effect of anecic 

earthworms. Anecic earthworm burrows increase water infiltration into soils through their large 

vertical burrows (Shipitalo et al., 2004). This effect occurs during dry and wet conditions 

(Shipitalo et al., 2004). Additional effects earthworms have on water infiltration into soils 

involve the level of compaction and the production of castings as a result of their activities 

(Blanchart et al., 2004). Endogeic earthworms, which burrow horizontally, have different effects 

on water infiltration into soils depending on the species (Blanchart et al., 2004). There are 

decompacting or compacting endogeic earthworm species (Blanchart et al., 2004). Smaller, 

decompacting, endogeic earthworms would reduce the bulk density of soils, increasing soil 

porosity and hence increase water infiltration to an extent similar to what would be seen in soils 

without earthworms (Blanchart et al., 2004; Hoorman et al., 2011). These species also produce 

smaller, granular casts at the soil surface which are fragile (Blanchart et al., 2004). These smaller 
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casts disperse easily during wetting events which can lead to an even distribution of small, 

granular casts at the soil surface (Blanchart et al., 2004; Morin, 1993). This increases the 

clogging of pores and positively contributes to surface sealing which ultimately contributes to 

the formation of a surface crust if subsequent and adequate drying events occur (Blanchart et al., 

2004; Morin, 1993; Zejun et al., 2002). Surface crusting increases the soil bulk density and hence 

reduces water infiltration into soils (Morin, 1993; Zejun et al., 2002). Larger, compacting, 

endogeic earthworms increase the bulk density of soils, decreasing soil porosity and hence 

decreasing water infiltration (Blanchart et al., 2004; Hoorman et al., 2011). These species also 

produce larger globular casts which are coagulated or flattened and are relatively stable 

compared to the smaller, granular casts produced by decompacting species (Blanchart et al., 

2004). Freshly egested casts still have a high water content and can be washed away with wetting 

events (Blanchart et al., 2004). Casts need to dry before they increase in water stability, 

increasing their longevity through wetting events (Blanchart et al., 2004). Casts have an 

increased bulk density compared to soils and hence decrease infiltration capability, which 

increases with the increasing stability of casts (Blanchart et al., 2004). The higher the deposition 

of casts in anecic earthworm burrows, the increased clogging and hence decreased improvement 

in infiltration associated with these vertical burrows if subsequent cast drying occurs (Blanchart 

et al., 2004). Whether the soils become decompacted or compacted by earthworms can lead to 

root development to spread to a greater or lesser volume of soil respectively (Syers & Springett, 

1984). Water infiltration effected by the level of compaction of soils influenced by earthworms 

can help improve or detract from soil moisture levels needed for plant growth.  

2.3. Earthworms and Agriculture 

 

Soil fertility and structure can be improved through earthworm activity. Earthworm 

activities lead to the nutrient mobilization of nitrogen, improving its accessibility to plants 

(Scheu & Parkinson, 1994; Scheu et. al., 1999). This has been associated to the increased plant 

growth seen when earthworms are present (Scheu & Parkinson, 1994; Scheu et. al., 1999). This 

is especially true if the plant is not a legume, most of which have nitrogen fixing bacteria in their 

roots, and therefore already have access to adequate amounts of nitrogen (Scheu et. al., 1999). 

Earthworm casts are a source of nutrients for plants (Chaoui et. al., 2003). The relative stability 

of earthworm casts compared to compost or fertilizers allows for a slow release of nitrogen 
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which was seen to coincide more closely to plants nutrient needs (Chaoui et. al., 2003). This 

slow release of nitrogen from casts prevents salinity intensification associated with the same 

amount of nitrogen applied through non-vermicompost or fertilizer, and reduces the potential of 

salinity stress on the plants (Chaoui et. al., 2003). A slower release of nitrogen could also lead to 

less nitrogen lost through runoff and drainage (Chaoui et. al., 2003). The mixing of soils and 

movement of soils close to the surface to soil layers further down moves nitrogen deeper into the 

soils as well, which can reduce the surface runoff nitrogen and redistribute the nutrients (Syers & 

Springett, 1984). The increased soil porosity attained through earthworm burrowing, the 

associated increase in soil aeration and moisture content, and soil mixing provided by 

earthworms are all advantageous improvements in agricultural soils (Kladivko, 2001). 

Earthworm populations in soils can be incorporated as part of agricultural regimes as alternatives 

to other options to increase the environmental friendliness of the growing practices used (Scheu, 

2003). 

2.4. Green Roofs 

 

 This section will introduce the concept of a green roof. Following this there will be a 

summary of knowledge gathered from the literature about macroinvertebrates in green roofs, and 

nitrogen dynamics in green roofs. 

 

2.4.1. Green Roof Description 

 

Green roof is an ambiguous term used to describe a variety of gardening activities 

occurring on roof tops. Here, green roofs are roof tops that are “designed to support vegetation” 

(Dvorak & Volder, 2010; Whittinghill & Rowe, 2012). Green roofs, as considered here, will 

include features such as a root barrier, drainage layer, filter layer, growing substrate, and 

vegetation (Whittinghill & Rowe, 2012). This can still be seen as a broad definition, but the 

further details of the types of designs involved in an attempt to support vegetation on a roof top, 

convey an additional level of sophistication to a green roof compared to potted plants on roof 

tops, which are not considered green roofs here. Green roofs are an application of urban 

agriculture, which is all the activities involved in the production and distribution of agriculture, 

including livestock, within urban areas (Van Veenhuizen & Danso, 2007). The Green Roof 
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bylaw, Toronto Municipal Code Chapter 492, Green Roofs does not have requirements for 

agricultural green roofs to be constructed or guidelines for agricultural green roofs (City of 

Toronto, 2009). So growing agriculture on green roofs would be an initiative taken on by the 

building or property owners, occupants, or construction companies. Urban agriculture takes place 

in cities all over the world in many forms including agricultural green roofs. In Toronto, there is 

a Toronto Food Policy Council (TFPC), which is a subcommittee of the Toronto Board of Health 

(Kaethler, 2006; Blay-Palmer, 2009; Toronto Food Policy Council, n.d.). The TFCP acts as 

consultants on food policy issues with activities include providing support for urban agriculture 

by working with the municipality, community, and organizations to advance urban agriculture 

through advocacy, awareness, project planning support, and research (Kaethler, 2006; Blay-

Palmer, 2009; Toronto Food Policy Council, n.d.). The Toronto Community Gardens program, 

the Toronto Community Gardens network, and non-profit organizations in Toronto provide 

various support for urban agriculture projects, including project technical support, education on 

agriculture, and funding opportunities (Kaethler, 2006; Toronto Urban Growers, 2017). Along 

with many other organizations and institutions, the TFCP created a report entitled the GrowTO 

Urban Agriculture Action Plan, which was later adopted by the City of Toronto as the Toronto 

Agriculture Program (Toronto Food Policy Council, 2012; City of Toronto, 2013; Toronto Food 

Policy Council, n.d.). The GrowTO Urban Agriculture Plan, adopted as the Toronto Agriculture 

Program provides information on opportunities and to take to increase the scale of urban 

agriculture in Toronto including promoting green roof agriculture as a large area for growth and 

potential benefits (Toronto Food Policy Council 2012; City of Toronto, 2013; Toronto Food 

Policy Council, n.d.). In preparation for this study an internet search of green roofs that grow 

agricultural crops in the greater Toronto area was carried out to determine if there were 

applications available to study. There are 15 known applications of agricultural green roofs in the 

greater Toronto area found through this search at the time of this study, and it is possible that 

there are more applications not documented or reported on that exist in the city. 

There are different types of green roofs, and depending on the use of the green roof, they 

are designed differently. The main types of green roofs fit into either the intensive or extensive 

category, differentiated mainly by the growing substrate depth, and the vegetation (Peck & 

Kuhn, 2003; Oberndorfer et al., 2007; Whittinghill & Rowe, 2012; Buffam & Mitchell, 

2015).  Extensive green roofs are shallower than intensive green roofs with approximately less 
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than 15 cm and greater than 15 cm of growing substrate respectively (Peck & Kuhn, 2003; 

Oberndorfer et al., 2007; Whittinghill & Rowe, 2012). The shallower substrate depths in 

extensive green roofs decrease the variety and amount of vegetation they can support 

(Oberndorfer et al., 2007; Buffam & Mitchell, 2015). This, in addition to the increase in extreme 

conditions on roof tops such as temperatures, moisture fluctuations, wind and light intensity, lead 

to extensive green roofs applications with plants that display stress tolerance, commonly 

succulents, such as sedums, and mosses (Oberndorfer et al., 2007; Buffam & Mitchell, 2015). 

The deeper the substrates the greater the variety of vegetation that can be supported (Oberndorfer 

et al., 2007; Buffam & Mitchell, 2015). Herbaceous plants include vegetables, and for growth 

they require deeper growing substrate for possible increased support, water retention, and 

insulation, and increased inputs such as water, and nutrients, compared to the stress tolerant 

plants seen commonly in extensive green roofs (Dunnett & Nolan, 2002; Getter & Rowe, 2006; 

Rowe et al., 2006; Whittinghill et al., 2013). The intensive green roofs which are deeper, more 

likely to have soil mediums, and have the ability to host a greater biomass and a more biodiverse 

range of plant species, are more likely to provide habitable soils for earthworms than extensive 

green roofs (Peck & Kuhn, 2003; Brenneisen, 2006; Schrader & Boning, 2006; Buffam & 

Mitchell, 2015).  

2.4.2. Macroinvertebrates in Green Roofs 

 

Some studies have examined other macroinvertebrates populations in green roofs. In 

Halifax, Nova Scotia, Canada, older, intensive green roofs were found to host a diversity and 

abundance of insects, comparable to habitats on the ground surrounding the examined green 

roofs, with no statistically significant difference between the two types of habitats (MacIvor & 

Lundholm, 2011). In France, increased abundance and diversity of arthropods, beetles and 

hymenopterans were seen with increased complexity and diversity of vegetation present in the 

green roofs examined (Madre et al., 2013). A great interest in pollinator bees exists, and research 

on these macroinvertebrates has been studied separately. Pollinator bees have been found with 

lower diversity and amounts in greens roofs than in habitats surrounding buildings, and nearby 

natural prairie habitats (Tonietto et al., 2011; Ksiazek et al., 2012). An increase in vegetation, 

specifically flowering plants increased the amounts of pollinator bees found (Ksiazek et al., 

2012). Green roofs have been seen to provide a habitat able to support macroinvertebrates. 
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2.4.3. Nitrogen Dynamics in Green Roofs 

 

Most studies which provide insight into nitrogen dynamics specifically related to green 

roofs are in the form of runoff quality assessments. These studies measure the concentration 

and/or amounts of nitrogen species in the runoff from different green roof applications. These 

measurements have been compared to water samples from runoff from some form of control 

roof, some irrigation source such as precipitation, or the different green roof applications. Most 

of these studies report on whether results purport that the green roofs are a source or sink for 

nitrogen. To formulate some ideas of nitrogen dynamics in green roofs, as investigated so far, a 

sample and variety of these studies is summarized here. 

In Sweden, runoff water quality of extensive green roofs with sedum and moss vegetation 

was analyzed against runoff of control, non-vegetated roofs (Berndtsson et al., 2006). The green 

roofs were seen to be sinks for nitrogen, with the highest amounts for nitrate followed by 

ammonium and total nitrogen (Berndtsson et al., 2006). Total nitrogen had highest leaching of all 

forms of nitrogen measured (Berndtsson et al., 2006). There was an increase in total nitrogen 

leaching seen on newer roofs and after fertilization events (Berndtsson et al., 2006). The 

increased total nitrogen in runoff seen could be due to increased organic inputs, including 

organic nitrogen, to soils that comes with fertilization and with high amounts of fertilizer in the 

initial substrate installed (Berndtsson et al., 2006).  

A follow up and addition to this study was completed looking at one of the same 

extensive green roofs in the Berndtsson study in Sweden (2006), and an intensive green roof in 

Japan. In Sweden, runoff water quality, for the same extensive green roofs with sedum and moss 

vegetation were sampled two years later, when no additional fertilization had occurred for 

approximately 3 years (Berndtsson et al., 2009). In Japan, runoff quality of an intensive green 

roof with upwards of 70 different plant species was analyzed (Berndtsson et al., 2009). Runoff 

for the green roofs was compared to runoff from urban surfaces as analyzed in literature, and to 

precipitation samples collected (Berndtsson et al., 2009). Both the extensive and intensive green 

roofs were sinks for nitrate and ammonium, and the intensive green roof was a sink for total 

nitrogen whereas the extensive green roof was not (Berndtsson et al., 2009). More often, the total 

nitrogen concentrations in runoff for the extensive green roof were comparable to urban runoff 
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total nitrogen concentrations found in literature, whereas the intensive green roof had lower total 

nitrogen concentrations than what is found in literature for urban runoff (Berndtsson et al., 

2009). Larger plants in intensive green roofs may increase the uptake of inorganic nitrogen and 

retain it in organic form with a greater capacity than smaller plants in extensive green roofs, and 

hence contribute to the sink of total nitrogen observed for the intensive green roof (Berndtsson et 

al., 2009). 

In Toronto, Canada, runoff water quality of an extensive green roof with wildflower 

vegetation was analyzed against a control, modified bitumen-shingled, non-vegetated section of 

the same roof (Van Seters et al., 2009). The study took place overall several growing seasons, 

with no winter monitoring: May 2003 to November 2003; June 2004 to November 2004; April 

2005 to August 2005 (Van Seters et al., 2009). Nitrate, nitrite and ammonia concentrations were 

lower in the green roof runoff compared to the non-vegetated roof runoff; however, total 

Kjeldahl nitrogen (TKN) in the green roof runoff was higher than in the non-vegetated roof 

runoff (Van Seters et al., 2009). The loading in runoff of all nitrogen species measured, including 

TKN, was higher for the conventional, non-vegetated roof than the green roof (Van Seters et al., 

2009).  

In Texas, growth medium measurements and runoff water quality for an experimental, 

extensive, modular green roof, vegetated with either Sedum kamtschaticum, Delosperma cooperi 

or Talinum calycinum (low maintenance, relatively tolerant plants), and non-vegetated green roof 

module plots were analyzed (Aitkenhead-Peterson et al., 2011). Looking at the growth media 

after six months compared to initial conditions, several observations were noted (Aitkenhead-

Peterson et al., 2011). There was a decrease in the amount of dissolved organic nitrogen (DON), 

ammonium, and nitrate in all vegetated and non-vegetated treatments compared to the initial 

substrate (Aitkenhead-Peterson et al., 2011). Nitrate, specifically, showed a statistically 

significant increase in the percent reduction in the growing medium in the Delosperma cooperi 

and the Talinum calycinum vegetated plots, compared to the non-vegetated and the Sedum 

kamtschaticum vegetated plot (Aitkenhead-Peterson et al., 2011). This significant difference in 

nitrate loss was attributed to greater plant uptake of nitrate by Delosperma cooperi and Talinum 

calycinum, as opposed to increased denitrification, since conditions to support the level of 

denitrification necessary for this result were not observed (Aitkenhead-Peterson et al., 2011). 
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Measurements from leachate samples in the different experimental conditions, the conventional 

rooftop runoff, which consisted of polyurethane foam that had an exposed granular topcoat, 

precipitation, and tap water used for irrigation were all compared (Aitkenhead-Peterson et al., 

2011). Nitrate concentrations in leachate in the Delosperma cooperi and the Talinum calycinum 

condition did not show a statistically significant difference from the conventional roof runoff, 

precipitation and tap water, but did show a statistically significant reduction from the non-

vegetated and the Sedum kamtschaticum condition (Aitkenhead-Peterson et al., 2011). 

Ammonium concentrations in leachate did not show a statistically significant difference between 

conditions, except in the case of the tap water which had a statistically significantly lower 

concentration than the other samples (Aitkenhead-Peterson et al., 2011). Dissolved organic 

nitrogen (DON) concentrations in leachate had a statistically significantly higher amount in 

vegetated and non-vegetated green roof plots compared to conventional roof runoff, precipitation 

and tap water (Aitkenhead-Peterson et al., 2011). Some differences seen between the Sedum 

kamtschaticum and the other vegetation varieties could have been due to the death of about half 

of the plants in this condition, which could have increased pools of nitrogen and decreased 

uptake and retention of nitrogen in organic form within vegetation (Aitkenhead-Peterson et al., 

2011). The experimental green roof setting was not determined to be a nitrogen sink as with 

other experiments, and it was mentioned this is possibly due to inputs from the growing substrate 

since there was lower nitrogen deposition from the atmosphere in Texas compared to other 

experiments in Sweden and Japan (Berndtsson et al., 2006; Berndtsson et al., 2009; Aitkenhead-

Peterson et al., 2011). Health and capability of the vegetation involved was also mentioned as a 

factor involved in whether or not the green roof acted as a sink for nitrogen (Aitkenhead-

Peterson et al., 2011). 

In North Carolina, runoff water quality of extensive green roofs with succulent and 

sedums vegetation were analyzed against a control, gravel ballast or non-ballast, non-vegetated 

section of roof on the same rooftops (Hathaway et al., 2008). The first two years of the green 

roof’s existence was measured, and there was a high initial percentage of organic material in 

substrate, 15% cow manure (Hathaway et al., 2008). Green roof runoff had statistically higher 

concentrations of total nitrogen than rainfall but not control roofs (Hathaway et al., 2008). 

Differences between mass loadings of total nitrogen in different outflows (rainfall, green roof 

and control roof) were not significant, with all conditions displaying the largest loadings at 
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various times, varying based on the amount of rainfall, outflow and the amount of total nitrogen 

in the sources (Hathaway et al., 2008). There may be less total nitrogen leached from the green 

roof with time as the green roofs were highly concentrated with nutrients at time of study, 

contributing to these green roofs acting as nitrogen sources (Hathaway et al., 2008).  

In Norfolk, Virginia, experimental, extensive vegetated green roof plots with sedums, 

experimental gravel roof plots, a full-scale extensive green roof vegetated with sedums and an 

adjacent gravel roof were analyzed (Malcolm et al., 2014). Both experimental and full-scale 

green roofs used the same vegetated pods and sampling was conducted for about two years 

beginning after the construction of the green roof (Malcolm et al., 2014). Total nitrogen 

concentrations in runoff for the experimental plots were higher in the green roof plots than the 

gravel roof plots, and both plots had higher total nitrogen concentrations than the precipitation 

(Malcolm et al., 2014).  When analyzed, a high percentage of the nitrogen in runoff was in the 

form of nitrate (Malcolm et al., 2014). The concentration of total nitrogen in runoff from the 

green roof plots decreased over time which was possibly due to fertilizer in the vegetated pods 

planted in this condition which contained 15 percent compost, no additional fertilizer was added 

(Malcolm et al., 2014). In the full-scale conditions, the green roof had a higher concentration of 

total nitrogen in runoff than the gravel roof runoff and precipitation (Malcolm et al., 2014). This 

may also be due to high initial amounts of fertilizer in the vegetated pods (Malcolm et al., 2014). 

In Sweden, runoff water quality of extensive green experimental plots with green roof 

substrate, a 2-year-old green roof pre-vegetated mat, and vegetated green roof with sedums 

which were grown from shoots was analyzed (Emilsson et al., 2007). This was done in a 

controlled experiment within a greenhouse (Emilsson et al., 2007). A controlled release fertilizer 

was compared to a conventional, easily dissolved fertilizer (Emilsson et al., 2007). A greater 

concentration and amount of nitrogen was released in runoff with easily dissolved fertilizers 

compared to controlled release fertilizers (Emilsson et al., 2007). The pattern of runoff 

concentrations for all nitrogen species generally began with a peak in concentration which was 

immediate for ammonium and delayed for nitrate and total nitrogen, followed by an exponential 

decline overtime for ammonium, and gradual decline overtime for total nitrogen and nitrate 

(Emilsson et al., 2007). This scenario for ammonium and nitrate was possible due to favourable 

conditions for nitrification, observed during the experiment, decreasing amounts of ammonium 
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while increasing amounts of nitrate (Emilsson et al., 2007). The vegetated mats and the sedum 

plots reduced the concentration of ammonium and total nitrogen in runoff compared to the 

unvegetated substrate, and the vegetated mat reduced nitrate concentration in runoff compared to 

the sedum and unvegetated substrate plots (Emilsson et al., 2007). The vegetated mats also 

showed lower amounts of total nitrogen, nitrate, and ammonium (Emilsson et al., 2007). 

At Michigan State University’s Horticultural Teaching and Research Center, in East 

Lansing, Michigan, runoff water quality was analyzed for an extensive green roof which used 

green roof platforms, and had three vegetated conditions with either sedums, a native prairie 

mixture, or a vegetable and herb mixture (Whittinghill et al., 2015). Nitrate measurements were 

taken after the setup of the green roof platforms, after the first fertilization and after the second 

fertilization (Whittinghill et al., 2015). There was no statistically significant difference between 

the nitrate concentrations in runoff between vegetation conditions (Whittinghill et al., 2015). The 

nitrate concentrations in runoff decreased over time for all vegetated conditions (Whittinghill et 

al., 2015). Although the vegetable and herb condition was the only scenario with additional 

fertilization, the amounts of nitrogen were below the recommendations for the vegetables and 

herbs present (Whittinghill et al., 2015). The additional nitrogen was possibly taken up by plants 

not allowing for a statistically significant increase in nitrate in the runoff from the vegetable and 

herb condition compared to the other two vegetated conditions (Whittinghill et al., 2015).   

The results from the experiments are variable. Some experiments present findings for 

green roofs acting as sinks for nitrogen or better options than conventional or control roof tops 

(Berndtsson et al., 2006; Berndtsson et al., 2009; Van Seters et al., 2009). Some results show no 

statistical distinction either way (Berndtsson et al., 2009). And some found green roofs acting as 

sources for nitrogen (Hathaway et al., 2008; Aitkenhead-Peterson et al., 2011; Malcolm et al., 

2014). Some studies looked at green roofs with different features. Differences were found 

between and extensive compared to an intensive green roof (Berndtsson et al., 2009), and 

between different plants and vegetation conditions (Emilsson et al., 2007; Aitkenhead-Peterson 

et al., 2011). Although no differences were found between the different plants in the study by 

Whittinghill et al. (2015), it can be hypothesized that with increased amounts of nitrogen inputs 

to all conditions, differences in the plant capabilities would be presented. Factors involved in 

variations among studies include surrounding conditions such as climate and pollution, the 
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specifics of the green roof design such as amount and type of substrate and vegetation, and the 

accompanying features including filters and drainage layer designs, fertilization type and 

amount, and the age of the green roofs studied (Berndtsson et al., 2006; Van Seters et al., 2009). 

Over time, the age and the maintenance regimes carried out on the green roofs add to the 

differences seen (Berndtsson et al., 2006; Emilsson et al., 2007; Malcolm et al., 2014; 

Whittinghill et al., 2015). These factors which play a role in determining what inputs go into the 

green roof, how the green roof functions, and productivity of the vegetation, all can transfer to 

differences in what is seen in the outflows from the green roof.  

The use of easily soluble fertilizers would not be recommended based on these studies, as 

they can release nitrogen in amounts that exceed plant’s needs in the beginning resulting in high 

leaching of nitrogen (Berndtsson et al., 2006; Emilsson et al., 2007). Instead, controlled release 

fertilizers slowly release nitrogen over time which can more appropriately meet plants needs 

while reducing the concentration and amount of nitrogen leached into runoff from green roofs 

(Emilsson et al., 2007). Earthworm casting have been seen to allow for this slow release of 

nutrients to more closely meet plants needs and could be an option which merits further 

investigation (Chaoui et. al., 2003). 

2.5. Hypotheses 

 

 Considering the literature, it is expected that agricultural green roof soils where 

earthworms are found will have higher amounts of bioavailable nitrogen than soils where 

earthworms are not present. This will be measured in the forms of ammonium and nitrate. The 

deepest burrowing earthworms, anecic earthworms, are not expected to be found because the soil 

depths they inhabit are not expected to be found on the agricultural green roofs. Any earthworms 

found are expected to be epigeic or endogeic earthworms since it would be possible for them to 

inhabit the soil depths that are expected to be found on the agricultural green roofs. Earthworms 

presence is expected to be deterred when an extremely acidic pH, low organic carbon content, 

very low or very high soil water contents or a combination of these conditions which are outside 

of the earthworm’s range of preference are present.  
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3. Methods 

 

The methods for this study are detailed below. Study site criteria, field methods, 

laboratory methods, statistical analysis methods, and information about the survey submitted to 

agricultural green roof actors (the survey that was submitted is in Appendix D) are presented. 

Analysis of total nitrogen, ammonium content, and nitrate content was performed by SGS Agri-

Food Laboratories in Guelph, Ontario, Canada, and the names of the methods they employed are 

listed. 

3.1. Description of Study Sites 

 

 A field study was conducted to examine earthworm populations, conditions and 

relationships in the setting of interest; agricultural green roofs. Each study site represents one 

agricultural green roof. An agricultural green roof was considered here for site selection to be a 

roof supporting plant growth of agricultural crops that are harvested for consumption. The 

structure of the growing media had to extend to a large area on the roof, beyond small pots 

occupying the roof top, and the growing medium had to consist of a soil mixture. The structures 

found were either gardens directly on the roof, or in raised containers. These characteristics were 

the study criteria for an agricultural green roof in this study. An internet browser search was used 

to make a list of potential agricultural green roofs in the greater Toronto area meeting the study 

criteria. A contact list was made for initial call and email communications to inquire about the 

agricultural green roofs and the opportunity to access them for the study. Contacts were then 

reached out to through phone or email. The study and agricultural green roof in question was 

discussed with them. If there was some one else who had the information needed, that person’s 

contact information was received, and they were contacted to discuss the study and the 

agricultural green roof in question. Agricultural green roofs which met the study criteria, and 

where contacts could be reached and agreed to grant access to the agricultural green roof during 

the field work portion of the study, between September 2015 to the beginning of November 

2015, were included in the study. Since earthworm activity was a focus of this study the Fall 

2015 period was chosen because earthworms are active in the spring and fall, and before 

temperatures drop to freezing overnight. The study was limited to a one-time static measurement 
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of the study sites to investigate the hypothesis of the study, but does not explore long-term 

dynamics in the agricultural green roof soils.  

The study included 7 agricultural green roofs which met the study criteria. A minimum of 

3 study plots were to be sampled from at each agricultural green roof. The number of study plots 

sampled above that was determined based on the amount of time access was available to the 

agricultural green roof during the site visits. Some study sites required supervision during the 

visit, or access was only granted between a certain period that worked with the participant’s 

schedules. Each study plot was a 35 cm by 35 cm square plot (Hale et al., 2005). Each study plot 

was marked using plastic garden edging which had been cut into 35 cm pieces, and inserted into 

the soil to form a square plot. Overall 34 study plots were sampled from with the breakdown 

being 5 study plots at roof 1, 5 study plots at roof 2, 3 study plots at roof 3, 6 study plots at roof 

4, 4 study plots at roof 5, 6 study plots at roof 6, and 5 study plots at roof 7. Site visits were only 

scheduled on days with no rain, and no large rain events within the preceding 24 hours of the site 

visit to avoid sampling water logged or recently drained soils which could introduce confounding 

variables and interfere with the ability to obtain usable results. This helped to as best as possible 

in an uncontrolled environment control for outside water sources, and more closely resemble 

baseline levels of water conditions present due to the green roof characteristics and activities 

occurring at that green roof. 

3.2. Soil Sampling  

 

 After a study plot was set up, soil samples were taken using a soil corer. Soil cores we 

taken throughout the study plot randomly, and then carefully dislodged into medium sized, 

labeled, freezer Ziploc bags. The amount of soil cores taken per plot depended on the depth of 

the soil. Soil cores were taken until the desired amount of soil was obtained, about 0.35 litres to 

0.5 litres. Due to concerns from agricultural green roof actors and the sensitive nature of the 

small sized agricultural green roof environments, this amount of soil was chosen to avoid being 

too invasive. The depth of each soil core was recorded, and the average was taken in order to 

determine the average soil depth present at the study plot at the time of sampling, as it could 

differ from the soil depth originally present or reported by the agricultural green roof actors. The 

bag was then sealed and stored on ice in a cooler. They were then transported back to the 

laboratory and all samples from the same site were placed in a second larger freezer bag. The 
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samples were then stored in the freezer within 4 hours of the collection of the soil until later 

processing. 

3.3. Earthworm Sampling 

 

 To emerge earthworms from the soils, a water and mustard powder solution was used. 

The chemical allyl isothiocyanate (AITC) found in the mustard seeds irritates the earthworm’s 

skin and they emerge from the soil (Coja et al., 2008). A solution of 40 grams of hot mustard 

powder placed in a plastic jug and topped up to 4L with water was used (Hale et al., 2005). 

Before use, the solution was mixed in the jug by hand to resuspend any settled mustard powder. 

After soil sampling within a study plot was complete, half of the jug was poured in the study plot 

area, and a few minutes later the remaining mixture was poured in the study plot area. Any 

emerging earthworms were collected using forceps and placed in a tray which had a thin layer of 

water on the bottom to prevent the earthworms from drying out. If the agricultural green roof 

actors did not want the earthworms to be removed and brought back to the laboratory, the worms 

in the collection tray were photographed with a ruler for scale, and notes were made about the 

visual appearance. Otherwise, the earthworms were transferred from the collection trays into 

labelled plastic containers containing 70% isopropyl alcohol, sealed, and stored on ice in a cooler 

(Hale et al., 2004; Hale et al., 2005). 

3.4. Earthworm Preservation 

 

 The earthworms were brought back to the lab after collection and transferred into glass 

containers containing 10% formalin under a fume hood to fixate the earthworms’ cells for 

preservation (Hale et al., 2004; Hale et al., 2005). The glass containers were then sealed, and 

placed in the refrigerator and left for a minimum of 24 hours (Hale et al., 2004; Hale et al., 

2005). After this, the earthworms were transferred under a fume hood into glass containers that 

contained 70% isopropyl alcohol to prevent pigment bleaching in the 10% formalin, sealed, and 

refrigerated until earthworm identification (Hale et al., 2004; Hale et al., 2005). 

3.5. Earthworm Identification 

 

 Earthworm identification was performed using a binocular microscope set at 4 times 

magnification. The illuminating light at the bottom was kept off because it disguised the features 
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of the earthworms. Instead a lamp was turned on and pointed above the specimens to be able to 

see the features of the earthworms. Earthworms were placed on a glass slide with some 

preservation liquid or water to keep the earthworm from drying out under the lamp. Earthworms 

were identified using the earthworm identification manual for the United States and Canada by 

Schwert (1990) and the earthworm identification dichotomous key for the Great Lakes region by 

Hale (2013). Two identification keys were used because it was not possible to clearly identify 

male pores on the earthworms which was a common feature mentioned in the manual by Schwert 

(1990), so features from both keys were used to make the identification.  

3.6. Soil Total Nitrogen Content 

 

 All testing for soil total nitrogen content was performed by the SGS Agri-Food 

Laboratories in Guelph, Ontario, Canada, using the frozen soil samples delivered to the 

laboratory. The Agricultural and Food Laboratory at Guelph University had been used 

previously for soil testing by members of the Ryerson University Faculty, and when contacted 

the laboratory recommended using SGS Agri-Food Laboratories to test the green roof soils. SGS 

Agri-Food Laboratories was ultimately chosen because they offered methods for analysis that 

were able to be carried out with smaller volumes of soil. The soil volumes of green roofs are 

shallow and too much soil was not able to be taken due to concerns from the agricultural green 

roof actors involved and also not to be overly invasive to the sensitive environment. The method 

employed was the dumas combustion method. Results were provided to two significant digits. 

3.7. Soil Ammonium Content 

 

 All testing for soil total nitrogen content was performed by the SGS Agri-Food 

Laboratories in Guelph, Ontario, Canada, using the frozen soil samples delivered to the 

laboratory. The method employed was KCl extraction. Results were provided to one significant 

digit. 

3.8. Soil Nitrate Content 

 

 All testing for soil total nitrogen content was performed by the SGS Agri-Food 

Laboratories in Guelph, Ontario, Canada, using the frozen soil samples delivered to the 
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laboratory. The method employed was KCl extraction. Results were provided to one significant 

digit. 

3.9. Soil Water Content (Loosely Bound) 

 

 Soil moisture content considered here is for loosely bound water, which is readily 

available to plants (Wang et al., 2011b). For each study plot, 5 grams of soil, which had been 

sieved through 2mm mesh, was measured using an analytical balance into crucibles which were 

previously weighed and labeled (Pansu & Gautheyrou, 2006; Wang et al., 2011a). A drying oven 

was preheated to 105°C at which loosely bound water would begin to be removed from the soil 

samples (Heiri et al., 2001; Wang et al., 2011a; Wang et al., 2011b). Soil samples were dried for 

24 hours in the drying oven (Heiri et al., 2001; Pansu & Gautheyrou, 2006; Wang et al., 2011b). 

Once dried, the samples were removed from the oven and weighed (Pansu & Gautheyrou, 2006). 

The percentage difference in mass between the original soil samples and the oven dried soil 

samples were calculated to determine the percent soil moisture content, by weight, of each study 

plot sample (Pansu & Gautheyrou, 2006). Three significant digits was chosen for presentation of 

results. For all methods which required soil samples to be dried before further processing, this 

was the method employed for drying the soil. 

3.10. Soil Organic Carbon Content 

 

 After 5 grams of soil was oven-dried and weighed, crucibles containing the soil samples 

were used to calculate soil organic carbon content through loss on ignition (Heiri et al., 2001). A 

muffle furnace was preheated to 550°C, and once heated soil samples were burned for 4 hours. 

This temperature and time for burning were chosen based on the following literature presented 

along with the details of the method. At 550°C, most soil organic carbon would be able to be lost 

through combustion (Heiri et al., 2001; Hoogsteen et al., 2015). At this temperature, inorganic 

carbon is removed from the soil sample and removal of other materials such as mineralogical 

salts, and tightly bound water due to clay lattice breakdown may occur (Heiri et al., 2001). This 

does not proceed extensively at 550°C and if the time at ignition temperature is kept to what is 

needed only, while near complete combustion of organic carbon can still occur (Heiri et al., 

2001). Crucibles containing the previously oven-dried soil sampled were placed in the muffle 

furnace using tongs. Soil samples were left in the muffle furnace at the ignition temperature for 4 
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hours at which point the rate of continued loss or organic carbon is minimal (Heiri et al., 2001). 

The muffle furnace was then turned off and samples were left to cool in the muffle furnace 

overnight. The furnace-burned soil samples were then weighed. The percentage difference in 

mass between the oven-dried soil sample and furnace-burned soil samples were calculated to 

determine the percent soil organic matter content, by weight, for each study plot sample, which 

was converted to organic carbon content using a factor of 0.58, based on the commonly applied 

assumption that organic matter is made up of 58% organic carbon (Lunt, 1931; Howard & 

Howard, 1990; Pribyl, 2010). Three significant digits was chosen for presentation of results. 

According to the Canadian System of Soil Classification, organic soils are soils which contain 

17% or higher organic carbon content, or a 30% or higher organic matter content (Canadian 

Agricultural Services Coordinating Committee & Soil Classification Working Group, 1998). 

This classification is made use of here, however to better understand the level of organic carbon 

below this threshold, a comprehensive review and testing of alternative classification systems is 

considered (Huang et al., 2009). Mineral soils with between 15% to 30% organic matter content 

(and the corresponding organic carbon content value based on the 0.58 conversion factor) will be 

considered a mineral soil with high amounts of organic matter, and mineral soils with between 

3% to 15% organic matter content (and the corresponding organic carbon content value based on 

the 0.58 conversion factor) will be considered a mineral soil with a low to medium amounts of 

organic matter (Huang et al., 2009). 

3.11. Soil pH 

 

 Soil pH was measured using an Oakton 35617 series benchtop pH meter. The soil 

samples were treated as organic soils and so a 5 gram soil sample was used instead of a 10 gram 

sample to avoid inaccurate readings (Van Lierop & MacKenzie, 1977; Kalra & Maynard, 1991; 

Kalra, 1995; Bolan & Kandaswamy, 2005). The soils at roof 4 had lower organic carbon 

contents, and the pH measurement could be higher than the actual pH of the soil samples due to 

the 1:4 ratio applied for organic soils. A 5 gram dried soil sample from each study plot was 

lightly crushed and weighed into labeled 25ml test tubes (Kalra, 1995). 20mL of Millipore 

deionized water was added to each test tube (Kalra, 1995). Each test tube was agitated by hand to 

thoroughly mix the soil with the water. The test tubes were then left for a minimum of 30 

minutes so the sediments could settle out of the aqueous solution and avoid obscuring the pH 
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probe (Kalra & Maynard, 1991; Kalra, 1995). Agitation by hand was chosen over mechanical 

agitation because this was the chosen method in the pH method followed here. A calibrated pH 

probe was then inserted into the test tube above the settled sediments and pH measurement was 

taken. After each measurement, the pH probe was submerged in a beaker of Millipore deionized 

water, and then separately rinsed with Millipore deionized water before being inserted into the 

next sample. The pH metre produced results to 2 significant digits. 

3.12. Soil Clay Content 

 

Laser diffractometry was used to perform particle size analysis of the soil samples and 

determine the clay content. The method from Miller and Schaetzl (2012) was followed. The 

materials, amounts of each material, and deviations from the method presented by Miller and 

Schaetzl (2012) are as follows. Air dried soil was lightly crushed, sifted through 2mm mesh, and 

0.3 grams from each study plot was weighed and added to a labeled 25mL plastic test tube. A 5% 

sodium hexametaposphate solution was created by combining 50 grams of sodium 

hexametaphosphate to 1L of Millipore deionized water (Eshel et al., 2004; Zobeck, 2004; 

Arriaga et al., 2006; Keller & Gee, 2006; Di Stefano et al., 2010). To the test tube 5 mL of the 

5% sodium hexametaphosphate dispersing solution, and 15 mL of Millipore deionized water was 

added and shaken by hand. The laser used was the Malvern Mastersizer 2000, and the sample 

dispersion unit used was the Hydro 2000S. In Miller and Schaetzl (2012), the dispersion unit 

used is the Hydro 2000MU, but the loading unit available for the study was the Hydro 2000S. 

The Hydro 2000S holds less liquid than the Hydro 2000MU, and can only hold up to 150mL. 

The complete soil sample solution prepared could not be added or else the laser obscuration 

would be too high. Instead, the samples were shaken by hand to create a homogenous mixture, 

and added to the tank which was filled with distilled water until the laser obscuration was in the 

range of 5% to 15%. Distilled water was used for this analysis because it was recommended by 

the laboratory members who use the Malvern Mastersizer 2000 for particle size analysis. Ion 

effects would not interfere with the nature of this analysis since the measurement was of physical 

size and not chemical, or biological in nature. From there measurement continued as with Miller 

and Schaetzl (2012). The machine was thoroughly flushed to clean it between each sample 

loading and measurement. The Canadian System of Soil Classification was used to analyze 

results and the level of clay in the soil (Canadian Agricultural Services Coordinating Committee 
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& Soil Classification Working Group, 1998). The clay content of soil was presented as the 

average measurement over 5 runs through the Malvern Mastersizer 2000, and three significant 

digits was chosen for presentation of results. 

3.13. Statistical Analysis 

 

Descriptive statistics were compiled in Excel for measured pH, soil water content, soil 

organic carbon content, soil average clay content, soil total nitrogen content, soil ammonium 

content, soil nitrate content, and soil earthworm count. This was done at a study site level, where 

the parameter values for all study plots on one roof were used to determine the descriptive 

statistics for that study site.  

Multiple regression was performed in SAS statistical analysis software to determine if 

there was a relationship between three variables: earthworm abundance; ammonium content; and 

nitrate content, and possible explanatory variables. The relationship between earthworm 

abundance and the soil parameters soil water content, soil organic carbon content, soil depth, and 

soil total nitrogen content was analyzed to determine if any of these variables could predict 

earthworm abundance. The model was run iteratively, through backward stepwise elimination 

beginning with all explanatory variables included, removing non-significant factors, and re-

running the model. Multiple regression was then used to test the hypothesis that earthworms 

could influence the soil bioavailable nitrogen content (ammonium and nitrate). Multiple 

regression was performed to control for potentially correlated explanatory variables. For 

ammonium, potentially correlated explanatory variables included soil water content, soil organic 

carbon content, soil total nitrogen content, and soil depth. For nitrate, potentially correlated 

explanatory variables included soil water content, soils organic carbon content, soil total nitrogen 

content, soil ammonium content, and soil depth. Soil pH was not included as an explanatory 

variable because they were all within the same characteristic pH range: between neutral and 

approaching slightly acidic. Soil clay content was not included as an explanatory variable 

because all measures had the same characteristic of a low clay content. For the multiple 

regression analysis of earthworm abundance, a transformation was determined in the SAS 

program and applied to soil water content in order to fit a linear relationship between soil water 

content and earthworm count. In the form of Y = aXb, a was determined to be 0.000153 and b 

was determined to be 2.6458. 
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Regression statistics were performed in excel for the association between soil clay 

content and soil ammonium content, and soil clay content and soil nitrate content. A significance 

level of 0.05 was used to classify p values as being statistically significant if they were equal to 

or less than 0.05. 

3.14. Agricultural Green Roof Actors Survey 

 

 A proposal was submitted and approved by the Ryerson University research ethics board, 

along with a consent form and the set of questions that were to be answered by the participants. 

Participants were the individuals involved with the agricultural green roof who had the 

information necessary to answer the questions, and they were referred to as the agricultural green 

roof actors since they are actors in the application being investigated. Participants were either 

called, left a phone message, or emailed asking to answer questions about the agricultural green 

roof they were involved with, and sign and return a consent form. Questions were related to the 

characteristics of the green roof, and activities taking place on the green roof. For participants 

who responded, the answers were used in analysis when the information could aid the discussion. 

The amount and detail of information the agricultural green roof actors were able to provide 

varied depending on the study site. Detailed information about exact amounts of parameters in 

soil additions and amendments to soils, including organic carbon, ammonium, and nitrate were 

not collected or not available. The survey was meant to supplement and strengthen the analysis 

of measured results with additional insight from knowledge base of each roof. In order to 

determine the exact amount of these parameters present in inputs, a more controlled study would 

need to take place that directly measures the amounts of different components in these inputs. 

The survey submitted to the agricultural green roof actors can be viewed in Appendix D. In 

regard to potential earthworm introduction, this could occur through their eggs or hatched 

earthworms present in soils mixtures, earthworm casting mixtures, or vermicompost mixtures 

produced by earthworms. Earthworms or their eggs could also intentionally be introduced into 

the agricultural green roof soils. These possible routes of introduction of earthworms could lead 

to earthworm populations in the soils, or they could not result in populations of earthworms 

present in the soil. Surveys included questions about the use or occurrences of these activities. 
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4. Results 

 

4.1. Plot Summary 

 

 Tables 1 to Table 14 summarize the data collected for each study plot. Data in the tables 

was collected from field observations, laboratory analysis, and the surveys submitted to the 

agricultural green roof actors. 

Table 1 summarizes the measured conditions for plots 1A to 1E on Roof 1. All plots on 

roof 1 have organic soils, pH values in the neutral range with the lowest approaching slightly 

acidic, and a low clay content. All plots have a high soil water content, except for plot 1E which 

has a low soil water content. There were no earthworms found at plots 1A, 1B, and 1E. A low 

number of earthworms were found at plots 1C, and 1D, and the lowest possible taxonomic 

identification identifies these earthworms as either Eisenia eiseni or Eisenia fetida, which are 

both epigeic earthworms. Soil ammonium levels at all plots on roof 1 are high. There is a 

moderate amount of nitrate at plots 1B and 1C, low levels at plot 1A, and very low levels at plots 

1D and 1E. 

Table 2 summarizes the most relevant information about the characteristics and 

conditions present at plots 1A to 1E on Roof 1 gathered from field observations and from the 

information provided by the agricultural green roofs actors. Additional information not in the 

table is that the garden soils at roof 1 are tested regularly during the growing season. These 

examinations include recommendations on maintenance requirements going forward based on 

the test results. 

Table 3 summarizes the measured conditions for plots 2A to 2E on Roof 2. Plot 2A has 

inorganic soil with a high amount of organic components, while plots 2B, 2C, 2D, and 2E have 

organic soils. All plots on roof 2 have neutral pH values, low clay content, and a high water 

content. Many earthworms were found at all plots on roof 2, with a very high number at plot 2A, 

and 2B. The lowest possible taxonomic identification identifies these earthworms as either 

Eisenia eiseni or Eisenia fetida, which are both epigeic earthworms. Soil ammonium levels at all 

plots on roof 2 are high, especially at plots 2A, 2B, 2C, and 2E. Soil nitrate levels at plots 2A and 

2B are moderate, while there are very high levels at plots 2C, 2D, and 2E. 
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Table 4 summarizes the most relevant information about the characteristics and 

conditions present at plots 2A to 2E on Roof 2 gathered from field observations and from the 

information provided by the agricultural green roofs actors. Additional information not in the 

table is that Plots 2B, 2C, 2D, and 2E all had received a large application of compost which 

contained earthworm castings, eggs, and earthworms. The compost was raked in over time 

toward one location which included the location of plot 2D. This plot received inputs from this 

compost mixture for the longest period of time. The same compost mixture as mentioned above 

was not applied to Plot 2A because the garden in this area includes a rotation of legumes which 

fix nitrogen and provide a source of nitrogen to the pool in the soil. 

Table 5 summarizes the measured conditions for plots 3A to 3C on Roof 3. All plots on 

roof 3 have organic soils, neutral pH values, and a low clay content. Plots 3A, and 3B have a low 

soil water content, and plot 3C has a high soil water content. There were no earthworms found at 

plots 3A, and 3B. A few earthworms were found at plot 3C, and the lowest possible taxonomic 

identification identifies these earthworms as either Eisenia eiseni or Eisenia fetida, which are 

both epigeic earthworms. Soil ammonium levels at plots 3B and 3C are high. Soil nitrate levels 

at all plots on roof 3 are low. 

Table 6 summarizes the most relevant information about the characteristics and 

conditions present at plots 3A to 3C on Roof 3 gathered from field observations and from the 

information provided by the agricultural green roofs actors. Additional observations not in the 

table or worth highlighting are that the soil at plot 3C was compact and wet, with a shallower soil 

depth than originally present. In contrast, the soils at plot 3A and 3B were on the dry side. 

Table 7 summarizes the measured conditions for plots 4A to 4F on Roof 4. All plots on 

roof 4 have mineral soils with a low organic carbon content at plots 4C, 4D, and 4E and a 

moderate organic carbon content at plots 4A, and 4B. All plots have neutral pH values, a low 

clay content, and a very low soil water content. This was the only roof where a low total nitrogen 

content was measured. There was a moderate ammonium content at all plots, a moderate nitrate 

content at plots 4A and 4B, and a low nitrate content at plots 4C, 4D, 4E, and 4F. There were no 

earthworms found at plots 4A, 4B, and 4D. A low amount of earthworms were found at plots 4C, 

4E, and 4F. The lowest possible taxonomic identification identifies these earthworms as either 

Eisenia eiseni or Eisenia fetida, which are both epigeic earthworms. 



 33   
 

T
ab

le
 4

. 
S

u
m

m
ar

y
 o

f 
ch

ar
ac

te
ri

st
ic

s 
an

d
 c

o
n
d
it

io
n
s 

fo
r 

p
lo

ts
 2

A
, 
2
B

, 
2
C

, 
2
D

, 
an

d
 2

E
 o

n
 R

o
o
f 

2
. 

P
lo

t 
2
E

 

G
re

en
 P

ep
p
er

s,
 R

ed
 

C
h
il

i 
P

ep
p
er

s 

G
ro

w
n
 d

ir
ec

tl
y
  
  
  
  
 

o
n
 r

o
o
f 

1
2
 i

n
ch

es
 

D
ri

p
 t

ap
e 

b
y
 D

u
b
o
is

 A
g
ri

n
o
v
at

io
n
. 
2
4
 t

o
 4

8
 h

o
u
rs

 o
f 

ir
ri

g
at

io
n
 s

y
st

em
 u

sa
g
e 

d
u
ri

n
g
 w

ee
k
s 

w
h
er

e 
n
o
 r

ai
n
  
  
  
  
 

w
as

 f
o
re

ca
st

. 
N

o
 u

sa
g
e 

d
u
ri

n
g
 w

ee
k
s 

w
h

er
e 

ra
in

 i
s 

fo
re

ca
st

. 

M
o
is

t 

N
o
t 

sh
ad

ed
 

Y
es

, 
an

d
 e

g
g
s 

  
  
 

m
ix

ed
 w

it
h
 c

as
ti

n
g
s 

Y
es

 

Y
es

 

P
lo

t 
2
D

 

P
o
ta

to
es

, 
n
ea

rb
y
 

T
o
m

at
o
es

 

G
ro

w
n
 d

ir
ec

tl
y

  
  

o
n
 r

o
o
f 

1
2
 i

n
ch

es
 

M
o
is

t 

P
ar

ti
al

ly
 b

y
 o

th
er

 

to
m

at
o
 p

la
n
ts

 

Y
es

, 
an

d
 e

g
g
s 

m
ix

ed
 w

it
h
 

ca
st

in
g
s 

Y
es

 

Y
es

 

P
lo

t 
2
C

 

P
o
ta

to
es

, 
n
ea

rb
y
 

T
o
m

at
o
es

 

G
ro

w
n
 d

ir
ec

tl
y
  
  

o
n
 r

o
o
f 

1
2
 i

n
ch

es
 

M
o
is

t 

P
ar

ti
al

ly
 b

y
 o

th
er

 

to
m

at
o
 p

la
n
ts

 

Y
es

, 
an

d
 e

g
g
s 

m
ix

ed
 w

it
h
 

ca
st

in
g
s 

Y
es

 

Y
es

 

P
lo

t 
2
B

 

C
u
cu

m
b
er

, 
S

q
u
as

h
, 

M
el

o
n
, 
Z

u
cc

h
in

is
, 
  
 

C
lo

v
er

 c
o
v
er

 c
ro

p
  
  
 

(j
u
st

 p
la

n
te

d
) 

G
ro

w
n
 d

ir
ec

tl
y
  
  
  
  
  
  

o
n
 r

o
o
f 

1
2
 i

n
ch

es
 

M
o
is

t 

P
ar

ti
al

ly
 s

h
ad

ed
 b

y
 

b
u
il

d
in

g
 

Y
es

, 
an

d
 e

g
g
s 

m
ix

ed
 

w
it

h
 c

as
ti

n
g
s 

Y
es

 

Y
es

 

P
lo

t 
2
A

 

B
ea

n
s,

 P
ea

s,
 R

y
e 

(j
u
st

 

p
la

n
te

d
),

 B
as

il
, 
  
  

C
il

an
tr

o
, 
B

o
ra

g
e,

 

N
as

tu
rt

iu
m

, 
C

al
en

d
u
la

 

G
ro

w
n
 d

ir
ec

tl
y
 o

n
  
  
  
 

ro
o

f 

1
2
 i

n
ch

es
 

M
o
is

t 

P
ar

ti
al

ly
 s

h
ad

ed
 b

y
 

b
u
il

d
in

g
 

Y
es

, 
an

d
 e

g
g
s 

m
ix

ed
 

w
it

h
 c

as
ti

n
g
s 

N
o
n
e 

k
n
o
w

n
 

Y
es

 

  V
eg

et
at

io
n
 

T
y
p
e 

o
f 

G
ar

d
en

 

S
o
il

 D
ep

th
 

Ir
ri

g
at

io
n
 

O
b
se

rv
ed

 S
o
il

 

M
o
is

tu
re

 

S
h
ad

e 

K
n
o

w
n
 e

ar
th

w
o
rm

 

ca
st

in
g
 a

d
d
it

io
n
s 

K
n
o
w

n
 i

n
tr

o
d
u
ct

io
n
  
  

o
f 

ea
rt

h
w

o
rm

s 

K
n
o
w

n
 u

se
 o

f 

v
er

m
ic

o
m

p
o
st

 

 



 34   
 

T
ab

le
 5

. 
S

u
m

m
ar

y
 o

f 
m

ea
su

re
d
 c

o
n
d
it

io
n
s 

fo
r 

p
lo

ts
 3

A
, 
3
B

, 
an

d
 3

C
 o

n
 R

o
o
f 

3
. 

 

P
lo

t 
3
C

 

6
.7

3
 

6
7
.9

4
0
 

1
0
.8

9
7
 

2
.4

0
8
 

0
.9

5
 

3
9
.2

 

2
.5

 

3
 

E
is

en
ia

 e
is

en
i 

o
r 

E
is

en
ia

 f
et

id
a
 

E
p
ig

ei
c 

P
lo

t 
3
B

 

6
.8

8
 

4
9
.7

5
8
 

1
5
.5

0
3
 

1
.1

3
3
 

0
.9

7
 

3
4
.5

 

3
.6

 

0
 

n
/a

 

n
/a

 

P
lo

t 
3
A

 

7
.0

1
 

3
7
.1

8
7

 

1
9
.3

4
8

 

0
.9

0
5

 

0
.9

4
 

2
6

 

3
.4

 

0
 

n
/a

 

n
/a

 

  S
o
il

 p
H

 

S
o
il

 W
at

er
 C

o
n
te

n
t 

(L
o
o
se

ly
 

B
o
u
n
d
) 

(%
) 

S
o
il

 O
rg

an
ic

 C
ar

b
o
n
  
  
  
 

C
o
n
te

n
t 

(%
) 

S
o
il

 C
la

y
 C

o
n
te

n
t 

(%
) 

S
o
il

 T
o
ta

l 
N

it
ro

g
en

 (
%

) 

S
o
il

 A
m

m
o
n
iu

m
 (

p
p
m

) 

S
o
il

 N
it

ra
te

 (
p
p
m

) 

S
o
il

 E
ar

th
w

o
rm

 C
o
u
n
t 

E
ar

th
w

o
rm

 I
d
en

ti
fi

ca
ti

o
n
 

E
ar

th
w

o
rm

 E
co

lo
g
ic

al
  
  
  
 

G
ro

u
p

 

 

Table 8 summarizes the characteristics and conditions present at plots 4A to 4F on roof 4 

gathered from field observations and from the information provided by the agricultural green 

roofs actors. Additional information not included in the table or worth highlighting is that most 

areas of the soils on roof 4 were a couple to a few inches shallower than originally present. The 

soils on roof 4 were also noticeably compact, with soils at plot 4D being the most compact. To 

avoid disturbing the gardens, additions of soil to maintain the depth are minimal. The areas with 

the deepest soil depths, including plots 4C, 4E, and 4F, are the gardens that were planted more 

recently than the gardens with the shallower soils, and included plots 4A, 4B, and 4D.  
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Table 9 summarizes the measured conditions for plots 5A to 5D on Roof 5. All plots on 

roof 5 have organic soils, neutral pH values, a low clay content, and a low water content. There 

were no earthworms found at any plots on roof 5. Soil ammonium levels at all plots on roof 5 are 

high. Soil nitrate levels at plot 5A are also high, with a moderate nitrate level at plots 5B, 5C, 

and 5D. 

 

 

 



 36   
 

T
ab

le
 7

. 
S

u
m

m
ar

y
 o

f 
m

ea
su

re
d
 c

o
n
d
it

io
n
s 

fo
r 

P
lo

t 
4
A

, 
4
B

, 
4
C

, 
4
D

, 
4
E

, 
an

d
 4

F
 o

n
 R

o
o
f 

4
. 

P
lo

t 
4
F

 

6
.7

3
 

2
6
.0

0
3
 

4
.4

0
1
 

8
.6

2
7
 

0
.4

1
 

2
2
.1

 

3
.5

 

2
 

E
is

en
ia

 e
is

en
i 

o
r 

E
is

en
ia

 f
et

id
a
 

E
p
ig

ei
c 

P
lo

t 
4
E

 

6
.8

3
 

2
8
.5

5
1
 

4
.3

6
6
 

6
.3

6
0
 

0
.5

3
 

2
2
 

4
.4

 

3
 

E
is

en
ia

 e
is

en
i 

o
r 

E
is

en
ia

 f
et

id
a
 

E
p
ig

ei
c 

P
lo

t 
4
D

 

6
.7

9
 

1
9
.8

8
4

 

2
.6

9
8

 

1
4
.2

8
2

 

0
.2

9
 

8
.6

 

2
.9

 

0
 

n
/a

 

n
/a

 

P
lo

t 
4
C

 

6
.8

5
 

2
8
.1

2
9

 

3
.8

3
4
 

1
0
.0

8
4

 

0
.3

8
 

1
7
.8

 

4
.6

 

1
 

E
is

en
ia

 e
is

en
i 

o
r 

E
is

en
ia

 f
et

id
a
 

E
p
ig

ei
c 

P
lo

t 
4
B

 6
.8

 

2
4
.1

9
8
 

4
.6

8
8
 

1
1
.3

1
9
 

0
.4

7
 

1
9
.2

 

6
.8

 

0
 

n
/a

 

n
/a

 

P
lo

t 
4
A

 

7
 

2
2
.7

2
9

 

4
.9

2
8

 

8
.0

0
6

 

0
.5

8
 

1
3
.8

 

1
2
.4

 

0
 

n
/a

 

n
/a

 

  S
o
il

 p
H

 

S
o
il

 W
at

er
 C

o
n
te

n
t 

(L
o
o
se

ly
 

B
o
u
n
d
) 

(%
) 

S
o
il

 O
rg

an
ic

 C
ar

b
o
n
  
  
  
 

C
o

n
te

n
t 

(%
) 

S
o
il

 C
la

y
 C

o
n
te

n
t 

(%
) 

S
o
il

 T
o
ta

l 
N

it
ro

g
en

 (
%

) 

S
o
il

 A
m

m
o
n
iu

m
 (

p
p
m

) 

S
o
il

 N
it

ra
te

 (
p
p
m

) 

S
o
il

 E
ar

th
w

o
rm

 C
o
u
n
t 

E
ar

th
w

o
rm

 I
d
en

ti
fi

ca
ti

o
n
 

E
ar

th
w

o
rm

 E
co

lo
g
ic

al
  
  
  
  

G
ro

u
p
 

 

 



 37   
 

T
ab

le
 8

. 
S

u
m

m
ar

y
 o

f 
ch

ar
ac

te
ri

st
ic

s 
an

d
 c

o
n
d
it

io
n
s 

fo
r 

P
lo

t 
4
A

, 
4
B

, 
4
C

, 
4
D

, 
4
E

, 
an

d
 4

F
 o

n
 R

o
o
f 

4
. 

P
lo

t 
4
F

 

C
ab

b
ag

e,
  
  

K
al

e,
 B

ru
ss

el
 

S
p
ro

u
ts

, 

P
er

en
n
ia

ls
 

G
ro

w
n
 d

ir
ec

tl
y
 

o
n
 r

o
o
f 

7
 t

o
 8

 i
n
ch

es
 

D
ri

p
 I

rr
ig

at
io

n
 S

y
st

em
 

M
o
is

t 

P
ar

ti
al

ly
  
  

sh
ad

ed
 b

y
 

b
u
il

d
in

g
s 

Y
es

 

N
o
n
e 

k
n
o
w

n
 

Y
es

 

P
lo

t 
4
E

 

T
o
m

at
o
 a

n
d
  
  

C
h
il

is
 

G
ro

w
n
 d

ir
ec

tl
y
  
  

o
n
 r

o
o
f 

7
 t

o
 8

 i
n
ch

es
 

M
o
is

t 

P
ar

ti
al

ly
 s

h
ad

ed
  
 

b
y
 b

u
il

d
in

g
s 

an
d
  
  

o
th

er
 t

o
m

at
o
 

p
la

n
ts

 

Y
es

 

N
o
n
e 

k
n
o
w

n
 

Y
es

 

P
lo

t 
4
D

 

T
ea

 G
ar

d
en

, 

P
er

en
n
ia

ls
, 

H
er

b
s,

 

T
h
y
m

e 

G
ro

w
n
 d

ir
ec

tl
y
 o

n
 

ro
o

f 

7
 t

o
 8

 i
n
ch

es
, 

d
ee

p
es

t 
so

il
 c

o
re

 

p
o
ss

ib
le

 w
as

 4
 

in
ch

es
, 
in

d
ic

at
es

 

sh
al

lo
w

er
 s

o
il

 d
ep

th
 

th
en

 o
ri

g
in

al
ly

 

p
re

se
n
t 

M
o
is

t 

P
ar

ti
al

ly
 s

h
ad

ed
 b

y
 

b
u
il

d
in

g
s 

Y
es

 

N
o
n
e 

k
n
o
w

n
 

Y
es

 

P
lo

t 
4
C

 

R
ad

is
h
es

 

G
ro

w
n
 d

ir
ec

tl
y
 

o
n
 r

o
o
f 

7
 t

o
 8

 i
n
ch

es
 

S
li

g
h
tl

y
 D

ry
 

P
ar

ti
al

ly
 s

h
ad

ed
 

b
y
 b

u
il

d
in

g
s 

Y
es

 

N
o
n
e 

k
n
o
w

n
 

Y
es

 

P
lo

t 
4
B

 

L
eg

u
m

es
, 
B

ea
n
s.

 

R
o
ta

te
 w

it
h
 G

re
en

s 
 

R
o
o
ts

, 
P

ea
s 

  
  

G
ro

w
n
 d

ir
ec

tl
y
 o

n
 

ro
o

f 

7
 t

o
 8

 i
n
ch

es
, 

d
ee

p
es

t 
so

il
 c

o
re

 

p
o
ss

ib
le

 w
as

 4
 

in
ch

es
, 
in

d
ic

at
es

 

sh
al

lo
w

er
 s

o
il

 d
ep

th
 

th
en

 o
ri

g
in

al
ly

 

p
re

se
n
t 

S
li

g
h
tl

y
 D

ry
 

P
ar

ti
al

ly
 s

h
ad

ed
 b

y
 

b
u
il

d
in

g
s,

 t
re

es
, 
  
 

an
d
 o

th
er

 b
ea

n
 

p
la

n
ts

 

Y
es

 

N
o
n
e 

k
n
o
w

n
 

Y
es

 

P
lo

t 
4
A

 

E
g
g
p
la

n
t 

G
ro

w
n
 d

ir
ec

tl
y
 

o
n
 r

o
o
f 

7
 t

o
 8

 i
n
ch

es
, 

d
ee

p
es

t 
so

il
 c

o
re

 

p
o
ss

ib
le

 w
as

 6
 

in
ch

es
, 
in

d
ic

at
es

 

sh
al

lo
w

er
 s

o
il

 

d
ep

th
 t

h
en

 

o
ri

g
in

al
ly

 

p
re

se
n
t 

D
ry

 

N
o
t 

sh
ad

ed
 

Y
es

 

N
o
n
e 

k
n
o
w

n
 

Y
es

 

  V
eg

et
at

io
n
 

T
y
p
e 

o
f 

G
ar

d
en

 

S
o
il

 D
ep

th
 

Ir
ri

g
at

io
n
 

O
b
se

rv
ed

 S
o
il

 

M
o
is

tu
re

 

S
h
ad

e 

K
n
o
w

n
 e

ar
th

w
o
rm

 

ca
st

in
g
 a

d
d
it

io
n
s 

K
n
o
w

n
 i

n
tr

o
d
u
ct

io
n
 

o
f 

ea
rt

h
w

o
rm

s 

K
n
o
w

n
 u

se
 o

f 

v
er

m
ic

o
m

p
o
st

 



 38   
 

 
T

ab
le

 9
. 
S

u
m

m
ar

y
 o

f 
m

ea
su

re
d
 c

o
n
d
it

io
n
s 

fo
r 

P
lo

t 
5
A

, 
5
B

, 
5
C

, 
an

d
 5

D
 o

n
 R

o
o
f 

5
. 

P
lo

t 
5
D

 

6
.8

8
 

4
6
.6

0
6
 

1
1
.6

7
7
 

4
.9

1
5
 

1
.1

0
 

5
6
.2

 

2
6
.9

 

0
 

n
/a

 

n
/a

 

P
lo

t 
5
C

 

6
.9

8
 

3
7
.8

8
3

 

1
4
.7

6
8

 

3
.6

2
7

 

1
.0

3
 

3
5
.9

 

1
0
.7

 

0
 

n
/a

 

n
/a

 

P
lo

t 
5
B

 

6
.8

4
 

3
7
.4

5
1
 

1
4
.0

8
4
 

3
.6

5
8
 

0
.9

4
 

3
9
.6

 

1
3
 

0
 

n
/a

 

n
/a

 

P
lo

t 
5
A

 

6
.9

4
 

4
4
.3

2
8

 

1
2
.5

9
7

 

3
.7

4
6
 

1
.0

4
 

4
6
 

3
1
.3

 

0
 

n
/a

 

n
/a

 

  S
o
il

 p
H

 

S
o
il

 W
at

er
 C

o
n
te

n
t 

(L
o
o
se

ly
 

B
o
u
n
d
) 

(%
) 

S
o
il

 O
rg

an
ic

 C
ar

b
o
n
  
  
  
 

C
o
n
te

n
t 

(%
) 

S
o
il

 C
la

y
 C

o
n
te

n
t 

(%
) 

S
o
il

 T
o
ta

l 
N

it
ro

g
en

 (
%

) 

S
o
il

 A
m

m
o
n
iu

m
 (

p
p
m

) 

S
o
il

 N
it

ra
te

 (
p
p
m

) 

S
o
il

 E
ar

th
w

o
rm

 C
o
u
n
t 

E
ar

th
w

o
rm

 I
d
en

ti
fi

ca
ti

o
n
 

E
ar

th
w

o
rm

 E
co

lo
g
ic

al
  
  
  

  

G
ro

u
p

 

 

Table 10 summarizes the most relevant information about the characteristics and 

conditions present at plots 5A to 5D on Roof 5 gathered from field observations and from the 

information provided by the agricultural green roofs actors. Additional information not included 

in the table is that the container beds were raised off the roof and there was a space that could be 

seen between the bottom of the container bed and the roof. It was observed that water poured on 

the soil drained easily and quickly through the soil and out from the bottom of the container bed. 

Information was also provided noting the quick drainage of water from the soil and that the soil 

dries out quickly. 
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Table 11 summarizes the measured conditions for plots 6A to 6F on Roof 6. All plots on 

roof 6 have organic soils, neutral pH values, and a low clay content. There is a high water 

content at plots 6A, 6C, 6D, 6E, and 6F, and a low water content at plot 6B. There were no 

earthworms found at plots 6B, and 6E. A few earthworms were found at plot 6C, and many 

earthworms were found at plots 6A, 6D and 6F, with a very high number found at plot 6A. The 

lowest possible taxonomic identification identifies these earthworms as either Eisenia eiseni or 

Eisenia fetida, which are both epigeic earthworms. Soil ammonium levels at plots 6A, 6C, 6D, 

6E, and 6F are high with a moderate level at plot 6B. Soil nitrate levels at plot 6A, and 6C are 

high, with a moderate level at plots 6B, 6D, and 6E, and a low level at plot 6F. 

Table 12 summarizes the most relevant information about the characteristics and 

conditions present at plots 6A to 6F on Roof 6 gathered from field observations and from the 

information provided by the agricultural green roofs actors. Additional information not included 

in the table or worth highlighting is that all crops are rotated on roof 6, including the crops at the 

study plots, with multiple crops being grown throughout a single growing season. Earthworms 

have been seen in the soils on roof 6 by individuals involved with the green roof. All study plots 

on roof 6 had soils which were a couple to a few inches shallower than the 12 inches of soil 

originally present. Plot 6D was indicated to become flooded with water often due a possible 

break in the barrier allowing water from the raised contained next to it to drain into this garden.  

Table 13 summarizes the measured conditions for plots 7A to 7E on Roof 7. All plots on 

roof 7 have organic soils, neutral pH values, a low clay content, and a high water content. There 

were no earthworms found at plots 7C, and 7D, a low amount found at plot 7B, and many found 

at plots 7A, and 7E. The lowest possible taxonomic identification identifies these earthworms as 

either Eisenia eiseni or Eisenia fetida, which are both epigeic earthworms. Soil ammonium 

levels at plots 7D, and 7E are high with moderate levels at plots 7A, 7B, and 7C. Soil nitrate 

levels at plots 7A, 7B, 7C, and 7E are moderate with a low level at plot 7D. 

Table 14 summarizes the most relevant information about the characteristics and 

conditions present at plots 7A to 7E on Roof 7 gathered from field observations and from the 

information provided by the agricultural green roofs actors. Additional information not included 

in the table is that the garden’s structure was consistent with soil mounds where plants were 

grown. The mounded soil was twice as deep as the soil at the bottom of the mounds.  
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4.2. Roof Variability, Within and Between 

 

The sections below will compare results for each parameter using descriptive statistics and 

graphical illustration of the value range for each roof. Within and between roof comparison will 

highlight the extent that results are associated with factors involving the activities and 

characteristics of the individual roof, or other factors. 

4.2.1. pH 

 

Mean pH values for each roof were approximately neutral: 6.71 for roof 1; 6.98 for roof 

2; 6.87 for roof 3; 6.83 for roof 4; 6.91 for roof 5; 6.85 for roof 6; 6.82 for roof 7 (Table A1). 

There is little variation for what is seen within each individual roof since all pH values are 

neutral with the lowest ones approaching slightly acidic with the following coefficients of 

variation: 0.017 for roof 1; 0.018 for roof 2; 0.020 for roof 3; 0.013 for roof 4; 0.009 for roof 5; 

0.011 for roof 6; 0.015 for roof 7 (Table A1). Fig. 1 shows the soil pH value distribution for each 

roof. Roofs 2 to 7 all have closely overlapping value ranges, with all values representing a pH 

from approaching slightly acidic to a neutral pH. Roof 1 has a value range which slightly 

overlaps the pH ranges for roofs 2 to 7. Roof 1 has a slightly more acidic range of pH values; 

however, all values are still neutral to approaching slightly acidic so the between roof variability 

is minimal. 
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Fig. 1. pH content distribution of study plots for each study site. 

 

4.2.2. Soil Water Content 

 

Most mean soil water content percentage values show a high percentage, with a low 

percentage for roof 5 and roof 4: 54.257% for roof 1; 61.987% for roof 2; 51.628% for roof 3; 

24.916% for roof 4; 41.567% for roof 5; 58.085% for roof 6; 67.533% for roof 7 (Table A2). 

There is little variation for what is seen within individual roofs, except for roof 1 and roof 3 

which have a higher within roof variation, with the following coefficients of variation: 0.165 for 

roof 1; 0.084 for roof 2; 0.299 for roof 3; 0.134 for roof 4; 0.111 for roof 5; 0.112 for roof 6; 

0.041 for roof 7 (Table A2). Fig. 2 shows the soil water content value distribution for each roof. 

Roofs 2, and 4 to 7 have small within roof variability. Roof 1 has a larger within roof variability. 

Roof 3 has a very large within roof variability. This matches what is seen with the descriptive 

statistics (Table A2). There is a large between roof variability seen with the value ranges for the 

roofs covering different areas, and a large section of the soil water content value spectrum from 

around 20% to 70% soil water content (Fig. 2). Soil water content results show a strong 
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relationship to individual roofs, indicating effects specific to the roof, such as the green roof 

characteristics or activities occurring on the roof, have a strong influence on the results.  

 

Fig. 2. Water content (loosely bound) distribution of study plots for each study site. 

 

4.2.3. Soil Organic Carbon Content 

 

Most mean soil organic carbon percentage values show a high percentage of organic carbon 

content, except for roof 4 which shows a low percentage of organic carbon content: 13.626% for 

roof 1; 9.227% for roof 2; 15.249% for roof 3; 4.152% for roof 4; 13.281% for roof 5; 11.087% 

for roof 6; 10.362% for roof 7 (Table A3). There is little variation for what is seen within 

individual roofs, except for roof 1 and roof 3 which have higher within roof variation, with the 

following coefficients of variation: 0.226 for roof 1; 0.141 for roof 2; 0.277 for roof 3; 0.193 for 

roof 4; 0.106 for roof 5; 0.095 for roof 6; 0.102 for roof 7 (Table A3). Fig. 3 shows the soil 

organic carbon content value distribution for each roof. Roofs 2, and 4 to 7 have small within 

roof variability. Roof 1 also has a small within roof variability but it is larger than the within roof 
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variability of roofs 2, and 4 to 7. Roof 3 has a large within roof variability. Roofs 1 to 3, and 5 to 

7 all have high soil organic carbon content value ranges. Roof 4 has a low range of soil organic 

carbon content values. Soil organic carbon content results show a strong relationship to 

individual roofs based on the within roof variabilities seen, excluding roof 3, indicating effects 

specific to the roof, such as the green roof characteristics or activities occurring on the roof have 

a strong influence on the results. 

 

Fig. 3. Organic carbon content distribution of study plots for each study site. 

 

4.2.4. Soil Clay Content 

 

Mean soil clay content percentage values show a low clay content: 1.885% for roof 1; 

2.484% for roof 2; 1.482% for roof 3; 9.779% for roof 4; 3.987% for roof 5; 2.596% for roof 6; 

1.244% for roof 7 (Table A4). There is a much higher mean soil clay content for roof 4, but this 

still represents a low soil clay content. Since the range of soil clay content values is not large and 

they are all representative of a low clay content, even where there is a higher within roof 

variability seen with the coefficient of variation, in the context there is little within roof variation 
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in a way that would alter the characteristics of the soil: 0.139 for roof 1; 0.827 for roof 2; 0.546 

for roof 3; 0.285 for roof 4; 0.156 for roof 5; 0.251 for roof 6; 0.058 for roof 7 (Table A4). Fig. 4 

shows the soil clay content value distribution for each roof. Roofs 1 to 3, and 5 to 7 have small 

within roof variability despite high coefficients of variation for roofs 2 and 3 which are due to 

low clay percentages causing a change of a few percent in clay content to be a drastic percentage 

of change. Roof 4 has a larger within roof variability and a higher percentage clay content than 

the other roofs. All roofs have a low percentage of clay in the soil materials. Although all roofs 

show a low percentage clay content, the small within roof variability seen indicates that the clay 

content results have a strong relationship to the individual roof effects such as such as the green 

roof characteristics or activities occurring on the roof.  

It makes sense to observe low clay contents in agricultural green roofs since clay particles are 

very small, they can become compact and they also have a high water retention ability (Taylor, 

1948; Canadian Agricultural Services Coordinating Committee & Soil Classification Working 

Group, 1998). These properties of clay would therefore increase the weight of soil materials 

drastically. Weight restrictions on agricultural green roofs for structural integrity concerns, and 

high material costs to provide support capable of bearing heavier loads prevent the option of 

using high amounts of clay in soils (Peck & Kuhn, 2003). This is different from natural soils 

found in southern Ontario which have higher amounts of clay (Keele, 1924; Allen & Johns, 

1960; Kodama, 1979; Canadian Agricultural Services Coordinating Committee & Soil 

Classification Working Group, 1998). Conventional agricultural fields in the region grown on 

natural soil beds and agricultural green roofs will vary dramatically on interactions and qualities 

involving clay.  
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Fig. 4. Average clay content distribution of study plots for each study site. 

 

4.2.5. Soil Total Nitrogen Content 

 

Mean total nitrogen content percentage values are similar and do not show a high percentage, 

except for roof 4 which has a low total nitrogen percentage: Mean values of 0.99% for roof 1; 

1.36% for roof 2; 0.95% for roof 3; 0.44% for roof 4; 1.03% for roof 5; 1.02% for roof 6; 1.10% 

for roof 7 (Table A5). There is little variation seen within each individual roof considering the 

small range of values for each roof: Coefficients of variation of 0.160 for roof 1; 0.234 for roof 

2; 0.016 for roof 3; 0.238 for roof 4; 0.064 for roof 5; 0.099 for roof 6; 0.116 for roof 7 (Table 

A5). Fig. 5 shows the soil total nitrogen content value distribution for each roof. Roofs 1, and 3 

to 7 have the smallest within roof variability. Roof 2 has a larger within roof variability. Roofs 1, 

3, and 5 to 7 all have a similar total nitrogen content around one percent. Roof 2 has a higher 

range of total nitrogen content values than roofs 1, 3, and 5 to 7, while roof 4 has a low range of 

total nitrogen content values. Overall, all the total nitrogen values are within just over one 
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percent of each other. The small within roof variability observed in the soil total nitrogen content 

results show a strong relationship to individual roofs, such as the green roof characteristics or 

activities occurring on the roof. Most of the total nitrogen in the soils sampled was in the form of 

organic nitrogen. Because the pools of organic nitrogen are so large compared to inorganic 

nitrogen, total nitrogen was used as an indicator of the amounts of nitrogen available in the soil 

matter materials in the analysis. 

 

Fig. 5. Total nitrogen content distribution of study plots for each study site. 

 

4.2.6. Soil Ammonium Content 

 

Mean soil ammonium content values show high amounts of ammonium, except for roof 4 

which has a lower amount of ammonium: 47.1 ppm for roof 1; 53.0 ppm for roof 2; 33.2 ppm for 

roof 3; 17.3 ppm for roof 4; 44.4 ppm for roof 5; 45.3 ppm for roof 6; 33.1 ppm for roof 7 (Table 

A6). There is a large amount of within roof variation seen for soil ammonium content for all 

roofs, except for roof 1 where little within roof variation is seen: Coefficients of variation of 

0.041 for roof 1; 0.191 for roof 2; 0.201 for roof 3; 0.303 for roof 4; 0.200 for roof 5; 0.222 for 

roof 6; 0.239 for roof 7 (Table A6). Fig. 6 shows the soil ammonium content value distribution 

for each roof which matches with the within roof variabilities seen in the descriptive statistics. 

Roof 1 has a small within roof variability. Roofs 2 to 7 have a larger amount of within roof 
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variability. As seen with roof 2 having the highest range of total nitrogen content values, it also 

has the highest range of ammonium content values. There is a high amount of overlap in the 

value ranges for roofs 1, 2, 5, and 6, which have the highest soil ammonium content values. 

There is a high amount of overlap in the value ranges for roofs 3 and 7, which have lower soil 

ammonium content values than roofs 1, 2, 5, and 6. Roof 4 has the lowest value range. The small 

within roof variability seen in the results for soil ammonium content show that roof 1 values 

have a strong relationship to roof effects such as such as the green roof characteristics or 

activities occurring on the roof. The larger within roof variability for roofs 2 to 7 show that the 

relationship between soil ammonium content and roof effects is not as great as seen with roof 1, 

and that other factors not related to the green roof characteristics or activities occurring on the 

roof are influencing the results.  

 

Fig. 6. Ammonium content distribution of study plots for each study site. 

 

4.2.7. Soil Nitrate Content 

 

Mean soil nitrate content values show low amounts of nitrate for roofs 3 and 4, moderate 

amounts for roofs 1, 5, 6, and 7, and a very high amount of for roof 2: 12.7 ppm for roof 1; 63.5 
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ppm for roof 2; 3.2 ppm for roof 3; 5.8 ppm for roof 4; 20.5 ppm for roof 5; 19.2 ppm for roof 6; 

8.1 ppm for roof 7 (Table A7). The coefficients of variation are 0.906 for roof 1; 0.770 for roof 

2; 0.185 for roof 3; 0.609 for roof 4; 0.496 for roof 5; 0.729 for roof 6; 0.271 for roof 7 (Table 

A7). There is a very high amount of within roof variation for roofs 1, 2, 5, and 6 (Table A7). 

Although there is also a very high coefficient of variation for roof 4, the range of values is not as 

large as with roofs 1, 2, 5, and 6, so the within roof variability is not as high (Table A7). There 

are also higher coefficients of variation (not as high as for the other roofs) for roofs 3, and 7, but 

the actual range of values is not large and there is small within roof variability (Table A7; Fig. 

7). Fig. 7 shows the soil nitrate content value distribution for each roof. Roofs 3, 4 and 7 have 

small within roof variability. This is not what is seen with the descriptive statistics for roof 4 

which indicate a high within roof variability. The values for roof 4 are all within the low soil 

nitrate content range, so the within roof variability, although statistically large, is small within 

the spectrum. Roofs 1, 2, 5, and 6 have larger within roof variability than roofs 3, 4, and 7. Roof 

2 has a very high amount of within roof variability. Roofs 3, 4 and 7 have the lowest value 

ranges and overlap each other largely. Roof 1 has a higher range of values than roofs 3, 4, and 7, 

and partially overlaps the range for roofs 3, 4, and 7 and the range for roofs 2, 5, and 6. Roofs 5, 

and 6 have a range of values that overlap each other largely and which are higher than roofs 1, 3, 

4, and 7, and partially overlap the ranges of roofs 1, 2, 4, and 7, and on their higher end roof 2. 

Roof 2 has the highest range of values for nitrate, just as it does for total nitrogen content and 

ammonium content. The small within roof variability seen in the results for soil nitrate content 

shows that values for roofs 3, 4, and 7 have a strong relationship to individual roof effects such 

as the green roof characteristics or activities occurring on the roof. The larger within roof 

variability seen with the soil nitrate content values for roofs 1, 2, 5, and 6 shows that the 

relationship between soil nitrate content results and individual roof effects are not as great as 

seen with roof 3, 4, and 7. For roof 2, the results show very little of the results for nitrate values 

can be attributed to individual roof effects. 
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Fig. 7. Nitrate content distribution of study plots for each study site. 

 

4.2.8. Earthworm Count 

 

Mean earthworm count values show a low number for roofs 1, 3, and 4, a higher number 

for roof 7, and the highest numbers for roofs 2, and 6 while there were no earthworms found on 

roof 5: 0.6 for roof 1; 20.2 for roof 2; 1.0 for roof 3; 1.0 for roof 4; 0 for roof 5; 10.8 for roof 6; 

4.4 for roof 7 (Table A8). All the roofs show a high within roof variation (except roof 5 where no 

earthworms were found), which can become high easily especially with lower numbers since 1 

or 2 individuals can lead to a large difference between plots: Coefficients of variation of 1.491 

for roof 1; 0.612 for roof 2; 1.732 for roof 3; 1.265 for roof 4; 0 for roof 5; 1.284 for roof 6; 

1.166 for roof 7 (Table A8). Fig. 8 shows the earthworm count value distribution for each roof. 

There were no earthworms found on roof 5. Roofs 1, 3, and 4 have small within roof variability. 

Roof 7 has a higher amount of within roof variability than roofs 1, 3, and 4. Roofs 2 and 6 have a 

large amount of within roof variability. Roofs 1, 3, and 4 earthworm count results indicate a 

relationship to the individual roof effects such as characteristics and activities. The larger within 

roof variability seen in the earthworm count results for roofs 2, 6, and 7 indicate that the 

relationship between results and individual roof effects such as such as the green roof 
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characteristics or activities occurring on the roof is weaker and that other factors are influencing 

the results. 

 

Fig. 8. Earthworm count distribution of study plots for each study site. 
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5. Discussion 

 

5.1. Eisenia eiseni and Eisenia fetida 

 

All the earthworms found in this study were identified to the lowest possible taxonomic 

identification as either Eisenia eiseni or Eisenia fetida, which are both epigeic earthworms. This 

supports with the hypothesis that epigeic earthworms were expected to be amoung the types of 

earthworms found, and anecic earthworms were not. However, no endogeic earthworms were 

amoung the earthworms found, so no support for their possible presence in agricultural green 

roofs is presented in this study. The earthworms are more likely Eisenia fetida since they are 

commonly used in vermicompost applications which are a common application in agriculture, 

including most of the agricultural green roofs in this study (Tripathi & Bhardwaj, 2004; Römbke 

et al., 2005; Siddique et al., 2005; Addison, 2009; Eijsackers, 2011). The Eisenia eiseni and 

Eisenia fetida earthworms are small, in this study the contracted lengths measured between 

1.1cm and 4.6cm. Eisenia eiseni and Eisenia fetida have a red pigmentation over their whole 

body. The characteristic yellow banding in the intersegmental grooves that indicates Eisenia 

fetida species of earthworms was not found, however this will not always be present and can 

only confirm and not exclude the earthworm identity as being Eisenia fetida, especially with 

juveniles (Hale, 2013).  

Soil condition preferences of Eisenia eiseni and Eisenia fetida earthworms can be 

expected to further define the original hypothesis of this study involving when earthworms are 

expected to be found, and when they are expected to be deterred. Conditions matching the 

preferences of Eisenia eiseni and Eisenia fetida are expected to be associated with the presence 

and increase in earthworm populations, and conditions outside of these preferences are expected 

to be associated with a decrease or absence of earthworm presence. The range of pH values 

preferred by Eisenia eiseni and Eisenia fetida are similar, with both experiencing optimal 

conditions between weakly acidic and slightly above neutral pH, which is a pH range of about 5 

to 9, with an optimal pH around 7 (Kaplan et al., 1980; Trigo et al., 1989; Tripathi & Bhardwaj, 

2004; Römbke et al., 2005; Siddique et al., 2005; Addison, 2009; Eijsackers, 2011). The 

earthworm species most likely found in this study, Eisenia fetida, inhabit soils with a high soil 

water content with preferences studied to begin closer to 60% and end shortly after 80%, after 



 57   
 

which soils become water logged and anaerobic (Kaplan et al., 1980; Neuhauser et al., 1980; 

Reinecke & Venter, 1987; Tripathi & Bhardwaj, 2004; Siddique et al., 2005). A high level of 

organic carbon is the preferred environment for the earthworm species found, Eisenia eiseni or 

Eisenia fetida, especially the most likely species Eisenia fetida which is found in compost and 

manure (Römbke et al., 2005; Siddique et al., 2005; Addison, 2009; Eijsackers, 2011).  

Epigeic earthworms do not burrow and therefore can not survive winter cold conditions 

through burrowing and insulating themselves in deeper soils (Holmstrup, 2003). Most 

earthworms are not tolerant of below freezing temperatures (Meshcheryakova & Berman, 2014). 

The cocoons of earthworms can possibly tolerate below freezing temperatures by making use of 

a dehydration mechanism and decreasing ice crystallization of their high water contents 

(Holmstrup, 2003; Meshcheryakova & Berman, 2014). Even though the most likely species 

found in this study, Eisenia fetida does have the ability to dehydrate their cocoons to levels 

similar to other earthworm’s cocoons that can survive below freezing temperatures, Eisenia 

fetida cocoons have not been seen to survive temperatures below freezing (Meshcheryakova & 

Berman, 2014). It could be possible that the dehydration necessary to survive freezing 

temperatures could be lethal to Eisenia fetida earthworms (Holmstrup, 2003; Meshcheryakova & 

Berman, 2014). The earthworms found in agricultural green roof soils most likely would be 

reintroduced at some point during the growing season in seasons they are present since the 

earthworm populations and cocoons from the previous season would not survive over winter. To 

make use of epigeic earthworms in the agricultural green roofs soils, it would follow that each 

growing season populations would have to be actively introduced to the gardens. Although 

epigeic earthworms are the smallest ecological class of earthworms, they still increase the 

amount of bioavailable nitrogen in soils (Tripathi & Bhardwaj, 2004; Suthar, 2008; Kawaguchi 

et al., 2011). They do not increase the amount of bioavailable nitrogen in soils as high as larger 

anecic earthworms (Suthar, 2008). Aside from larger size of anecic earthworms compared to 

epigeic earthworms, differences which anecic earthworms display are differing microbial gut 

communities, and an increase in favourable habitat conditions and organic materials for 

decomposing microbes in their burrows (Suthar, 2008). These features are suspected to 

contribute to the increased bioavailable nitrogen associated with anecic earthworm presence 

compared to epigeic earthworms presence (Suthar, 2008). 
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5.2. Earthworm Presence in Agricultural Green Roofs 

 

 This section discusses the relationship between the parameters studied and the presence 

of earthworms in the agricultural green roof soils.  

5.2.1. Soil pH 

 

The pH values for all sample plots were neutral or close to slightly acidic. There is not a 

range of pH values within which Eisenia eiseni or Eisenia fetida earthworm presence should be 

deterred, pH values outside of 5 and 9, supporting the updated hypothesis based on the 

earthworms found (Fig. 9).  Earthworm presence was hence not deterred by highly acidic or 

alkaline soils for the agricultural green roof soils sampled. 

 

Fig. 9. Influence of soil pH on earthworm count at sampled study plots. 

 

5.2.2. Earthworm Abundance Multiple Regression Analysis 

 

A multiple regression analysis was performed to determine if the agricultural green roof soil 

parameters of soil water content, soil organic carbon content, soil depth, and soil total nitrogen 

content could predict the variation seen in earthworm abundance. The analysis produced a R 

square value (coefficient of determination) of 0.495, and a p-value of < 1.0x10-4 (Table C.3a). 

This indicates that 49.5% of the variability seen with earthworm abundance can be explained by 
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the remaining explanatory variables after analysis which are soil water content, soil organic 

carbon content, and soil depth, and that the relationship is statistically significant. The p-values 

at the end of analysis for each variable from the most to the least significant were 5.0x10-4 for 

soil water content, 0.011 for soil organic carbon content, and 0.018 for soil depth (Table C.3b). 

Soil total nitrogen content was not a significant predictor of earthworm abundance. 

5.2.2.1. Soil Water Content 

 

In the multiple regression model, soil water content was the most significant predictor of 

earthworm presence measured; p-value of 5.0x10- 4 (Table C.3b). Low soil moisture contributes 

to the inability of earthworm populations to survive in agricultural green roof soils. On roof 5 

this could have contributed to why earthworms were not found, the soils have increased drainage 

and had lower soil water contents (Table 9; Table 10). On roof 3 this could have contributed to 

why earthworms were not found at plots 3A and 3B because of a lower soil water content (Table 

5). Plot 3C had a higher soil water content and earthworms were present (Table 5). This was 

possibly due to the growth of tomatoes at plot 3A and peppers at plot 3B which have a high-

water requirement (Table 6). Plot 3C was highly shaded whereas plot 3A had no shade and 3B 

had partial shade which would lead to higher evaporation at lot 3A and 3B (Table 6). On roof 4 a 

low soil water content at all the study plots could have contributed to why there were a low 

amount, or no earthworms found at the study plots (Table 7). At several study plots throughout 

the study that made use of drip irrigation or similar systems there was a noticeably biased 

emergence of earthworms right next to or the closer the proximity to the water source. This 

further supports the results that earthworm presence in the agricultural green roofs studied was 

associated with whether there was a high enough water content in the soils. The soil water 

content preference of Eisenia fetida is around 60% to shortly after 80%, and this is what is seen 

in this study, earthworm populations increase once soil water content is close to 60% and 

remains higher at around 70% supporting the updated hypothesis based on the earthworms found 

(Fig. 10). The upper end of the preferred range of soil water content for Eisenia fetida was not 

seen in this study, so the affect of water logged soils on the earthworm populations was not 

observed here. 



 60   
 

 

 

Fig. 10. Influence of soil moisture content on earthworm count at sampled study plots. 

 

5.2.2.2. Soil Organic Carbon Content 

 

Earthworm presence increased with increasing soil organic carbon content. In the multiple 

regression model, organic carbon content was the second most significant predictor of 

earthworm presence measured; p-value of 0.011 (Table C.3b). Most of the sampled agricultural 

green roof soils had high levels of organic carbon content which is the preference of the species 

found, Eisenia eiseni and Eisenia fetida (Fig. 11). The study plots on roof 4 had lower amounts 

of organic carbon possibly due to the limited soil renewal applications, which could have 

introduced a carbon limitation and a reduction in earthworm populations (Table 7; Fig. 11). For 

the other roofs there was plenty of organic material for earthworms to consume; there was not an 

organic carbon content limitation preventing earthworm populations from existing. What is seen 

here supports the updated hypothesis expectations based on the earthworms found. At roofs 

where there was a high enough organic carbon content available for earthworms, but where 

earthworms were not present, other factors could have prevented the earthworms from 

populating these soils (Fig. 11). Roof 1 is such a case, but there have been no known 

introductions of earthworms through use of earthworm castings, direct earthworm addition, or 

the use of vermicompost (Table 1; Table 2). Plots 3A and 3B on roof 3 also have high organic 

carbon contents but no earthworms were found, which could have been due to their lower soil 
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water contents (Table 5). There is a similar situation at roof 5, which has high organic carbon 

content, but low soil water content and no earthworms (Table 9). Plots 6B and 6E on roof 6 also 

have high organic carbon contents, but low soil water contents, and no earthworms present 

(Table 11). Plots 7C and 7D on roof 7 have high organic carbon content, and have a high soil 

water content, but earthworms are still not present at these plots even though earthworms are 

found at the other plots on this roof; 7A, 7B, and 7E (Table 13). There is some drip irrigation at 

plots 7A, 7B, and 7E along with irrigation from oscillating sprinklers, however at plots 7C and 

7D there is no drip irrigation and only oscillating sprinklers as a supplemental source of 

irrigation aside from rain (Table 14). The frequency of irrigation with the oscillating sprinklers 

(unknown) could be affecting the ability of earthworms to inhabit this soil, whereas drip 

irrigation has the ability, depending on operator usage, to efficiently keep soil water conditions 

moist more consistently (Table 14).  

 

Fig. 11. Influence of soil organic carbon content on earthworm count at sampled study plots. 
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5.3.1. Earthworm Abundance and Ammonium Multiple Regression Analysis 

 

A multiple regression analysis was performed to determine if earthworm abundance could 

predict variation seen in ammonium content considering the agricultural green roof soil 

parameters of soil water content, soil organic carbon content, soil total nitrogen content, and soil 

depth. The analysis produced a R square value of 0.965, and a p-value of < 1.0x10-4 (Table 

C.4a). This indicates that 96.5% of the variability seen with ammonium content can be explained 

by the remaining explanatory variables after analysis which are soil water content, soil depth, 

and earthworms count, and that the relationship is statistically significant. The p-values at the 

end of analysis for each variable from the most to the least significant were <1.0x10-4 for soil 

water content, <1.0x10-4 for soil depth, and 0.051 for earthworm count (Table C.4b). Soil organic 

carbon content and total nitrogen content were not significant predictors of soil ammonium 

content. 

5.3.1.1. Soil Water Content and Ammonium 

 

In the multiple regression model, soil water content was the most significant predictor of 

earthworm presence measured; p-value of <1.0x10-4, along with soil depth which had the same 

p-value. (Table C.4b). Soil water content in the soils sampled is associated with a higher soil 

ammonium content (Table C.4b; Fig. 12). Without enough water, soils are not as habitable to 

earthworms and microbes, and activity also slows down (Drury et al., 2003; Paul et al., 2003; 

Curtin et al., 2012). Increased water content can support increased earthworm populations and 

activity levels of earthworms as well as other decomposers allowing for more conversion of 

organically bound nitrogen to ammonium (Drury et al., 2003; Paul et al., 2003; Curtin et al., 

2012). This relationship of an increasing soil ammonium content with increasing soil water 

content is seen in the results (Fig. 14). There is a plateau in this relationship however beginning 

around the 50 to 65 percent range (Fig. 14). This can be due to optimal soil water conditions 

being reached, and above which there could be anaerobic conditions increasing with increasingly 

flooded soils, since oxygen is not as soluble in water as it in in air, leading to a lower saturation 

of oxygen in the soils, but this condition was not clearly reached in this study (Drury et al., 2003; 

Paul et al., 2003; Curtin et al., 2012). Aerobic conditions are required for earthworms and other 

decomposers. Although the breakdown of organic materials to release ammonium is not 
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exclusively aerobic, aerobic processes eventually start to decrease with the increased flooding of 

soils and the slower anaerobic processes may not keep the same rate of ammonium production 

(Drury et al., 2003; Paul et al., 2003; Curtin et al., 2012). Looking at the study plots which had a 

high soil water content and a high soil ammonium content 4 had no earthworms present (plots 

1A, 1B, 6E and 7D), 4 had a low amount of earthworms present (plots 1C, 1D, 3C, and 7B), 1 

had a moderate amount of earthworms present (plot 6C), and 10 had a high amount of 

earthworms (plots 2A, 2B, 2C, 2D, 2E, 6A, 6D, 6F, 7A, and 7E). The majority of these plots 

with a high water content and a high ammonium content had earthworms present;15 out of 19 

plots. Additionally, anaerobic conditions would prevent the nitrification of ammonium into 

nitrate, maintaining ammonium pools in the soil. 

 

Fig. 12. Influence of soil moisture content on soil ammonium content at sampled study plots. 

 

5.3.1.2. Earthworm Count and Ammonium 

 

In the multiple regression model, earthworm abundance was a marginally-significant 

predictor of ammonium content and was the third most significant predictor measured; p-value 

of 0.051 (Table C.4b).  This supports the hypothesis that an increase in ammonium will be seen 

with the presence of earthworms (Table C.4b; Fig. 13). This suggests that earthworm feeding, 

and egestion are breaking down organically bound nitrogen into ammonium increasing the 
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amounts available to plants. There is not a consistent increase in ammonium with increasing 

number of earthworms however.  

There is a small within roof variability in soil ammonium content on roof 1 compared to the 

larger within roof variability for soil ammonium content seen for roofs 2 to 7 (Fig. 6). Roof 1 

applied fertilizers and compost one or two times in the two most recent growing seasons. The 

latest application was in late September of the sampling year, 2015. This would have led to an 

increased ammonium level. There were only a couple of earthworms found at plots 1C and 1D, 

indicating low presence and less attribution of any increase in nitrogen inputs to their activities.  

Roof 2 applies compost and earthworm castings annually. The agricultural green roof actors 

involved with maintaining the gardens on roof 2 have observed earthworm presence in all the 

agricultural green roof gardens on the roof. This is supported by the results of this study which 

found an abundance of earthworms at every study plot. The ammonium levels were high at every 

study plot which results indicate has a positive relationship to earthworm’s activities, and to the 

inputs to the soil every growing season.  

Roof 3 applies additional soil mixes containing fertilizers every year, and applied compost 

during the 2015 growing season. Study plots 3B and 3C had notably high ammonium levels, 

with plot 3C having the highest, and being the only study plot on roof 3 where earthworms were 

found. Earthworms activities can be contributing to increased ammonium levels here compared 

to the other 2 study plots where earthworms were not found.  

Roof 4 does not have high ammonium levels; however, there are the highest ammonium 

levels at study plots 4C, 4E, and 4F which are the plots where earthworms have been found. The 

exception is study plot 4B which has similar level of ammonium to plots 4C, 4E, and 4F. This 

may be attributed to legumes being grown in this area which can fix nitrogen and increase the 

nitrogen levels in the soil. It can also be noted that the gardens at study plots 4C, 4E, and 4F 

were constructed more recently than the gardens at study plots 4A, 4B, and 4D indicating a 

combination of increased nutrients in the newer soils, and decreased ability for earthworms to 

survive overtime leading to the resulting ammonium level patterns seen at this roof.   

On roof 6 study plots 6A, 6C, 6D, 6E, and 6F all have high levels of ammonium. At these 

study plots, except for plot 6E, earthworms were present, with an abundance of earthworms 
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present at plots 6A, 6D, and 6F. These results support a positive relationship to earthworm’s 

activities and increased ammonium. Since plot 6E is used to grow tomatoes, carrots and 

eggplants which have high nutrient needs, maintenance may require additional nutrient inputs to 

soil to keep the plants yielding fruit and this may lead to the similar levels of ammonium here 

compared to the other plots where earthworms were found. Plot 6B does not have a high level of 

ammonium but the level of ammonium here is not low either, which may be attributed to the 

growth of legumes in this area which fix nitrogen and can increase the nitrogen levels in the soil.  

Roof 7 has high levels of ammonium at plots 7A, 7B, 7D, and 7E. With the exception of plot 

7D, earthworms were found at these study plots with an abundance of earthworms at plots 7A. 

These results show a positive relationship between earthworms and increased ammonium levels. 

Study plot 7D did however have the highest ammonium level for roof 7, the soil amendments 

made are unknown but may have influenced this result. Earthworms sampling may not have 

emerged all earthworms from the study plots, and earthworms habiting the general area and that 

may be influencing ammonium levels may move in and out of the area. 

 

Fig. 13. Influence of earthworm count on soil ammonium content at sampled study plots. 
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5.3.2. Clay Content and Ammonium 

 

Regression statistics for the relationship between soil clay content and soil ammonium 

content produces a R square value of 0.336, a F statistic of 16.210, and a p-value of 3.254x10-4 

(Table C.1a; Table C.1b). Results show that there is a statistically significant relationship 

between clay content on ammonium content. It is seen that there is a decreasing amount of 

ammonium with an increasing clay content (Fig. 14). This is not what would be expected, since 

the clay will bind ammonium ions holding them in the soil (Kothawala & Moore, 2009). The 

range of soil clay content values still amount to a low level of clay in the spectrum, so the limited 

view of the relationship over the spectrum may mask the true relationship. 

 

 

Fig. 14. Influence of clay content on soil ammonium content at sampled study plots. 
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agricultural green roof soils. 

 

 

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14 16

A
m

m
o

n
iu

m
 N

it
ro

ge
n

 (
N

H
₄⁺

) 
(p

p
m

)

Average Clay Content (%) (0.01 to 6.606934 µm)



 67   
 

5.4.1. Earthworm Abundance and Nitrate Multiple Regression Analysis 

 

A multiple regression analysis was performed to determine if earthworm abundance could 

predict variation seen in nitrate content considering the agricultural green roof soil parameters of 

soil water content, soils organic carbon content, soil total nitrogen content, soil ammonium 

content, and soil depth. The analysis produced a R square value of 0.746, and a p-value of 

<1.0x10-4 (Table C.5a). This indicates that 74.6% of the variability seen with soil nitrate content 

can be explained by the remaining explanatory variables, soil water content, soil organic carbon 

content, and soil total nitrogen content, and that the relationship is statistically significant. The p-

values at the end of analysis for each variable from the most to the least significant were 

<1.0x10-4 for soil total nitrogen content, 3.0x10-4 for soil organic carbon content, and 2.8x10-3 

for soil water content (Table C.5b). Earthworm count, soil ammonium content, and soil depth 

were not significant predictors of soil nitrate content. 

5.4.1.1. Soil Water Content and Nitrate 

 

In the multiple regression model, soil water content was the third most significant predictor 

of nitrate content measured; p-value of 2.8x10-3 (Table C.5b). Increasing soil water content in the 

soils sampled is associated with a higher soil nitrate content (Table C.5b; Fig. 15). This is 

possibly in response to the relationship seen with ammonium, an increasing ammonium content 

with increasing soil water content, with additional ammonium being available as a source for 

nitrification. However, ammonium was removed as an explanatory variable for what is seen with 

nitrate content in the multiple variable analysis. Increases in aerobic activity with increased soil 

water content (before water logged, anaerobic soils occur) mentioned previously may also be 

contributing to the increased nitrate content seen with increasing soil water content (Drury et al., 

2003; Paul et al., 2003; Curtin et al., 2012). 
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Fig. 15. Influence of soil moisture content on soil nitrate content at sampled study plots. 

 

5.4.1.2. Total Nitrogen and Nitrate 

 

In the multiple regression model, soil total nitrogen content was the most significant 

predictor of nitrate content measured; p-value of <1.0x10-4 (Table C.5b). Increasing soil total 

nitrogen content in the soils sampled is associated with a higher soil nitrate content (Table C.5b; 

Fig. 16). This could indicate that nitrogen inputs to soils are attributing to increased amounts of 

nitrate produced due to more source materials.  
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Fig. 16. Influence of soil total nitrogen content on soil nitrate content at sampled study plots. 
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nitrogen cycling make measurement of exact transformations difficult without continuous 

measurement of different nitrogen products. 

 

Fig. 17. Influence of soil ammonium content on soil nitrate content at sampled study plots. 
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leading to and increased uptake of ammonium by plants due to lower pools of nitrate, decreasing 

the soil ammonium content. The range of clay content values is still low, so the influence of clay 

content on what is seen with ammonium content and nitrate content in the soils would not be 

extensive. 

 

Fig. 18. Influence of clay content on soil nitrate content at sampled study plots. 
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inputs of these epigeic earthworms may be diluted in large volumes of soil in conventional 

agricultural fields, where large populations of epigeic earthworms would be needed to produce 

an influential effect. In the agricultural green roof soils, the number of epigeic earthworms found 

were associated with statistically significant increases in bioavailable nitrogen in the form of 

ammonium in the soils. The volumes of soil here are much less than in conventional agricultural 

fields, so inputs into the soil do not become as diluted, and fewer inputs can therefore produce 

stronger effects than they would in a large agricultural field. The shallow soils in agricultural 

green roofs also restrict the ability of many earthworms to inhabit these soils due to their 

behaviours and habitats requiring deeper soils, but this habitat trait is well suited to epigeic 

earthworms. This leads to the idea that this micro habitat can support micro populations of 

earthworms, and in turn these micro populations of earthworms can provide inputs which match 

the scale of the environment they are in. The smaller the environment, the more sensitive it is to 

small changes (Oberndorfer et al., 2007; Buffam & Mitchell, 2015). The different categories of 

parameters are more easily fluctuated between, as the amounts required to change the 

measurements decreases (Oberndorfer et al., 2007; Buffam & Mitchell, 2015). The increased 

bioavailable nitrogen associated with epigeic earthworms seen in the results here could be 

providing bioavailable nitrogen capable for meeting the nutritional needs of the plants grown in 

agricultural green roof soils. In order to precisely define the magnitude of this possibility, further 

study into the bioavailable nitrogen input associated with these earthworms, and the rise in soils 

and plant yields associated with different amounts of inputs from these earthworms would need 

to be quantified.  
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6. Limitations 

 

This was not a longitudinal study, sampling took place on a single date for each study 

site. The sampling was done in the Fall of 2015, the time period between September 2015 to the 

beginning of November 2015. The results are static and do not show dynamics or long-term 

patterns. The results also show measurements for the near end or end of the growing season for 

agricultural crops. The end of the growing season is a time after a growing season of plant uptake 

of nutrients from soils, and permanent removal through harvesting of crops. No sampling was 

done during a spring growing season which is the other time that earthworm activity is high. 

Spring is also the beginning of the growing season, before a long period of plant removal of 

nutrients from the soils.  

In order to see what the agricultural green roofs status was, a field study approach was 

employed. Carrying out a field study was ideal for the exploratory approach taken to observe the 

concepts of concern in a setting where they have not been studied. The extent of extrapolation of 

the relationships between the variables studied from other environments to agricultural green 

roofs is unknown and will not be quantified fully here. This study looked at whether there is a 

positive association between earthworms and bioavailable nitrogen in the agricultural green roof 

setting as has been seen to exist elsewhere including in agricultural practices. This study also 

looked at other factors at the agricultural green roofs that are possibly contributing to what is 

seen with earthworm presence, bioavailable nitrogen levels, and the association between them. 

Controlled laboratory experiments to further define the exact nature of the relationships being 

observed are a future endeavour which can benefit from accurate information about the 

agricultural green roof conditions that are seen in the current applications and insight about 

whether the relationships examined are supported in this setting and what may be contributing to 

this. 

The amount of study plots depended on the access to the roof. Site visits needed to be 

coordinated on a day meeting the study criteria, and during a time where someone could provide 

access to the roof and secure the roof after the visit. There was more time available to sample 

certain study sites than others due to people’s schedules, especially if the visits required 

supervision. This led to the ability to sample more study plots from some study sites when the 

site visit was longer, than others where the visits were shorter.  
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There were some concerns about sampling earthworms and soils from the agricultural 

green roofs from the actors involved including over invasive removal of soil, and not wanting to 

remove earthworm populations from the soils permanently. These concerns had to be considered 

in determining which methods were used for the study. Some earthworms had to be identified on 

site during the visit, with pictures taken for later reference, so the earthworms cold be returned to 

the soils after. The soils were shallow, and within the 35 cm by 35 cm study plots a large amount 

of soil could not be removed for analysis so as not to be too invasive to the gardens. This 

affected what field and laboratory methods could be used, and at times including particle size 

analysis, ammonium testing, and nitrate testing, methods requiring smaller amounts of soil were 

favoured compared to methods requiring larger amounts of soil. 

Soil depths within the study plots were estimated by the average of the depths of the soil 

cores taken within the plot. Depths not only varied between roofs, but within a study plot, and 

between study plots on the same roof. The volumes of soil were not measured in this study. 

Earthworm count data in this study therefore was not corrected for by soil volume differences. 

Agricultural green roofs to be included in the study were limited not only by the study 

site characteristics criteria, but also to the agricultural green roofs where contacts could be 

reached, and visits arranged during the field work time period. Some agricultural green roofs 

could not be sampled because the correct contacts could not be reached to arrange access to the 

gardens. This also affected the information that could be gathered about the agricultural green 

roofs during the survey since some actors did not have access to all the information asked about 

or could not be reached about completing the full survey during the study period. The 

agricultural green roof actors vary in how closely they work with the gardens and knowledge 

about activities and maintenance in the gardens. Some agricultural green roofs actors also made 

use of more involved practices and assessments than others, applying more tailored techniques to 

meet the needs of specific gardens than others. Information was more readily available in some 

cases compared to others. Specific information about nutrient loadings was not available for all 

the study sites. Exact amounts of ammonium and nitrate that can be attributed to certain sources 

were not able to be determined. It was not possible to determine exact amounts of ammonium 

and nitrate sourced from the breakdown of organic materials associated with earthworm activity. 
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A longer term study monitoring the amount of nitrogen from different sources and 

transformations in soils would need to be undertaken to obtain quantifiable amounts. 
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7. Conclusion 

 

7.1. Earthworms Establishment in Agricultural Green Roof Soils 

 

Earthworms were found in the agricultural green roof soils of all the roofs studied except for 

roof 5. Some populations were found in low numbers, but some roofs had a high number of 

earthworms in the soils. Although theoretically possible for epigeic or endogeic earthworms to 

inhabit the soils of the green roofs based on soil depth, only epigeic earthworms were found. All 

earthworms found were either Eisenia eiseni or Eisenia fetida, which are commonly used in 

vermicompost (Tripathi & Bhardwaj, 2004; Römbke et al., 2005; Siddique et al., 2005; Addison, 

2009; Eijsackers, 2011). This suggests that they came with the soil materials or through the 

vermicompost that some roofs have made use of. For the roofs studied there was no lack of 

organic carbon except for at roof 4 which could have introduced a carbon limitation for 

earthworms and contributed to the low number found on this roof. All soils had a pH that was 

neutral with the lowest values approaching slightly acidic. These conditions are supportive of the 

earthworms’ found, Eisenia eiseni or Eisenia fetida, ability to inhabit these soils since it is within 

their pH preference of 5 to 9. The soils at roof 4 had lower organic carbon contents, and the pH 

measurement could be higher than the actual pH of the soil samples due to the 1:4 ratio applied 

for organic soils. Earthworm presence was strongly associated with soil water content. Soils with 

a low soil water content were seen to have a lower number or no earthworms and would have 

deterred earthworm presence in the soils studied. Shallow soils also could have deterred 

earthworm presence as there were less or no earthworms at some of these shallower sites. The 

conditions that deterred earthworm presence would need to be remedied if incorporating 

earthworms in agricultural green roof practices were to be applied successfully. Earthworm 

populations would need to be reintroduced each growing season if the earthworms found, 

Eisenia eiseni or Eisenia fetida, are being used as a method of improving nitrogen availability to 

plants since they do not survive successfully over winter (Meshcheryakova & Berman, 2014). 

7.2. Earthworms and Bioavailable Nitrogen 

 

Results showed an increased level of bioavailable nitrogen in the soils where earthworms are 

present, with a statistically significant higher ammonium level. Earthworms being associated 
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with increased levels of ammonium was supported by the results of this study. Earthworms 

associated with increased levels of nitrate was not supported by this study. The practice of using 

earthworms in conventional agriculture, to increase soil fertility in terms of increasing the 

bioavailable nitrogen, could be a possibility in agricultural green roofs based on results but needs 

further study to better define how much of the inputs are due to earthworms. The extent of the 

benefits needs further exploration to determine if the amounts of bioavailable nitrogen provided 

by the practice of populating the soils with earthworms meets the needs of the plants. The higher 

ammonium levels did not always translate into higher nitrate levels which is the most readily 

available form of nitrogen to plants. Whether this is due to the successful uptake of nitrate by 

plants, the conditions preventing the conversion of ammonium to nitrate, high rates of 

ammonium removal from soils, or high nitrate pools obscuring the relationship can be 

investigated in the future. 

7.3. Earthworms and Soil Fertility in Agricultural Green Roofs 

 

The agricultural green roof soils are more confined than the soils of conventional agricultural 

fields in terms of depth and area coverage of the gardens. There were earthworms found in the 

agricultural green roof soils, but these were only smaller-sized earthworms from one ecological 

group and smaller populations than populations that can be supported in conventional 

agricultural fields with greater volumes of soils material. Although the total output of benefits is 

less from these smaller populations of earthworms, the soil habitat they are in is also much less 

expansive. In comparison to conventional agricultural fields, the idea arises that agricultural 

green roofs are like a micro-habitat hosting a micro-population of earthworms, with possibly less 

nutritional inputs required to maintain a fertile environment. What is known is that in some 

circumstances there is a possibility of supporting some amount of earthworm population in these 

agricultural green roofs soils, since their presence was widely seen in this study. Performing tests 

to determine if other earthworms would be able to survive in these soils would increase this 

knowledge. Results support that earthworms are associated with raised levels of bioavailable 

nitrogen in the soils of agricultural green roofs, but do not determine how much they contribute 

to this rise. The usefulness of applying this practice in agricultural green roofs requires further 

study to determine whether the inputs of bioavailable nitrogen from this application would be 

suitable to meet plant’s needs, require supplemental strategies in conjunction to reach nutritional 
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goals, or are not efficient enough to have a meaningful impact on supporting plant life in the 

agricultural green roofs.  
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Appendices 

 

Appendix A. Parameter Summary 

 

Table A1 to Table A8 list the descriptive statistics of a single parameter for each roof. 

A.1. pH 

 

Table A1. Descriptive statistics summary of pH results for all study sites. 

 Minimum  Maximum Median Mean  
Standard 

Deviation 

Coefficient 

of 

Variation 

Relative 

Standard 

Deviation 

(%) 

Roof 1 6.60 6.86 6.68 6.71 0.11 0.017 1.693 

Roof 2 6.79 7.13 7.02 6.98 0.13 0.018 1.845 

Roof 3 6.73 7.01 6.88 6.87 0.14 0.020 2.039 

Roof 4 6.73 7.00 6.82 6.83 0.10 0.013 1.337 

Roof 5 6.84 6.98 6.91 6.91 0.06 0.009 0.900 

Roof 6 6.71 6.93 6.87 6.85 0.08 0.011 1.133 

Roof 7 6.68 6.97 6.81 6.82 0.10 0.015 1.513 

 

 A.2. Soil Water Content 

 

Table A2. Descriptive statistics summary of soil water content (%) results for all study sites. 

 Minimum  Maximum Median Mean  
Standard 

Deviation 

Coefficient 

of 
Variation 

Relative 

Standard 

Deviation 

(%) 

Roof 1 39.285 60.672 58.595 54.257 8.932 0.165 16.463 

Roof 2 52.846 65.681 64.051 61.987 5.185 0.084 8.364 

Roof 3 37.187 67.940 49.758 51.628 15.462 0.299 29.948 

Roof 4 19.884 28.551 25.101 24.916 3.327 0.134 13.353 

Roof 5 37.451 46.606 41.105 41.567 4.602 0.111 11.070 

Roof 6 46.463 62.876 61.069 58.085 6.530 0.112 11.241 

Roof 7 64.369 70.792 67.345 67.533 2.798 0.041 4.144 
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A.3. Soil Organic Carbon Content 

 

Table A3. Descriptive statistics summary of soil organic carbon content (%) results for all study 

sites. 

  Minimum  Maximum Median Mean  
Standard 

Deviation 

Coefficient 

of 

Variation 

Relative 

Standard 

Deviation 

(%) 

Roof 1 11.524 18.944 12.281 13.626 3.084 0.226 22.633 

Roof 2 7.127 10.454 9.462 9.227 1.302 0.141 14.105 

Roof 3 10.897 19.348 15.503 15.249 4.231 0.277 27.748 

Roof 4 2.698 4.928 4.384 4.152 0.802 0.193 19.308 

Roof 5 11.677 14.768 13.340 13.281 1.402 0.106 10.553 

Roof 6 10.115 12.761 10.748 11.087 1.049 0.095 9.458 

Roof 7 9.162 11.475 9.947 10.362 1.055 0.102 10.178 

 

 A.4. Soil Clay Content  

 

Table A4. Descriptive statistics summary of soil average clay content (%) results for all study 

sites. 

 Minimum  Maximum Median Mean  
Standard 

Deviation 

Coefficient 

of 

Variation 

Relative 

Standard 

Deviation 

(%) 

Roof 1 1.594 2.218 1.860 1.885 0.262 0.139 13.914 

Roof 2 1.311 6.141 1.618 2.484 2.053 0.827 82.663 

Roof 3 0.905 2.408 1.133 1.482 0.810 0.546 54.631 

Roof 4 6.360 14.282 9.355 9.779 2.789 0.285 28.520 

Roof 5 3.627 4.915 3.702 3.987 0.621 0.156 15.583 

Roof 6 2.139 3.657 2.224 2.596 0.653 0.251 25.147 

Roof 7 1.175 1.353 1.221 1.244 0.072 0.058 5.802 
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A.5. Soil Total Nitrogen Content  

 

Table A5. Descriptive statistics summary of soil total nitrogen content (%) results for all study 

sites.  

 Minimum  Maximum Median Mean  
Standard 

Deviation 

Coefficient 

of 

Variation 

Relative 

Standard 

Deviation 

(%) 

Roof 1 0.75 1.16 0.97 0.99 0.16 0.160 15.994 

Roof 2 0.82 1.60 1.42 1.36 0.32 0.234 23.372 

Roof 3 0.94 0.97 0.95 0.95 0.02 0.016 1.602 

Roof 4 0.29 0.58 0.44 0.44 0.11 0.238 23.772 

Roof 5 0.94 1.10 1.04 1.03 0.07 0.064 6.425 

Roof 6 0.85 1.13 1.03 1.02 0.10 0.099 9.882 

Roof 7 0.90 1.24 1.12 1.10 0.13 0.116 11.642 

 

 A.6. Soil Ammonium Content  

 

Table A6. Descriptive statistics summary of soil ammonium content (NH₄⁺) (ppm) results for all 

study sites. 

 Minimum  Maximum Median Mean  
Standard 

Deviation 

Coefficient 

of 

Variation 

Relative 

Standard 

Deviation 

(%) 

Roof 1 44.9 48.9 48.3 47.1 2.0 0.041 4.138 

Roof 2 35.5 60.2 54.9 53.0 10.1 0.191 19.066 

Roof 3 26.0 39.2 34.5 33.2 6.7 0.201 20.132 

Roof 4 8.6 22.1 18.5 17.3 5.2 0.303 30.336 

Roof 5 35.9 56.2 42.8 44.4 8.9 0.200 20.011 

Roof 6 25.9 52.9 48.0 45.3 10.0 0.222 22.175 

Roof 7 23.9 45.3 30.6 33.1 7.9 0.239 23.883 
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A.7. Soil Nitrate Content 

 

Table A7. Descriptive statistics summary of soil nitrate content (NO₃⁻) (ppm) results for all study 

sites. 

 Minimum  Maximum Median Mean  
Standard 

Deviation 

Coefficient 

of 

Variation 

Relative 

Standard 

Deviation 

(%) 

Roof 1 1.8 29.2 9.8 12.7 11.5 0.906 90.596 

Roof 2 22.3 137.7 48.8 63.5 48.9 0.770 76.951 

Roof 3 2.5 3.6 3.4 3.2 0.6 0.185 18.504 

Roof 4 2.9 12.4 4.5 5.8 3.5 0.609 60.893 

Roof 5 10.7 31.3 20.0 20.5 10.2 0.496 49.638 

Roof 6 5.7 39.5 15.4 19.2 14.0 0.729 72.875 

Roof 7 5.4 10.2 8.9 8.1 2.2 0.271 27.135 

 

 A.8. Earthworm Count  

 

Table A8. Descriptive statistics summary of earthworm count (number of earthworms) results for 

all study sites. 

 Minimum  Maximum Median Mean  
Standard 

Deviation 

Coefficient 

of 

Variation 

Relative 

Standard 

Deviation 

(%) 

Roof 1 0 2 0 0.6 0.9 1.491 149.071 

Roof 2 9 34 15.0 20.2 12.4 0.612 61.174 

Roof 3 0 3 0 1.0 1.7 1.732 173.205 

Roof 4 0 3 0.5 1.0 1.3 1.265 126.491 

Roof 5 0 0 0 0 0 0 0 

Roof 6 0 37 7.0 10.8 13.9 1.284 128.360 

Roof 7 0 12 3,0 4.4 5.1 1.166 116.553 
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Appendix B. Roof Parameter Summary 

 

 Table B1 to Table B7 list the descriptive statistics for each parameter on a per roof basis 

for roof 1 to roof 7. 
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Appendix C. Comparative Results Statistics 

 

 Table C.1a to Table C.2b show the results from the regression statistical analysis for the 

association between clay content and ammonium and nitrate content. Table C.3a to Table C.5b 

show the results from the multiple regression statistical analysis for variables associated with 

earthworm’s presence, ammonium content, and nitrate content, after backward elimination was 

performed. 

C.1. Clay Content and Ammonium Content  

 

Table C.1a. Regression analysis of the influence of soil clay content on soil ammonium content. 

Regression Statistics 

Multiple R 0.580 

R Square 0.336 

Adjusted R Square 0.315 

Standard Error 11.531 

Observations 34 

 

Table C.1b. ANOVA analysis of the influence of soil clay content on soil ammonium content. 

ANOVA           

  df SS MS F Significance F (p-value) 

Regression 1 2155.254 2155.254 16.210 3.254x10-4 

Residual 32 4254.661 132.958   

Total 33 6409.916       

 

C.2. Clay Content and Nitrate Content 

 

Table C.2a. Regression analysis of the influence of soil clay content on soil nitrate content. 

Regression Statistics 

Multiple R 0.227 

R Square 0.051 

Adjusted R Square 0.022 

Standard Error 26.650 

Observations 34 

 

 

 



 92   
 

Table C.2b. ANOVA analysis of the influence of soil clay content on soil nitrate content. 

ANOVA           

  df SS MS F Significance F (p-value) 

Regression 1 1232.944 1232.944 1.736 0.197 

Residual 32 22727.105 710.222   

Total 33 23960.049       

 

 C.3. Earthworm Presence and Explanatory Variables Multiple Variable Analysis 

 

Table C.3a. Multiple regression analysis of earthworm presence and explanatory variables. 

 

Table C.3b. Multiple analysis of earthworm presence and explanatory variables individual 

summary. 

 

 

 C.4. Ammonium Content and Explanatory Variables Multiple Variable Analysis 

 

Table C.4a. Multiple regression analysis of ammonium content and explanatory variables. 
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Table C.4b. Multiple regression analysis of ammonium content and explanatory variables 

individual summary. 

 

 

 C.5. Nitrate Content and Explanatory Variables Multiple Variable Analysis  

 

Table C.5a. Multiple regression analysis of nitrate content and explanatory variables. 

 

Table C.5b. Multiple regression analysis of nitrate content and explanatory variables individual 

summary. 
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Appendix D. Agricultural Green Roof Actors Survey Template 

 

Interview questions 

 

Exploration of Agricultural Green Roofs Soils for Earthworm Populations, Nitrogen and 

the Possible Interactions and Practices Involved, Southern Ontario: Agricultural Green Roof 

Actors 

 

Answer the questions to the best of your ability. Please provide as many details as possible. If 

you are trying to determine whether or not information applies, provide the information in your 

answer anyways as it can be useful even if it only partially fits the criteria of the question. Do not 

hesitate to ask for clarification for any questions asked. 

 

What is your name? 

 

What is your phone number? 

 

What is your e-mail address? 

 

What is your education and/or experience background? 

 

Which agricultural green roof are you involved with (relevant to this interview)? 

 

How deep are the soil growing mediums that plants are grown in? 

 

Why are these soil depths used? 

 

What are the components of the soil mixture that plants are grown in, in other words what makes 

up the soil mixture? 

 

What amendments have been made to the soil growing medium that plants are grown in, for and 

during the 2015 growing season? Describe details of the amendments made (locations of 

additions, amounts and compositions of added materials). 

 

Describe the history of amendments that have been made to the soil growing medium that plants 

are grown in, over the past few years. 

 

What plant varieties were grown during the 2015 growing season? 

 

Describe the history of plants that have grown in the soil growing medium over the past few 

years.  

 

How were the agricultural crops irrigated during the 2015 growing season? 
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On average, how frequently were the agricultural crops irrigated during the 2015 growing 

season? 

 

Have earthworm’s castings ever been added to the soil growing mediums? If so when, what 

years? Describe any details about the application such as location of application and amount and 

composition of the earthworm castings. 

 

Has vermicompost ever been added to the soil growing mediums? If so when, what years? 

Describe any details about the application such as location of application, amount and 

composition of vermicompost applied. 

 

Has vermicompost been produced on site (on the roof near the agricultural green roof 

application)? If so when, what years? Describe any details such as closeness to the agricultural 

plots. 

 

Have earthworms ever been directly introduced into the soil growing mediums? If so when? 

Describe any details about the introduction such as types of earthworms, locations of 

introduction, amounts or earthworms introduced. 

 

How is the soil growing medium managed (removal and replacement schedule, tilling, additional 

materials added on top of existing mixture)?  

 

Describe any observations of the study areas which you find may be relevant or of interest. 
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