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Abstract 
 

 

ASSESSING THE POTENTIAL OF PERMACULTURE AS AN ADAPTATION 

STRATEGY TOWARDS CLIMATE CHANGE IN CENTRAL ONTARIO 

 

Gabrielle Janik 

 

 

 

This thesis uses three approaches to assess the potential of permaculture in Central 

Ontario.  This was done using a vegetable field trial and modelling programs to determine 

the effectiveness of permaculture to decrease negative impacts of climate change based on 

projected climate values derived from regional circulation models.  The first approach 

showed no statistical difference (P<0.05) of applying varied volumes and combinations of 

organic amendments on crop yields.  The second approach indicated permaculture may be 

a sustainable production system with respect to soil erosion when compared to traditional 

agricultural practices.  The third approach was inconclusive due to the lack of quantitative 

literature on permaculture management impacts on biomass yields, soil carbon or nutrient 

retention, which were missing from basic and scientific literature searches.  The models 

used within this thesis include USLE, RUSLE2, AgriSuite, RothC and Holos.   
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Chapter 1: Introduction 

Agriculture is highly dependent on climate.  In light of predicted rising 

temperatures, erratic precipitation patterns including flooding, drought seasons, and 

higher stress in plants (Boland et al., 2004) as water systems are altered (Panu and 

Sharma, 2002), climate change has, and will continue to cause negative consequences to 

both crops and livestock (Scialabba and Müller-Lindenlauf, 2010). In Central Ontario, 

agricultural production is limited to a few months of the year, reducing the overall length 

of the growing season for crops. While warmer temperatures may increase crop 

productivity, increases in extreme weather events and changes in annual precipitation 

patterns may counter any anticipated growth in production (Scialabba and Müller-

Lindenlauf, 2010). 

Adaptation will be necessary to mitigate any possible adverse effects of climate 

change (Reid et al. 2007). Computer modelling systems are designed to simulate real 

environmental systems to improve our understanding and awareness of climate change 

outcomes (Wang et al., 2009).  Computer models require inputs; thus, the model 

predictions are only as good as the validity of data input, and therefore have a degree of 

uncertainty (Gluhovsky, 2007).   

This thesis is arranged in a traditional format as three main research chapters. In 

chapter 3, the effects of organic matter amendments on crop productivity in a field trial 

are assessed.  In chapter 4, the potential of permaculture to mitigate climate change 

impacts using the Universal Soil Loss Equation (USLE), Revised Universal Soil Loss 

Equation (RUSLE2), and AgriSuite, are simulated to compare the impacts of two 

agricultural systems (permaculture and traditional) on soil erosion and potential nutrient 
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replacement costs under present climate and projected climate scenarios.  Finally, in 

chapter 5, the Rothamsted Carbon (RothC) and Holos models are used to compare 

potential soil organic carbon (SOC) and greenhouse gas emissions (GHG) between 

present traditional agriculture systems and simulated permaculture systems.   

 

1.1 Agriculture under Climate Change 

Global temperatures are predicted to increase up to 2ºC by 2050 (FAO, 2017). 

According to the latest Intergovernmental Panel on Climate Change (IPCC) special 

report, global temperatures are currently 1.5ºC over pre-industrial levels (IPCC, 2018). 

Agriculture is sensitive to temperature and moisture changes, both with respect to crop 

productivity and livestock liveability (Scialabba and Müller-Lindenlauf, 2010).   

Standard agricultural practices such as tilling the land, can cause soil erosion and 

loss of essential nutrients. Severe soil erosion decreases soil fertility and stability, 

threatening agricultural productivity and causes environmental pollution of natural waters 

as essential nutrients are lost from the soil system (Eimers and Watmough, 2016; Lal, 

1998). The balance of soil nutrients determine the species composition of plant 

communities (Lal, 1998), and a nutrient-poor environment, commonly found in 

conventional agriculture monocropping systems, often will produce lower crop yields and 

result in  infertile soils in the long-term without the use of chemical fertilizers (Hathaway, 

2016; Ordonez et al., 2009).  

Soil is a significant carbon pool and may act as either a carbon sink or an emitter 

of atmospheric CO2 and other GHG’s (Benbi and Brar, 2009). Soil carbon plays a critical 

role in soil fertility and crop yields (Benbi and Brar, 2009). In some systems, intensive 
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cropping techniques have decreased soil carbon by up to 50% within 25 years in 

temperate soils (Benbi and Brar, 2009). Thus, limiting soil degradation and loss of soil 

carbon is essential for maintaining soil quality, which in turn may decrease GHG 

emissions.  One main way to reduce GHG emissions from agriculture is to increase 

energy efficiency and use renewable energy (Li et al., 2016).   

 

1.2 Permaculture 

Permaculture consists of two components, “permanent” and “agriculture,” a term 

derived by David Holmgren and Bill Mollison (Mollison, 1979), who define 

permaculture as whole-system food production which mimics so-called natural land 

behaviours to produce food, fibre, energy and accommodate local needs (Mannen et al., 

2012; Mollison, 1979).  Permaculture systems are designed using a systems-based 

approach to organize plants and animals to function together while also providing 

abundant yield (Mannen et al., 2012; Mars, 2003; Mollison, 1979). The design involves 

connecting and integrating multiple facets of agriculture (e.g., animal husbandry, fruit 

growing, aquaculture, horticulture, agro-forestry, regenerative agriculture) to increase 

overall environmental resilience (Holzer, 2004; Mollison, 1979). Conventional 

agriculture, defined in this thesis, involves agricultural systems highly dependent on 

external energy to produce high crop yields and/or high levels of livestock production 

annually (Hathaway, 2016; Mannen et al., 2012). Conventional agriculture, particularly 

when growing field crops such as corn, soy, and canola can create many ecological 

problems, such as the possibility of creating a nutrient-poor environment (Hathaway, 

2016). In contrast, enthusiasts of permaculture principles consider permaculture farming 
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a key to resolving issues such as loss of soil fertility and loss of soil organic matter 

(SOM) (Hathaway, 2016; Mannen et al., 2012).  Permaculture advocates claim that their 

methods may increase systems sustainability, including supporting local community 

growth, promoting recycling and reuse of wastes, improving animal welfare, and above 

all, resulting in a healthier environment (Akhtar et al., 2016; Rickman et al., 2002). The 

field of permaculture has only recently entered the peer-reviewed literature (Ferguson and 

Lovell, 2014). Detailed studies in permaculture systems are very rare in the scientific 

literature, and even rarer are those recorded for the Peterborough and other Central 

Ontario regions.   Therefore, one of the objectives of this research was to build upon the 

existing knowledge of permaculture by building the first stages of the systemin the form 

of a vegetable garden that involved incorporating SOM with crop mix varieties.       
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Chapter 2: Literature Review 
 

Modern approaches to predicting future climate began in the 1950s, several years 

before predictions that GHG emissions might affect the atmosphere and accelerate global 

climate change (Coley, 2009; Dearden and Mitchell, 2012).  Therefore, researchers 

developed a system to create future projections of global climate change based on 

acquired historical climate data (Coley, 2009). Simple mathematical equations 

representing physical phenomena or visual observations are not sufficient to represent the 

rather complex atmospheric physical processes of global interactions and feedback loops 

(Dearden and Mitchell, 2012).  Therefore, climate models are often highly complex 

(Dearden and Mitchell, 2012).  

 

2.1 General Circulation Models and Regional Circulation Models 

General Circulation Models (GCMs), also known as Global Climate Models, are 

technical numerical models (Bralower and Bice, 2019) used to project future climate 

scenarios in terms of increasing GHG concentrations (IPCC, 2018). Generally, GCMs 

model the Earth’s atmosphere and ocean climate change scenarios using projections of up 

to two times the CO2 present (Dearden and Mitchell, 2012; Fenech et al., 2012). These 

scenarios are based on the carbon emissions in the atmosphere doubling since the pre-

industrial revolution (Dearden and Mitchell, 2012; Fenech et al., 2012). The following 

global properties are used to calculate climatic simulation: temperature, pressure, and 

moisture content (Boer et al., 2000; Dearden and Mitchell, 2012). 

GCMs are made by developing a network of three-dimensional grids covering the 

Earth (atmosphere and ocean), separated in layers to specific grid resolutions, (IPCC 



 

 6 

(Data Distribution Centre) DDC, 2019).  A typical grid-cell resolution for a GCM is 

between 250 and 600 km horizontal and 10 to 20 vertical layers in the atmosphere 

(Fenech et al., 2012; IPCC DDC, 2019). Having the GCMs separated into a grid-cell 

network makes it an efficient way of splitting three-dimensional variability into “voxels” 

within which the parameters of the model and the processes can be handled (Ponce - 

Hernandez, 2004; Wratt and Mullan, 2016). This partitioning makes the running of 

Regional Circulation Models (RCMs) within one GCM grid-cell possible (Bralower and 

Bice, 2019). An RCM requires re-calculation of the atmospheric thermodynamics but 

now within the confines of one “voxel,” and it is capable of forecasting simulations of 

weather and climatic events in frequencies (hours, days, and future projections) for a 

specific region (Dearden and Mitchell, 2012). 

The evolution of GCMs and projected future scenarios of climate allows a better 

understanding of climatic change and possible mitigation strategies (Bralower and Bice, 

2019; Wratt and Mullan, 2016). Modelling research centres, such as Canadian Centre for 

Climate Modelling and Analysis (CanESM2, 2017), are the source of data for GCM and 

RCM in Canada (CCDP, 2019). The IPCC’s Data Distribution Centre (DDC), transposes 

the data derived from the modelling research centres to be usable material accessible and 

intelligible to the general public (IPCC, 2018). 

The forecast for precipitation in a GCM has been correct, to a certain degree, 

based on previous predictions (Hosseinzadehtalaei et al., 2017).  Xue et al. (2014) noted 

that precipitation prediction could yield accurate and consistent results but fails in finding 

and simulating major weather events (e.g., major rain events, monsoons, hurricanes). 

RCMs involving dynamic downscaling can be used to observe and recognize major 



 

 7 

weather event patterns and variability within a smaller domain (e.g. voxel) (Foley, 2010; 

Xue et al., 2014).    

Dynamic downscaling determines specific temporal and spatial information used 

to calculate higher-resolution projections and to create a boundary by replicating 

thermodynamic and conductivity processes (Sain et al., 2011).  Information found by 

dynamic downscaling improves the role of geographic features of an area and climatic 

simulations models with higher resolutions (Sain et al, 2011).  Figure 1 demonstrates an 

example of dynamic downscaling.   

Another method to predict future climate scenarios is to use statistical 

downscaling as a procedure within RCM, using well-calibrated mean historical data 

(Sharma et al., 2018).  This is a consistent and reliable method for finding spatial and 

temporal variability in precipitation (Sharma et al., 2018). Statistical downscaling is 

based on three possible data-driven approaches, namely: Linear Regression, Generalized 

Linear Models, or Generalized Additive Models, to capture predictive behaviour in 

climate models (Sharma et al., 2018).   

More computational power is needed for a GCM to be able to accomplish RCM 

high-resolution climate modelling (Xue et al., 2014). Some of these uncertainties are 

derived from not only outdated technologies but also the ever-changing complex nature 

of Earth’s climate and human activity (Coley, 2009; Dearden and Mitchell, 2012). 

Through time and technological advances, the disappearance of the RCMs will be 

inevitable, as RCMs may get absorbed through a modified and a newly evolved GCM 

(Zhang, 2007).         
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The University of Regina offers an online RCM data portal, and the Ontario 

Climate Change Data Portal (CCDP), 2019 displays climatic change projections, 

specifically in the Ontario region.  Figure 1 is a representation of results of climatic 

projections from multiple climate change modelling centres, such as the CanESM2 

(Canadian Centre for Climate Modelling and Analysis) and the Hadley Centre 

(HadGEM-ES) (CCDP, 2019).  Figure 1 shows the mean annual temperature in Ontario 

in four distinct time frames between 1986 to 2099.  By using the Representative 

Concentration Pathway (RCP8.5) scenario in watts per metre squared (W/m2), figure 1 

shows how the temperature is projected to rise over time (CCDP, 2019).  The RCP8.5 

represents the continuous increase of GHG emissions globally found in literature, and the 

determined radiative forcing is 8.5W/m2 by the year 2100 (Van Vuuren et al., 2011).  

The radiative forcings are projected to be so high that it will make Earth nearly 

uninhabitable (Riahi et al., 2007).   

However, both GCM and RCM projected scenarios contain uncertainties that are 

addressed in different ways.  It is important to acknowledge that all models have a degree 

of uncertainty in any scenario projection (Foley, 2010; Sharma et al., 2018).  The biggest 

uncertainty of any projection in climate modelling, is the “unknowable”, such as human 

behaviour (e.g., Coronavirus and global concerted GHG mitigation) and anthropogenic 

GHG emissions (Foley, 2010).  Repeating GCM/RCM scenarios using the same input is 

one of the main methods of addressing uncertainty by calculating the variance between 

each scenario (Foley, 2010; Sharma et al., 2018).     
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Figure 1: RCM used for the province of Ontario. Representative Concentration Pathway: 

8.5, Mean Annual Temperature in Ontario 1986-2099 projection and data derived from 

CCDP University of Regina, 2019. (Variables: Mean Temperature; Measurement: 

Temporal average; Average: Annual; Driving GCM: CanESM2) Data Source: 

Dynamically-downscaled climate projections by RegCM at a resolution of 25 km under 

RCP8.5 emissions scenario, driven by boundary conditions from a model ensemble 

consisting of CanESM2, HadGEM2-ES, GFDL-ESM2M, IPSL-CM5A-LA, and MPI-

ESM-MR; Dynamically-downscaled climate projections and IDF curves from PRECIS 

under RCP8.5driven by HadGEM2-ES (CCDP, 2019). 

 

Accessing the CCDP data portal, under the RCP8.5 high emissions scenario, 

projections can be found for a 25 by 25 km grid-cell encompassing the property of 

Naraine Farm (the study site as described in chapter 3, located on Blezard Line, Villiers, 

Ontario).  Table 1 shows the past and projected annual mean temperature and 
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precipitation variables for this particular grid-cell. Overall from the present until 2070-99, 

a temperature increase is projected, which demonstrates warming for this region (Table 

1).  However, the projected precipitation values appear to be reasonably steady, with 

minor fluctuations between the years 1986-2099 (CCDP, 2019).  The CCDP website can 

project the effects of future climate change for the agricultural sector using downscaled 

climatic data.  Thus, these projects may be used to prepare the agricultural industry to 

adapt to rising temperatures, precipitation changes, significant moisture fluctuations 

(Zhang, 2007). 

Table 1: RCP8.5 Mean Annual Temperature and Precipitation for Naraine Farm Ontario 

1986-2099 (CCDP, 2019). (Variables: Mean Temperature/Precipitation; Measurement: 

Temporal average; Average: Annual; Driving Model: CanESM2) (CCDP, 2019).  

Timeframe Projected 

Annual Mean 

Temperature 

(oC) 

Projected 

Annual 

Precipitation 

(mm/day) 

1986-2005 15.4 1.69 

2020-2039 17.5 1.66 

2040-2069 19.2 1.73 

2070-2099 22 1.58 

 

2.2 Soil Erosion and Carbon Dynamics Modelling 

Soil formation in Canada is a slow process due to the latitude of the country, 

occurring at a rate of about 0.5 to 1 tonne per hectare per year (Reece et al., 2011).  Thus, 

soil erosion that exceeds this amount is concerning for conservationists and farmers alike; 

notably, soil erosion causes an estimated $707 million per year in damages to the 

agricultural industry in Canada (Reece et al., 2011).   

Factors that determine the impact of climate change on soil includes temperature, 

precipitation, moisture, soil texture, parent material, topography, and cation exchange 

capacity (Smith, 2012).  It has been verified through literature that using climate-carbon 
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cycle models for soils under climate change simulations creates positive feedbacks, and 

therefore increases the effects of climate change in terms of carbon emissions (Smith, 

2012).       

Soil erosion models are computer programs that have been developed to find the 

amount of possible soil erosion occurring in a selected area (Lobb and Kachanoski, 

1999). Soil erosion models describe sediment and nutrient movement in an area under 

varied land use management (Jahun et al., 2015). Modelling programs help researchers 

determine conservation planning and mitigation efforts where appropriate (Lobb and 

Kachanoski, 1999). Models are separated in terms of soil erosion processes (detachment, 

deposition, and transport), and in resolution, (e.g. spatial, and temporal) (Merritt et al., 

2003).  The type of model and usage depends on specific scenarios and users, which can 

range from government agencies, experts in a specific field of study, or the general public 

(Merritt et al., 2003). Modelling soil erosion in this thesis is based on using the Universal 

Soil Loss Equation (USLE), Revised Universal Soil Loss Equation version 2 (RUSLE2), 

and AgriSuite, all of which can be found on the Ontario Ministry of Agriculture, Food, 

and Rural Affairs (OMAFRA, 2019) website.   

SOM and Soil Organic Carbon (SOC) are two significant components within any 

environmental system, and of particular concern in agriculture (Jackson et al., 2017). 

SOM and SOC can be used as indicators of soil health, productivity, and fertility, to 

establish appropriate conservation approaches (Fenton et al., 2008; Jackson et al., 2017). 

Online programs and models are helpful tools to determine the past, present, and future 

quantities of SOM and SOC (Jackson et al., 2017). Specialized models can assist in 

determining the amount of SOM and SOC under a changing climate by manipulating 
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specific parameters, particularly climatic variables, as described below (Jackson et al., 

2017).  The two commonly used models that are ideal for standard agricultural practices 

in order to determine SOC and GHG are RothC and Holos, respectively.  However, these 

two models (as currently designed) are incapable of representing a permacultural 

approach to production, due to the relatively recent emergence of this system and, 

consequently, significant knowledge gaps in scientific literature about its effects. 

 

2.3 Conventional Agriculture and Permaculture 

Conventional agriculture has been accused of contributing to many agro-

ecological problems, such as soil erosion, soil compaction, and polluted water systems 

(Hamza and Anderson, 2005; Hathaway, 2016).  Permacultural farmers claim that agro-

ecological systems can be enhanced through the design elements a permaculture system 

offers, such as increasing soil fertility and stability, water drainage, and biodiversity 

(Hathaway, 2016).  If these claims are correct, permaculture may contribute to future 

food production and sustainability (Rickman et al., 2002). 

Permaculture started as a movement nearly 40 years ago (Ferguson, 2014).  Since 

then, several dedicated supporters of permaculture have followed the footsteps of Bill 

Mollison and David Holmgren in actively producing permacultural systems (Ferguson, 

2014).  Permaculture has received little scientific study due to both the small number of 

farmers adopting the approach, and their relative isolation from the scientific community, 

in addition to the length of time required to observe positive impacts of the approach 

(Ferguson, 2014).   
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Permaculture principles utilize a systems-based approach based on sustainability, 

resiliency, and permanence (Jelinek, 2017; Mollison and Holmgren, 1978).  Permaculture 

advocates claim that it balances environmental needs and human needs by leveraging 

natural landscape characteristics and ecological relationships, not by focusing on material 

items, such as solar panels, or natural building (Hemenway, 2009). Permaculture 

approaches are not a ‘one size fits all’ approach and are based on ecological principles, 

(Ferguson and Lovell, 2014), and is therefore often seen as a ‘folk science’ or 

pseudoscience for having highly limited science-based support (Ferguson, 2014).     

Further, as of 2019 there are only 52 active permaculture practitioners, mostly 

composed of permacultural educators and small-scale farms who operate in Ontario 

(Hayes, 2019), which may also contribute to the low level of data accumulation in terms 

of specific permaculture approaches adopted in the Ontario region.      

 

2.4 Farm History  

The research presented in thesis was conducted at a local farm in Peterborough 

County.  The farm is situated on a region of shallow topsoil and glacial till including a 

gravel and sand drumlin over a limestone bedrock (Adams et al., 2009; Gillespie and 

Acton, 1981) and low bottomland with poor drainage typical of this region. Modern 

agricultural methods have been used for the past 200 years (Adams et al., 2009; Gillespie 

and Acton, 1981). The residents of the farm purchased the property in 1977 and have 

lived there for the last 43 years (Salonius and Salonius, 2018). Previously, the farm 

functioned as a small scale conventional dairy farm until 1966, and between 1966-1977 

as a conventional beef and corn operation (Salonius and Salonius, 2018).  Since 1977, the 
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farm was a hog and beef cattle operation until switching to producing corn sometime in 

the 1980’s (Salonius and Salonius, 2018).  Corn production stopped in 1990, after a fire 

destroyed the main barn and machinery (Salonius and Salonius, 2018). The farmer 

stopped tilling the drumlin’s steeply sloped sides due to severe soil erosion, especially 

after the 2004 seasonal flood (Salonius and Salonius, 2018). Presently, the farmer 

describes his land management as no-till and now only seeds buckwheat, soybeans, 

wheat, and hay (Salonius and Salonius, 2018).   

 

2.5 Research Problem and Objectives 

In the Central region of Ontario where Peterborough is located, there is little 

information on permaculture systems. As such, an experiment involving a vegetable 

garden representing  an ‘initial stage’ of a permaculture system was designed to assess 

the effects of varied sources and amounts of organic amendments on crops grown in 

multi-species mixtures in the Central Ontario region, and computer modelling was used 

to project into the future potential impacts of climate change and to fill in knowledge 

gaps regarding the potential of permaculture as a climate change adaptation strategy 

under future climate scenarios in the region 

  

One of the ultimate goals of this research was to use freely available computer 

modelling programs that are easily accessible to anyone, especially non-modelling 

specialists who are involved in the agricultural sector. In this thesis, programs such as 

web-based GCMs and RCMs in the local area, soil erosion (USLE, RUSLE2, and 

AgriSuite), soil carbon (RothC), statistical analysis (RStudio and Excel), GHG emission 
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observations (Holos) and lastly, a Geographic Information Systems (GIS) based programs 

(ESRI ArcGIS ™) were used to characterize baseline and projected states of the 

agricultural landscape.  A study area baseline is needed to fully utilize the systems-based 

permacultural design approach, which includes any potential construction of farm 

infrastructure (e.g., ponds or terraces) to improve water flow or limit soil erosion 

(Aranya, 2012) and to assess whether a permacultural system will be beneficial in this 

particular area in the future. The farming methods examined in this thesis are 

‘permaculture’ as defined previously, and ‘traditional’, which differs from what is 

commonly understood as standard or conventional farming in that it is less intensive and 

based on earlier management approaches for the region. 

 

2.6 Research Goals 

Two main research goals are examined in this thesis:  

1. To identify through field experimentation the best combination of starter 

organic matter (i.e., sheep manure combined with leaf litter) determined based off crop 

productivity.  

2. To determine quantitatively through experimentation and computer modelling 

the possible benefits of a permaculture system over the traditional system in terms of the 

accrual of ecological benefits (i.e., prevention of soil erosion, an increase of soil organic 

matter content, prevention of soil nutrient and soil carbon losses) alongside with the 

increase in carbon sequestration and crop yields over time. 

 

Hypotheses 
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Three hypotheses are tested in this thesis: 

Hypothesis 1:  

There is no statistically significant difference between the crop response to 

organic matter amendments.   

 Prediction 1:  

 Crop yields will not vary under assorted organic amendments.    

 

Hypothesis 2:  

Modelled erosion rates can be reduced by using simulated permacultural methods, 

whether it is applied under the current climate or future projected climate.  

Prediction 2:  

If modelling using permacultural methods will result in a decrease in soil erosion 

compared to traditional methods, then a loss of soil due to erosion following 

permacultural methods would falsify H2. 

 

Hypothesis 3:  

There is a lower soil organic matter and soil organic carbon under existing land 

management methods (traditional methods as defined above) compared to modelled 

permacultural management methods in the present climate and under future projected 

climate. 

Prediction 3:  

In current and projected climate models, permacultural methods will result in 

higher carbon sequestration than traditional methods.    
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 Chapter 3: Effects of Organic Amendments on Mixed Vegetable 

Yields 

3.1 Introduction 

Increasing agricultural sustainability is required to mitigate climate change 

impacts. An example of sustainability may involve farmers using locally sourced or on-

farm organic amendments for crop growth rather than depending on non-local sources. 

Organic matter (OM) amendments such as sheep manure or leaf litter may benefit crop 

productivity, by improving nutrient availability, carbon to nitrogen ratios (C:N), and pH 

levels (Dubey et al., 2019; Mandal et al., 2009).         

Sustainability can also be incorporated through planting multiple plant species 

through intercropping or ‘companion planting’ in order to increase crop productivity 

(Hemenway, 2009; Riotte, 1998). Companionship can be defined as crops growing 

together and synergistically benefitting each other in terms of nutrient availability, pest 

pressure, or sun exposure (Hemenway, 2009; Riotte, 1998). The suitability of companion 

crop/plant variations differ due to a region’s microclimate, soil types, and textures 

(Confalonieri et al., 2013; Riotte, 1998).   

There is little to no information about companion planting in Central Ontario 

climate or soils within the scientific literature, particularly with respect to the specific 

vegetable species under investigation. The crops used in this study, and their 

combinations, were based on their potential for growing in mixed production, in addition 

to the crops market value and profitability if produced on a large scale. The primary 

sources of information found for the crops used for this chapter included books, 

magazines and catalogues, and internet websites based on gardening.  The crops chosen 
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required full sun exposure to complete a full growth cycle (annuals) within the season for 

research purposes.   

 

3.12 Research Focus 

Prior to the potential establishment of a permacultural system at the study site, we 

sought to experimentally determine the best combination of starting OM types and 

volumes for crop production within the “initial stages” of a permaculture system.  

Specifically, an experiment was established with two types of OM (sheep manure and 

leaf litter) and three different quantities of each type of OM applied to three groups of 

crop companions.    

Therefore, it is hypothesized that there would be no statistically significant 

differences between crop response to OM amendments.  In which it is predicted that crop 

yields will not vary under assorted organic amendments.   

 

3.2 Study Area Description  

This research was conducted on a farm in Blezard Line, Villiers, Ontario, also 

known as Naraine Farm (NF), or “the farm”. The study site is currently known as a 

“traditional” farmland typical of this region, with a recent history of western-style 

agriculture of only 200 years (Adams et al., 2009). A “traditional” farmland is outlined as 

150 acres of farmland with a mix of forests, fields, and hedgerows. The farm consists of a 

total of 18 fields and six forested areas, and the fields are mainly perennial hay, with 

some oats and barley grown. The farm practices no-tillage methods and occasionally 

applies a chemical herbicide (e.g., RoundUp Ready®) to the crops.       
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The study site elevation ranges from 220m to 240m above sea level (Figure 2) 

(Scholars GeoPortal (SGP), 2019).  Figure 3 (Tarlo, 2019) is an aspect map of the study 

site, showing the slope orientation of each field. The landscape ranges between level and 

slopes of up to 9% gradient, calculated using a clinometer. The vegetation of the property 

consists of crops in rotation (e.g., buckwheat, soybeans, wheat), grassy hay fields, 

hedgerows, and forested areas, with the predominate tree species of apple, sugar maple, 

silver maple, Manitoba maple, American elm, slippery elm, red oak, white oak, 

basswood, white cedar, red cedars, and a variety of conifers, softwoods and shrubs.       

 

 

Figure 2: Topography map of the study site showing the contour lines at 5 m intervals 

(SGP, 2019). 



 

 20 

 

Figure 3: The study site aspect map showing slope orientation in angles of degrees 

relative to True North (Tarlo, 2019).  

 

The farm site (1970 survey) is predominantly under the soil series of “Bondhead” 

sandy loam and some sections of “Lyons” loam (Soils of Peterborough County Ontario 

South Sheet Soil Survey Report No.45 (Gillespie and Acton, 1981)). Bondhead sandy 

loam (Bsl) soils are well-drained soils developed on glacial till, and calcareous limestone 

parent material (Adams et al., 2009; Gillespie and Acton, 1981).  Lyons loam (Lyl) soil 

has a similar chemical composition and parent material as Bsl, except it is mainly found 

in poorly drained areas (Gillespie and Acton, 1981).  In this site, Lyl soils are only 
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present on the farm underlain a springtime creek and are not being farmed.  Therefore, 

the Bsl soils are the focus of this study.  Bondhead sandy loam soil has an average bulk 

density of 1.34 g/cm3 up to 40 cm deep (GofC, 2013). The site has a total area of 60.7-

hectare (150 acres), which has 46.6 hectares (115 acres) of workable land. Workable land 

is defined here as land dedicated to agricultural management (e.g., soil tillage and crop 

growth). 

 

3.3 Materials and Methods  

Soil Profile Examination for the Field Experiment 

Before setting up the vegetable garden experiment, the soil and landscape were 

characterized for the up-coming experiment as a baseline.  Information on the location’s 

ecology, landscape topography, and soils was gathered and analyzed.  This analysis 

formed the basic knowledge (i.e., ground tracking) of the land before developing the 

vegetable garden experiment to set up the baseline for future reference.   

Three soil pits were excavated (Figure 4), to observe the sequence of horizons and 

to sample and view the three soil profiles (Appendix, Images 1-3). Details of each soil 

profile, such as Global Positioning System (GPS) coordinates, elevation, slope, 

vegetation, and specific soil characteristics by each horizon such as depth, colour, soil 

type, and texture can be found in the Appendix (Table 9). Table 10 shows the percent 

nitrogen (N), phosphorous (P), potassium (K), carbon (C), and pH from soil samples 

taken from the upper A horizon of the soil profiles observed. The characterization of the 

soils and landscape led to the selection of the site for the vegetable garden experiment, 
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which corresponds to where the soil profile sampling took place (Figure 4).  

 

Figure 4:  Location of soil pits in relation to other farm buildings at the study area 

(Google Maps, 2018).   

 

3.31 Crop Selection 

Crop Group 1 

Bell peppers (Capsicum annuum), onions (Allium cepa), and spinach (Spinacia 

oleracea) were the combination of crops used within Crop Group 1.  All these crops 

require full sun exposure, loamy soil type, and neutral soil pH (Fossel, 2014; The Old 

Farmers Almanac (OFA), 2019). Onions are known to deter rabbits and do well with 

leafy greens such as spinach (Riotte, 1998). All three crops are supposedly compatible 

with each other (The Urban Farmer – Vegetable Companion Planting Chart (UFLLC, 

2019)). 
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Crop Group 2 

Crop Group 2 consisted of potatoes (Solanum tuberosum ‘goldrush’), eggplant 

(Solanum melongena ‘michal’), and cabbage (Brassica oleracea var. capitata). Similar to 

Crop Group 1, all three crops are compatible with each other (UFLLC, 2019). Cabbages 

have been found to grow well with potatoes, and eggplants deter the Colorado potato 

beetle, a pest commonly found among potato plants (Riotte, 1998). All crops required full 

sun exposure, sandy to loamy soils, and between acidic and neutral soil pH (OFA, 2019). 

 

Crop Group 3 

Crop Group 3 consisted of broccoli (Brassica oleracea var. italica), beets (Beta 

vulgaris), and cucumbers (Cucumis sativus).  It has been commonly found that these 

three crops are highly compatible with each other (Riotte, 1998; UFLLC, 2019). 

Cucumbers are known to repel raccoons and ants; this may potentially explain why the 

experimental garden was not affected by these pests (Riotte, 1998).  All three crops 

required full sun, sandy and loamy soils, and neutral soil pH (OFA, 2019). 

 

Compost Selection 

One focus for this thesis was to source materials locally: both the manure and leaf 

litter compost were purchased from local businesses, enhancing the sustainability of this 

experiment. Sheep manure was chosen because of its C: N, which is approximately 16:1 

(Rynk et al., 1992). Sheep manure was provided by a local sheep farm operation, 

approximately 6 km South of the farm. The sheep manure that arrived for the vegetable 

garden was reasonably fresh with minimal decomposition (< 6 months). Leaf litter was 
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reported to be approximately 54: 1 in C: N (Hemenway, 2009; Rynk et al., 1992).  The 

leaf litter compost was purchased from a local business called Peterborough Landscape 

Supply, located approximately 20 km from the farm site, in Peterborough, Ontario. 

 

3.32 Experimental Design of the Vegetable Garden System and Statistical Analysis 

A field trial with three replicates was established in 2018 at the study site. The 

field trial was a randomized complete block field design with a factorial treatment design, 

with three levels of two factors (OM types - Sheep manure with C:N of 16:1 and leaf 

litter compost with C:N of 54:1(Rynk et al., 1992)) and seven OM application rates 

(including 0ft3 control, 2ft3, 3.5ft3, 5ft3, 6ft3, 7.5ft3, and 10ft3). This design resulted in 9 

treatment types and 1 control (Figure 5). 

The treatments and the calculated amount of OM, along with equivalent 

conversion to tonnes/ha is provided (Table 11) with a visualization of each treatment type 

under the Ft3 volume in Figure 5. 

 
Figure 5: Combinations of the amounts of manure and compost used per each treatment 

in the field experiment.  

 

 



 

 25 

Experimental Design 

The Randomized Complete Block Design (RCBD) experiment was chosen 

because this experiment consists of treatments within blocks. Using an RCBD helps 

examine and control the total variation in the response variable (OM and crops) by the 

differences introduced by spatial variability of soil constituents between blocks, reducing 

the extent of within-block variation and unexplained variables (Quinn and Keough, 

2002).  RCBD is a common design within biological and agricultural field research 

(Quinn and Keough, 2002).   

Three replicates were used (blocks: r =3), each holding all the treatments.  The 

treatments within each block were organized randomly using a computer algorithm.  A 

total of 30 treatments (27 from the factorial design and three replications of the control), 

per block or replicate.  Each block has all the treatments (30 treatments), and the three 

blocks account for the 30 treatments each, 90 in total.  Figures 6.1 shows the dimensions 

of the whole experiment design, where each plot or treatment was 25ft2 (1ft x5ft per crop 

(3) with 1ftx5ft space (2) between crops (Figure 6.2)).   
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Figure 6.1: The experimental vegetable garden design used in 2018.   

N 

Crop Group 1 

Crop Group 2 

Crop Group 3 
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Field Design of the Experiment  

Each treatment plot (TRMT) was placed in squares of dimensions 5ft long by 5ft 

wide, approximately 2ft between each treatment and 3ft between each block (Figure 6.2).   

 

5ft 

5ft 

     

     

Crop Space Crop Space Crop 

(1ftx5ft) (1ftx5ft) (1ftx5ft) (1ftx5ft) (1ftx5ft) 

     

Figure 6.2: An example of one treatment used throughout the experiment (Figure 6.1). 

 

Statistical Analysis and Hypothesis Testing for Crop Biomass 

The results are based on the vegetable garden experiment in terms of the 

following response variables: crop “survivorship,” measured as the number of individual 

plants at the end of the cycle relative to the initial germinated seeds. Crop group (or 

mixes) is defined as three crops within each treatment per replicate (3) with a total of 9 

crops in the whole experiment.  “Produce” is defined as the weight or biomass derived 

from the crops (i.e., the biomass of the fruit, tuber, and leafy greens).  Analysis of 

Variance (ANOVA) was used to statistically determine different sources of variation (i.e., 

factors) affecting the response variables. 

 

Area of the Vegetable Garden Experiment 

The 550 m2 (5913 ft2), vegetable garden experiment, was located in the Southern 

section of Field 5 (F5) (Figure 7), just north of the farms’ large silo and main barn.  This 
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site was chosen for ease of access, close to a natural spring well, with storage and 

electricity when needed.  This site also provided excellent water drainage due to having a 

slight slope and full sun exposure.  This particular field (5) continued to grow and harvest 

hay once during the summer (2018), except the area where the vegetable garden was 

located.  Therefore, this area was never used to grow a garden until research for this 

project took place. 

 

Figure 7: Study site field numbering system, along with experimental garden and spring 

well locations (Google Maps, 2019). 
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The Experimental Garden Construction 

Fieldwork was conducted between May 2018 to mid-October 2018.  The 550 m2 

area (Figure 6.1) designated for the garden was ploughed in early May 2018 by tractor 

exposing the soil.  Continuous preparation measures took place, such as the removal of 

rocks, stones, and other forms of plant debris (i.e., weeds and grasses), and rototilling 

until the land was clear and the soil loose. The field experiment design used for the 

vegetable garden, was carefully established in the prepared location (Figures 6.1 and 7).  

Approximately 25.5 ft3 of leaf litter and another 25.5 ft3 of sheep manure was used to 

assemble the garden plots (treatments). The OM was well combined with the soil using 

shovels and pitchforks within the designated treatment plots. 

 

Garden Management 

Seeds for the Garden 

Seed for all nine crops for the garden experiment were obtained from the seed 

company Veseys™, located in Prince Edward Island. All seeds for the garden were 

planted early June 2018 (Table 12) and were accompanied by a popsicle stick to avoid 

accidental removal during weeding. 

    

Water for the Garden 

Water for the garden was provided from a near-by spring well (Figure 7).  Most of 

the seeds provided, except potato and cucumber seeds, contained a clay coating which 

helps retain moisture during seed handling (Veseys™, 2019). With the mean temperature 
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of 17ºC and a maximum temperature between 30-35ºC in June, the plant beds were 

watered twice a day, morning and evening; exceptions were made during rain events. 

 

Weeding 

Weed management at the experimental garden occurred throughout the summer 

season, with weeds removed either by hand or gardening tools.  Weeds were removed as 

soon as possible to avoid any unnecessary competition with the vegetable crops. 

 

Crop Harvesting Methods 

The Veseys™ seed packages provided useful information, such as planting, 

growing, possible problems, pests and diseases, harvest, and companion crops. The 

information provided on the package and Veseys™ website helped determine the ideal 

harvest time for each crop.  Crops were harvested according to Veseys™ optimal harvest 

appearance and approximate period, often at various times during the field season (Table 

12). Since there was a variety of crops, including leafy plants, fruits, and tubers, some 

were single harvest, also known as determinate (spinach, onions, potatoes, cabbages, 

broccoli, and beets), and some were harvested multiple times over the season 

(‘indeterminate’ growth) (bell peppers, eggplant, and cucumbers). 

 

Crop Emergence Measurements and Drying Process Methods 

Emergence measurements were defined as observing and recording crop growth 

throughout the summer season, specifically, recording the following necessary 

information of each plant: plant height, width, density, survival, and appearances 
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(healthy, degraded, signs of pests). This process commenced four weeks after seeding, 

and four weeks between intervals, with a total of four intervals overall. This process 

helped in keeping track of plant health and productivity during the field season. 

Each crop was sampled from each treatment at harvest for further analysis (Table 

38).  The samples were placed on trays with appropriate treatment numbers and dried in a 

VWR International Economy ™ oven, set at 100ºC for three days.  The samples were 

weighed before and after (fresh and dry biomass) the drying process, which determined 

the amount of water contained per sample (Table 38).  

 

3.33 Soil and OM Sampling and Analysis 

Soil and OM samples taken at the vegetable garden location were processed using 

standard procedures to complete soil analysis.  The soil analysis was done by CNS, ICP-

OES, and pH instruments.  Approximately 500g of fresh soil was dried and sieved with a 

2mm sieve to separate the large particles (> 2mm) from the smaller particles (< 2mm) the 

latter used for testing (Adkinson, 2012).  The results from the CNS analysis provided data 

regarding the percent of carbon, nitrogen, and sulphur in the soil samples and OM 

samples.  CNS testing required a soil sample mixture combined with tungsten (for 

decomposition (Wright and Bailey, 2001)) and the use of Elementar Marco Vario Cube 

to determine the amount of carbon, nitrogen, and sulphur within the sample (Adkinson, 

2012).  The CNS analysis charges were $6.5/sample.  Inductively coupled plasma – 

optical emission spectrometry (ICP-OES) was used to analyze the composition of six 

analytes derived from the soil samples, including phosphorous and potassium (mg/kg). 

The ICP-OES procedure involved acid digestion of a mixture of soil with HNO3 (nitric 
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acid for dissolution and stabilization purposes) to cold digest (room temperature) and a 

subsequent hot digest (100ºC) for eight hours, before analysis using Perkin Elmer 

7000DV machine to determine the six analytes within the samples (i.e., calcium, copper, 

iron, potassium, magnesium, and phosphorous) (Adkinson, 2012; Pappas, 2012; 

ThermoFisher Scientific (TFS), 2019).  For ICP-OES soil analysis, including control 

samples, charges were $10.00/sample for six analytes.  The pH testing required a solution 

of soil combined with 0.01M CaCl2 (calcium chloride) for consistent accuracy due to soil 

electrolyte concentrations in crop residues (Adkinson, 2012; Minasny et al., 2011).     

 

3.34 Estimating Market Value per Crop 

The estimated market value per crop was derived from the OMAFRA (2019) 

Statistics Canada, (2019) using cents/lbs and multiplied by the total biomass of each of 

the three crops recorded in 2018. It is a very crude estimate and does not account for 

other significant factors (i.e., cost of seeds, labour, OM, energy, and water). It is 

important to mention that none of the vegetables grown in this project were sold for cash.  

Some were sampled for further analysis for the experiment (previously mentioned), and 

most were donated to low-income families in Toronto, Ontario.             

 

3.4 Results  

C and N were measured in sheep manure and litter compost using CNS using the 

Elementar Marco Vario Cube, as described by (Adkinson, 2012). The C:N ratio of the 

sheep manure was 14.2%, which was close to the C:N ratios reported in the literature of 

approximately 16% (Rynk et al., 1992). In contrast, the C:N ratio of the leaf litter 
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compost was 13.4%, which was significantly lower than reported C:N ratios of 50-54% in 

the literature (Rynk et al., 1992). 

 

 

OM C (%) N (%) pH 
SHEEP 

MANURE 14.2 1 8 

LEAF 

LITTER 13.4 1 7.24 

 

Theoretically, the overall vegetable garden value (in produce) in 2018 was 

approximately $326.17 (Table 3).  The highest theoretical cash value of crop produced in 

the whole experiment of the vegetable garden was Crop Group 2, valuing approximately 

$181.51 for all three crops (Table 3) (OMAFRA, 2019; Statistics Canada (StatsCan), 

2019).  Therefore, the estimated value of Crop Group 2, for one hectare (ha), equals to 

approximately $26,049.79 (Table 3).  The total theoretical value of Crop Group 1 was 

approximately $76.49, which equals to approximately $10, 978.16 estimated per hectare 

(Table 3).  Lastly, Crop Group 3 valuing at $68.17, which has an estimated value of 

$9,783.35 per hectare (Table 3) (OMAFRA, 2019; StatsCan, 2019).    

 

 

 

 

 

 

 

 

 

 

 

Table 2: C, N, and pH found in the available OM used for the 2018 vegetable 

garden.   
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Table 3: The estimated market value per crop and total overall experiment, using 2018 

data from OMAFRA (2019) and Statistics Canada (2019).  

 

 

Statistical Analysis of Overall Crop Survivorship Between Treatments 

An ANOVA test the experiment, concerning the survivorship of each of the crops 

grown, showed that there was no statistically significant difference in survivorship 

between crops within each treatment plot.  Therefore, the OM mixes did not have a 

significant impact on the overall crop growth during the 2018 summer.  Data can be 

found in Table 32, 33 and 34, in the Appendix.  The average crops grown per treatment is 

seen in Figures 8, 9 and 10, displaying Crop Group 1, 2, and 3 respectively.  A 

comparison of the means and standard deviations for each Crop Group can be seen in 

Tables 13, 14, and 15 in the Appendix.   

Crop 

Group Crop 

Average 

Price 

(cents/lbs) 

2018 

(OMAFRA 

and 

Statistics 

Canada) 

Total 

weight 

(lbs) 

from 

2018 

Season 

Potential 

overall 

value ($) 

from 

2018 

Total 

Combined 

Crops Per  

Crop 

Group ($) 

Estimate 

per 

Hectare($) 

1 

Bell 

Peppers 0.4408 
118.75 52.35 76.49 

10,978.16 Onions 0.1706 71.58 12.21 
Spinach 0.9295 12.84 11.93 

2 
Potatoes 0.1477 396.28 58.53 

181.51 
26,049.79 Eggplant 0.4532 59.30 26.87 

Cabbage 0.2549 377.02 96.10 

3 
Broccoli 0.9993 7.44 7.43 

68.17 
9,783.35 Beets 0.1887 81.52 15.38 

Cucumbers 0.2475 183.24 45.35 
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Figure 9: Visual representation of crop survivorship in Crop Group 2.  Data based on 

Table 14.  

 

Figure 10: Visual representation of crop survivorship in Crop Group 3.  Data based on 

Table 15. 

 

Figure 8: Visual representation of crop survivorship in Crop Group 1.  Data based on Table 13.  
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Statistical Analysis of the Crop Response Regarding Companionship 

An ANOVA test was performed to determine the statistical significance of crop 

group mixes (biomass) within each treatment.  The total biomass of each vegetable 

collected was recorded and was based on the produce (i.e., leafy, fruit, and tubers).  The 

results showed that there was no significant difference between the total biomass (g) of 

crops group mixes grown within the treatments (Tables 35-37).  Therefore, the treatments 

did not impact the overall crop biomass within the experiment.  

 

Statistical Analysis of Fresh and Dry Biomass  

An ANOVA test was completed between the fresh biomass (g) per OM treatment 

and dry biomass (g) per OM treatment (Tables 38, 39, and 40).  The test showed that 

there was no significant difference with either the fresh or dried biomass of the crops for 

each treatment.   

 

3.5 Discussion 

Overall, this vegetable garden experiment met the first research goal found in the 

Objective section of this thesis.  The results show that there was no statistically 

significant difference between crop response based on OM amendments found in the 

vegetable garden.  Therefore, the first hypothesis for this chapter was not rejected.   

A study by Kerkeni et al. (2009), evaluated nursery-produced pepper plants 

(Capsicum annuum L. cv. ‘Rouge Long’) grown in different mixtures of OM (e.g., 

compost, peat, and animal-based manures (chicken, sheep, cattle, and horse)).  The study 
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found that there was no significant difference between the growth of the seedling to the 

different mixtures of OM (Kerkeni et al., 2009). The Kerkeni et al. (2009) study was a 

three-year trial focusing on one particular crop grown in a greenhouse and used animal-

based manure (> 1 year).  Whereas the results from this chapter only used a one season 

field trial, a combination or groups of crops and OM that was less than a year old (< 6 

months).  However, it was interesting to see that the Kerkeni et al. (2009) study used 

similar approaches seen in this chapter, such as using mixtures of OM, C:N and pH 

results from the OM.       

A study by Odion and Ahmadu (2015) found that the combination of maize (Zea 

mays L.) and soybean (Glycine max (L.) Merr.) intercropped in green manure treatments, 

increased the overall yield and quality of the crops and surrounding soil.  Both maize and 

soybean yields responded positively to the green manure mixtures and as crop 

companions (Odion and Ahmadu, 2015).  The study by Odion and Ahmadu (2015) used a 

RCBD with three replicates with green manure amendments, similar to the approach used 

in this chapter.  The study by Odion and Ahmadu (2015) was conducted in Nigeria where 

soil mining is a significant problem and thus, using green manures as nitrogen applicators 

towards crops is a potential solution to low technology farmers.     

Antonious et al. (2009) conducted a field trial using three forms of OM (sewage 

sludge, chicken manure and yard waste compost) to determine which was best suited to 

grow onions (Allium cepa L. var. Super Star – F1). They found that chicken manure 

increased organic sulphur and supported onion growth, making it a cost-effective OM for 

growing onions in arable lands (Antoniuous et al., 2009).  The Antonious et al. (2009) 

study is similar to this chapter in relating animal-based manure to onion, however, the 
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differences are that the study did not use a mixture of their OM nor use more than one 

type of crop. 

      

This chapter was based on one-year of field research, which occurred over the 

drought-like summer season experienced in 2018, with unseasonal hot weather and lack 

of rain, which likely impacted the growth of the crops.  Another factor impacting study 

results was the short growing season, where the crops were planted early June and 

harvested early October (Table 12). The results that emerged from the studied topics 

provide useful information since they are a good representation and apply to the 

microclimate for Peterborough County and generic farming in Central Ontario.             

 

Future Studies 

Future experiments could focus on water and drought stresses and genetic 

variability to changes, such as crop suitability studies with various commonly grown 

species in this region and incorporating exotic crop species that are uncommonly grown 

in this region, but which could be suitable under the projected climate. A field experiment 

such as the one completed and decribed in this chapter, conducted for more than one year 

to reveal any form of variances and exclude certain limitations, such as weather patterns 

and crop companionship regarding starting a permaculture system.  
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Chapter 4: Impact of A Simulated Permaculture System on Soil 

Erosion Rates 

4.1 Introduction 

The Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA) define 

soil erosion as a natural process that occurs on all landforms due to water, wind, gravity, 

agricultural practices and other human activities (Ritter, 2012). Erosion occurs when 

topsoil is relocated within an area or away from an area, causing significant changes to 

the surrounding environment (Favis-Mortlock, 2017; Ritter, 2012). The three primary 

forms of soil erosion are detachment, movement, and deposition (Ritter, 2012). The 

adverse effects of soil erosion are decreased soil stability and soil fertility in agriculture 

(Brady, 1984; Reece et al., 2011; Ritter, 2012). Some of the causes of soil erosion are 

agriculture and logging, and some non-human causes include heavy rainfall, steep slopes, 

and shoreline erosion (Brady and Weil, 2010; Reece et al., 2011).   

Tilling the land causes compaction to lower layers of soil, especially with the 

movement of heavy machinery (Pennock, 2019). Tilling unearths and exposes healthy 

soil to the elements which decrease soil stability by removing roots and beneficial micro-

organisms (Pennock, 2019).  It also uncovers soil organic matter, which decomposes 

more rapidly when exposed to oxygen (Pennock, 2019). The monoculture systems 

commonly used in conventional agriculture have been found to be highly degrading of 

soil fertility and stability, especially corn production (Hathaway, 2016; Rickman et al., 

2002). Monoculture crops withdraw the same nutrient(s) throughout the area by each 

plant at the same time (Götze et al., 2016; Rickman et al., 2002).  This leads to nutrient-
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deficient soils and compels farmers to incorporate artificial nutrient management or 

rotational cropping systems (Hathaway, 2016; Rickman et al., 2002).  

Soil nutrients can be moved and relocated via wind or water drainage (Ge et al., 

2020).  Wind transports soil particles through the air, in some extreme cases causing the 

‘dust bowl’ effect depending on soil stability (Ernesto Méndez et al., 2016; Ge et al., 

2020). Nutrient removal by runoff in drainage water from heavy precipitation can 

transport a large amount of nutrients to near-by water bodies, resulting in severe nutrient 

pollution and eutrophication in rivers and lakes (Ge et al., 2020). Excess phosphorous 

entering water bodies can encourage algal growth, which in turn reduces oxygen levels 

(Brady and Weil, 2010; Reece et al., 2011).       

Several remediation efforts can be applied to mitigate some harmful effects of soil 

erosion.  Planting trees across slopes or along the margin of fields can help prevent soil 

erosion because trees’ long roots and water absorption aids in stabilizing the soil and 

increasing beneficial organisms (Montgomery, 2007).  As an example, trees are often 

planted or left to grow beside farmer’s fields, forming rows or hedgerows, which acts as a 

windbreak, increasing local species biodiversity and soil stabilization, which can benefit 

agricultural productivity (Capmourteres et al., 2018; Montgomery, 2007; Reece et al., 

2011). Trees planted near rivers, canals, and other water bodies limit soil erosion, 

stopping soil nutrients from entering the water and decreasing the chances of pollution 

(Reece et al., 2011). In terms of monocropping, a possible mitigation method to decrease 

soil and nutrient erosion is to use conservation tillage and intercropping to increase 

biodiversity (Götze et al., 2016; Reece et al., 2011).   
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   This section will examine soil erosion rates at the study site, under current land 

management and simulated permacultural management.  Then, mean soil erosion was 

calculated  between the three computer modelling programs (USLE, RUSLE, and 

AgriSuite) and these values of projected soil erosion rates under climate change scenarios 

were compared. The fundamental basis of this part of the thesis is that soil erosion can be 

significantly reduced by increasing crop and vegetative canopy cover. An established 

permaculture system may help prevent detachment of soil particles by the kinetic energy 

of raindrops and wind. Thus, permaculture production may be a suitable adaptive 

management strategy for climate change. 

 

4.2 Background 

4.21 Central Ontario Climate 

The Peterborough region, including the study site, experiences a yearly cycle of 

four definite seasons (Adams et al., 2009).  The mean air temperature throughout the four 

seasons between the years 1961 to 2018 were; winter -10.05ºC, spring 2.42ºC, summer 

18.41ºC, and fall 7.86ºC, with a mean annual temperature of 6.3ºC (Government of 

Canada (GofC), 2017).          

Projections of climate change (Climate Atlas of Canada (CAC), 2019) for this 

region, using a scenario based on a representative concentration pathway (RCP) 4.5 (low 

emission scenario) project an increase of 28% in air temperatures between the years 

2021-2050 and an increase of 44% between the years 2051-2080 (CAC, 2019).  The 

mean annual temperature is set to rise from 6.3 ºC (2018) to 8.1ºC (2021-2050) and 9.1ºC 

(2051-2080) (CAC, 2019).   In contrast, projections, using RCP 8.5 (high emission 
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scenario) show an approximate 33% increase in air temperature going up to about 8.4ºC 

between the years 2021-2050, and a 66% increase between 2051-2080 of about 10.5ºC 

(CAC, 2019).   

 

4.22 Agro-Ecosystems Limiting Productivity on the Farm       

Presently, the main limiting productivity factors are related to soil loss due to 

erosion with its reduction of soil fertility, resulting in limited soil nutrients for crop 

uptake.  This particular farm is a prime example of agricultural land and productivity in 

the Peterborough region.  To assess whether a traditional farming system is superior to a 

proposed permaculture system in terms of soil erosion mitigation potential was the focus 

of this section.  Thus, the efficiency of the proposed permaculture system against the 

traditional system through study in this area was tested, since the results can be applied to 

other near-by areas, or areas with similar climatic, landscape and soils conditions and 

land use management.   

 

4.23 Universal Soil Loss Equation 

The Universal Soil Loss Equation (USLE), has been developed by the U.S. 

Department of Agriculture, Agricultural Research Service, Soil Conservation Service, 

and Purdue University in the late 1950s for agricultural cropping and erosion purposes, 

and calibrated experimentally worldwide (Renard et al., 1991).  The USLE is a powerful 

tool used globally since the 1970s in determining soil erosion and assisting soil 

conservationists (Renard et al., 1991).  Since the development of the USLE, Ontario has 

adapted this equation for the use of finding agricultural soil erosion rates.  The equation 

itself can be assessed through the Ontario Ministry of Agriculture, Food, and Rural 
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Affairs (OMAFRA) website (2016).  The USLE has been continually updated and 

improved upon until the current equation is as stated below (OMAFRA, 2016).        

 

USLE Model structure 

The USLE is a model that determines long term soil assessment based on 

topography, vegetation systems, precipitation patterns, soil type, landform, and 

management practices (Wall et al., 2002).  The USLE can be used primarily as a basis of 

finding soil erosion for some applications, such as agriculture, mine tailings, highway 

construction, recreational sites, and development sites (Renard et al., 1991; Stone, 2015).  

The USLE only determines the soil erosion rate to a single slope at a time (Wall et al., 

2002).     

 

USLE Model Function and Parameterization 

The USLE is composed of the following equation structure (OMAFRA, 2016): 

 A= R * K * LS * C * P 

Where, according to OMAFRA USLE (2016), Stone (2015), and Wall et al. 

(2002), are comprised of the following conditions under the specific site, climate, soil, 

topography, vegetation/crop, and land-use practices.   

A =  Is a representation of the annual soil erosion rate at ton/ha/year or 

ton/ac/year.  This value is found and compared to the soil erosion class 

(Table 16) (Wall et al., 2002). 
R =  Is the rainfall erosivity factor found in specific geographic region, (MJ mm 

ha
-1

h
-1

) (Stone, 2015; Wall et al., 2002) 
K =  Is the soil erodibility factor, (t h MJ

-1
mm

-1
) (Wall et al., 2002).  Factors 

affecting K include, texture, structure, organic matter, and permeability 

(Stone, 2015).     
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LS =  Is the slope-length gradient factor (Wall et al., 2002).   
C =  Is the crop and vegetation management factor (Stone, 2015).   
P =  Is the support practice factor (Stone, 2015).  Mainly used in agriculture 

cropland agriculture, such as cross-slope cultivation, contour farming, and 

strip-cropping (Stone, 2015).  
 

The major weakness in this type of simulation is that it is not a process-based 

model, but rather assumes a multiplication of factors that could make it unpredictable, 

vague, and should not be used as a proof of concept in a study area (Wall et al., 2002).  

Therefore, it is safe to use the USLE more as a guide or baseline for overall soil erosion 

rate results (Wall et al., 2002). 

 

4.24 Revised Universal Soil Loss Equation 

The Revised Universal Soil Loss Equation version 2 (RUSLE2), is the most 

updated version of RUSLE1 (version 1), which is mainly derived from the original USLE 

(OMAFRA, 2016).  RUSLE1, released in 1993, was the first computerized program after 

the USLE with an interface that was considered complicated and lengthy in terms of data 

input for the soil erosion calculator to determine an output (Renard et al., 1997; Pennock, 

2019).  The RUSLE2 program, released in 2003, was a significant improvement over the 

RUSLE1, with a new and improved graphical interface (Foster et al., 2003).   

 

RUSLE2 Model structure 

The RUSLE2 is a model that functions like the USLE model, only through a 

computerized program and with fewer limitations (OMAFRA, 2016), such as, 

computational arithmetic and added variable options for the parameterization of the 
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equation to determine factors such as R and K (Kinnell, 2010).  Thus, the RUSLE2 

program requires additional information to provide a more accurate result of soil erosion 

in an area (Foster et al., 2003; Kinnell, 2010).  The RUSLE2 model focuses on estimating 

long-term average soil loss from rill and sheet rill erosion and predicting soil loss and 

conservation planning (Kinnell, 2010; OMAFRA, 2016).         

 

RUSLE2 Model Function and Parameterization 

All the parameters used in RUSLE2 have been derived from the original USLE 

(Renard et al., 1991).  However, the RUSLE2 program has been revised to incorporate 

more parameters than the USLE (Renard et al., 1991).  New parameters mainly involved 

are updated variables, more specific options per variable, and revisions in terms of 

computational algorithm values to the USLE equation (Renard et al., 1991).  This, in 

turn, decreases significant limitations from the USLE model and increases the chance of 

more accurate results when using the RUSLE2 model.   

The RUSLE2 version 2.5.1.7 program will be the current version used and 

examined in this chapter.  It is specific to the Ontario region and has been downloaded 

through the OMAFRA (2016) website.  The original RUSLE2 program is derived from 

the United States Department of Agriculture – Agricultural Research Service and has 

been modified by OMAFRA (2016) to include specific datasets and coding developed to 

represent Ontario’s environment.       

In the actual RUSLE2 program, the user can “Open” and configure the following: 

Limits, Climate, Management, Operation, Residue, Profile, Soil, Vegetation, Contour 

System, Subsurface drain system, Erosivity, Fuel, Hydraulic element systems, Flow path, 
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Hydraulic element flow path system, Irrigation system, Permeable barrier, Plan, and 

Strips/barriers.        

 

4.25 Ontario’s Agriculture Planning Tools Suite  

Ontario’s Agriculture Planning Tools Suite (AgriSuite) is an online crop and 

nutrient management planning software combined with a specialized nutrient program for 

Ontario (NMAN) which can be used to calculate nutrient balance (kg/ha) for an 

agricultural setting (OMAFRA, 2019).  Using source information on farm management 

techniques provided by the farmer and soil sample analysis completed throughout the 

study site, we can generate plans and strategies for nutrient management using AgriSuite 

(OMAFRA, 2019).  AgriSuite requires several parameters in order to calculate the 

approximate nutrient balance on the farm, some of which included: location, crop types, 

average yield, tillage and base management practices, soil erosion information, and soil 

sampling information. 

 

AgriSuite Model Structure 

AgriSuite is a program that is continually evolving, making it one of the more 

‘modern’ forms of determining important environmental/agricultural aspects in an area of 

study (OMAFRA, 2019).  This free program is available for farmers to determine soil 

type, erosion, and fertility by adding field characteristics, such as crop production and 

land management practices, to scale profits and production yields (Weersink, 2017).   

In terms of soil erosion, the AgriSuite program has a built-in calculator that uses 

the same principles as USLE and RUSLE2 (OMAFRA, 2019).  This is used for 
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consistency and because AgriSuite offered other variables (e.g., tillable area (ha), area for 

material (ha), and NPK, pH and OM information) compared to USLE and RUSLE2 

(OMAFRA, 2019).  Necessary soil information, such as soil type (general location), soil 

nutrients and series, slope percent, pH, and SOM, are all examples of the input needed to 

determine soil erosion in the AgriSuite program.  

 

AgriSuite Model Function and Parameterization 

The AgriSuite program opens to a page where the user can choose to use either 

the Nutrient Management Planning (NMAN) or the Minimum Distance Separation 

(MDS) modules.  These modules are separated into more options, such as the Field 

Management Plan, Nutrient Management Strategy and Plan, and Greenhouse Nutrient 

Feedwater Worksheet all under the NMAN module and Add MSD I/II Worksheet under 

the MSD module.  This chapter uses the NMAN module and the Field Management Plan 

worksheet in the AgriSuite program.  The differences in input lay in the tillable area, area 

for material, maximum slope, slope length, soil nutrients (N, P, K), pH, and organic 

matter.  Information about land management was added to the “Add crop or cropping 

year” section within the worksheet.  This particular section supplied soil erosion, nutrient 

removal, and production recommendation information after proper input was provided, 

such as crops grown, tillage method, and cropping/tillage practice.    
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4.3 Methods 

The basic field information for the study site can be found in Tables 17 and 18 

(Appendix).  Soil analyses were performed to determine nitrogen (N), phosphorous (P), 

and potassium (K) nutrients, as well as carbon (C) throughout the study site.  In order to 

maintain consistency, all nutrients and carbon units were converted to tonnes/hectare/year 

(tonnes/ha), as shown throughout this chapter.  

    

4.31 Soil Sampling and Soil Analysis Methods 

Ninety-one soil samples in total were collected throughout the 18 fields (except 

F6) (Figure 11) using a triangulation method for cross verification of more than one 

source and increasing the chance for consistency to omit sampling bias (Ponce-

Hernandez, 2018).  Twenty-three samples (black circles) were taken in the summer of 

2017 by M. Wrozyna, 2017 (F7, F15, F16), and 68 samples (white circles) taken spring 

2018 by R. Ponce-Hernandez, E.J. Woods, and G. Janik, 2018 (F1-5, F8-14, and F17-18) 

(Figure 7).  All 91 soil samples were analyzed to provide the essential information 

(except soil erosion) found in Table 18 (Appendix).     

Refer to methods in Chapter 3 (under Soil and OM Sampling and Analysis) for 

soil analysis specifically, CNS, ICP-OES, and pH.  The information derived from both 

the CNS and ICP-OES were entered as an attribute table into a geodatabase in ArcGIS™ 

and then using the Empirical Bayesian Kriging Algorithm with spatial interpolation 

(Tarlo and Penlington, 2018) (Table 24, under CCCM).  In this, the nutrients and carbon 

examined in this chapter are displayed on a map overlaying the study site (Tarlo and 

Penlington, 2018).   
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Figure 11: Soil sample locations at the study site. Black circles indicate location of 

sampling in 2017, white circles indicate location of sampling in 2018. 

 

Conversions 

The soil analysis for the nutrients and carbon (Table 18), either expressed as a 

percent or in mg/L, and thus, an average of each field was converted into tonnes/ha for 

consistency when calculating soil erosion.  As such, Equation 1 (Appendix) was used to 

convert P, and K soil samples into mg/kg, then in Equation 2 from mg/kg into tonnes/ha.  

Whereas N and C samples did not require conversions since they were a percentage value 

of mass and could be applied directly.   
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4.32 Soil Erosion Modelling             

Modelling current management of the study site is based on information provided 

by the farmer who maintains the land.  Detailed information about the current state of the 

study site and management operations can be found in Tables 17, 18, and 19 (Appendix). 

Nearly half of the fields are designated as “silage corn, beans, and canola,” the 

other half of the fields are “hay and pasture” (Table 19) (Salonius and Salonius, 2018).  

The main tillage method used throughout the farm is described as “no-till” (Table 19) 

(Salonius and Salonius, 2018).  The cultivation practice management of the farm is 

mainly “up and downslope,” with a few “cross-slope” (Table 19) (Salonius and Salonius, 

2018).  This information will be useful when determining the estimated nutrient loss 

throughout the farm, subsequently in this thesis.  “Up and downslope” can be expected to 

increase downslope soil erosion compared with the cross slope on contour cultivation.  

The locations are determined by each soil erosion model, including information 

on the municipality and corresponding weather station through computed meteorological 

data input (OMAFRA, 2016; Stone, 2015; Wall et al., 2002).  Each of the 18 fields at the 

study site (Figure 7) were added to the soil erosion models, and each required specific 

input for a specific output.  The input added that was the same for each field was 

geotownship (Peterborough County, Township of Otonabee – South Monaghan), soil 

series (Bondhead), and soil texture (sandy loam).   

This chapter uses three soil erosion models (USLE, RUSLE2, and AgriSuite) in 

order to determine consistency for the most accurate erosion rate.  As seen in Figure 12, 

the models appear similar in their structure and results; this is because they were all 

formulated using the same parameters.  The soil erosion models provided output (soil 
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tonnes/ha/year lost), which were averaged across the three models to determine current 

and projections of soil erosion at the study site.     

 

Figure 12: A comparison of the predicted soil erosion (tonnes/ha/yr) rate from the three 

soil modelling programs using current farmland management and current climate (R).   

 

4.33 Soil Erosion Rates Under Present Climate and Current Management 

Modelling soil erosion under the present climate and current management (land) 

is based on the available options on each program used, USLE, RUSLE2, and AgriSuite.  

This scenario will be known as “Current Climate, Current Management,” or CCCM for 

short (Table 20 for reference).   

The location determined for the USLE parameters was under the “weather station- 

Tweed” since it encompasses the County of Peterborough, in which the study site is 

located (OMAFRA, 2016).  The RUSLE2 location parameters were “County of 

Peterborough – Norwood” since this is the closest area to the study site (OMAFRA, 

2016).  The AgriSuite uses three specific location variables: Upper-tier Municipality: 

County of Peterborough, lower-tier Municipality: Township of Otonabee-South 

Monaghan, and Geotownship: Otonabee.  Common variable inputs among these 

modelling programs used the information found in Tables 17, 18, and 19.   
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4.34 Soil Erosion Rates Under Projected Climate Change and Current Management 

This particular scenario will be known as “Projected Climate, Current 

Management,” or PCCM for short (Table 20).  The current management input for all 

models was the same in terms of the previous scenario (CCCM).  The significant 

limitation of the soil erosion models is their inability to be flexible in terms of parameter 

modifications.  As such, certain attempts have taken place to adhere to the changes 

needed to use to determine future projections.   

The USLE, RUSLE2 and AgriSuite do not account for changing climate in the 

equation.  However, the parameters of the equation can be estimated to simulate any 

possible future changes to the recorded area.  Specifically, the USLE does not provide 

extensive information on the “R” (rainfall erosivity) factor nor any possible R 

manifestation of future climate changes (Stone, 2015; Wall et al., 2002).  The RUSLE2 

program downloaded through the OMAFRA (2016) website does not allow users to 

manipulate individual climatic data variables (monthly and daily, temperature and 

precipitation values) as it is only a “Read Only” setting.  The AgriSuite does not allow 

the user to manipulate temperature changes, other than those implicit in changing 

geographic location (also applies to USLE and RUSLE2).   

The only solution available to obtain “estimates” of climate change parameters 

seems to be to use a different “regional climate” scenario.  Therefore, to mimic future 

climatic temperatures and precipitations is to change the climate scenario to an area 

further South in Ontario, such as “County of Essex” or even areas in the United States 

depending on how far into the future projections are needed.     
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Under the Natural Resources Canada (NRC) file (2014), Figure 13, shows the 

Plant Hardiness Zones between the two counties, Peterborough and Essex.  Peterborough 

lies under the plant’s hardiness zone of 5b and Essex under the zone 7a (NRC, 2014).  

This particular Figure (13), shows the difference in plant hardiness and climate resides in 

both areas, which may aid in projecting for crops in climate scenarios (Vogel et al., 

2005).  Plant hardiness zones were established under the consideration of regional 

climate, the variability of herbaceous species, and their survival between the zones 

(McKenney et al., 2007).  However, the main uncertainty using this method is accounting 

for the specifics of geographical climate and features that may differ between zones, such 

as precipitation and topography (McKenney et al., 2000).  

 

Figure 13: South Ontario plant hardiness zones, derived from the Canada’s Plant 

Hardiness Zone images from Natural Resources Canada (2014). 

 

To maintain consistency, all models (USLE, RUSLE2, and AgriSuite) used the 

“County of Essex” as the geographical location site (R), as an estimate of future climate 
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projection.  The annual projected temperatures between the years 2015-2045 in the 

County of Essex is approximately 12.46ºC (Ontario Climate Change Data Portal 

(CCDP), 2019).  In comparison, using the same climatic parameters, the annual 

temperature in the County of Peterborough is projected to be approximately 10.10ºC 

(2015-2045) (CCDP, 2019).  The difference between the County of Essex and 

Peterborough result is a 2.36ºC.  According to the data derived from the CCDP (2019), 

the annual temperature average for 2019 in Peterborough and Essex is 8.7ºC and 10.39ºC, 

respectively (Figure 14 and Table 41).  Peterborough is projected to reach an annual 

average temperature of 10.41ºC in the year 2061 (Table 41).  Therefore, by the time 

Peterborough annual temperatures reach (current) Essex annual temperatures, will be in 

approximate 42 years (Figure 14).   

 

Figure 14: RCM temperature projections between Peterborough/Norwood County and 

Essex County Ontario, between the years 2010-2090 (CCDP, 2019).  Data found in Table 

41. 
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4.35 Soil Erosion Rates Under Present Climate and Simulated Permaculture 

In this scenario, the present temperature regime in the Peterborough region was 

used to determine the effect of a simulated established permacultural system.  This 

scenario will be known as “Current Climate, Permaculture,” or CCP for short (Table 20).  

The same parameters for climate used in CCCM will also be used for CCP, in order to 

maintain consistency as reference and ease in comparison.   

The idea behind simulating permaculture is to examine the use of the least 

destructive land-use management systems with the highest canopy cover (e.g., crop type, 

tillage, and support practice).  Since the soil modelling programs do not provide value to 

improving ecological biodiversity through land-use management methods, the scenarios 

below use estimated values available to attempt a permaculture simulation. 

In terms of permaculture simulation, the USLE does not provide specifics for 

appropriate simulation of soil erosion calculations.  However, some parameters can be 

adjusted to customarily fit into a permaculture simulation, such as using a combination of 

the least destructive crop, tillage, and practice (C and P factors) available. 

In the most “permacultural” scenario possible through the RUSLE2 program, the 

fundamental parameters will remain the same, the difference here is the “base 

management,” “contouring,” “strip/barriers,” and “diversion/terraces, sediment basin” 

which have been optimized to account for a “permaculture” setting.  In particular, the 

“base management” has been manipulated to mimic permaculture.  This custom-made 

option, named “Permaculture Simulation,” was formed based on a broad view of what a 

permaculture system would be at the study site.  The variable inputs included: permanent 

vegetation (grasses and shrubs), wild berry bushes, wild apple trees, wildflowers, light 
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livestock grazing, non-destructive farming methods such as manual weed removal, 

manual hoeing, handpicking fruits and vegetables, manually applying natural fertilizer, 

rotational grazing, and hay harvesting.  These options formed the base management and 

were the closest and most ideal options to use as a “permaculture simulation.”  Specific 

individual crops may be added to the management plan, but the RUSLE2 has an input 

limit due to the number of calculations the program needs to perform (too many added 

operations to the management plan resulted in a program crash).  Since permaculture 

systems come in many different arrangements, the main idea of permaculture is to have a 

diverse environment, with a mix of fruit and vegetable crops, and an assortment of 

livestock (Mollison, 1979).  It was challenging to determine what exactly would be 

possible to grow at the study site, therefore, this particular simulation was formed to 

represent an already established permaculture system.   

The RUSLE2 program was more flexible when it came to modifying some 

parameters to suit necessary permacultural simulations, whereas the AgriSuite program 

provided no such option.  The AgriSuite program only allows the user to choose crops 

commonly grown in conventional agricultural systems, from asparagus to zucchini.  

Furthermore, only one crop in the AgriSuite program can be selected at a time.  Most of 

the crops provided by AgriSuite was coupled with a secondary, more specific option, 

such as when choosing cabbage as the first option, the secondary options included: 

Chinese, fresh white, white, red, and savoy.  The closest option to permaculture, was, 

unfortunately, “other,” a vague and non-descriptive term in AgriSuite, which can 

however be linked to No-Till methods, and Strip Cropping, Contour practices that more 

closely resembled permaculture.   
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4.36 Soil Erosion Rates Under Projected Climate Change and Simulated Permaculture 

Projected climate change parameters such as the PCCM scenario will also be used 

in this scenario, which will be referred to as “Projected Climate, Permaculture,” or PCP.  

This scenario will be using information based on the County of Essex in all three soil 

erosion modelling programs coupled with permacultural simulations used in the prior 

scenario.   

   

4.4 Results  

Figure 15 is the aerial image of the study site split into three sections (North, Middle, 

South).  Splitting the site into three sections will help determine the amount of soil 

erosion (Figure 15), going from East to West per section.  Figure 15 is used in 

conjunction with the soil erosion scenarios that occur within this chapter as reference and 

clarification.   
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Figure 15: The study site divided into three sections for further reference.  

 

4.41 Modelling Soil Erosion 

Figure 16 shows the average soil erosion rate of the three soil erosion models used 

in this chapter (USLE, RUSLE2, and AgriSuite).  The parameters are based on the 

current management of the farm, coupled with the current climatic parameters, 

CCCM.  Necessary field information and current farm management information can 

be found in Tables 17, 18, 19, and 21.   
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Figure 16: Predicted soil erosion rates (tonnes/ha/year) under Current Climate 

Current Management (CCCM) scenario based on three soil erosion modelling 

programs (mean) (Table 21). Farm fields from North to South, 18 fields in total.  

Sections based on above image, refer to Figure 15. 

 

Figure 17 shows the approximate soil erosion under current farm management but 

with a future climate scenario (PCCM) using the County of Essex as the base 

projection.   
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Figure 17: Predicted soil erosion rates (tonnes/ha/year) under Projected Climate 

Current Management (PCCM) scenario based on three soil erosion modelling 

programs (mean) (Table 21). Farm fields from North to South, 18 fields in total.  

Sections based on above image, refer to Figure 15. 

 

Figure 18 shows the average soil erosion rate from each of the three soil erosion 

modelling programs for CCP.  The highest of which is found in F17 is estimated to be 

1.41 tonnes/ha/yr (Table 21), which according to the OMAFRA classification 

standards (Table 16), is Very Low in overall erosion rate.   
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Figure 18: Predicted soil erosion rates (tonnes/ha/year) under Current Climate 

Permaculture (CCP) scenario based on three soil erosion modelling programs (mean) 

(Table 21). Farm fields from North to South, 18 fields in total.  Sections based on 

above image, refer to Figure 15. 

 

Figure 19 illustrates the average soil erosion rate of each of the three soil erosion 

modelling programs, based on future climate projection and permaculture simulation 

(PCP).  The highest amount of soil erosion estimated is F17 of 2.75 tonnes/ha/yr 

(Table 21), which is only an increase of 1.34 tonnes/ha/yr compared to the CCP 

projections (Figure 21).  The amount of potential soil loss via erosion of 1.34 

tonnes/ha/yr is a significant increase in 42 years (regarding a change in climate), 

however, this still results in a Very Low classification by OMAFRA (Table 16).     
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Figure 19: Predicted soil erosion rates (tonnes/ha/year) under Projected Climate: 

Permaculture (PCP) scenario based on three soil erosion modelling programs (mean) 

(Table 21). Farm fields from North to South, 18 fields in total.  Sections based on 

above image, refer to Figure 15. 

 

4.42 Comparing Soil Erosion Scenarios 

A direct comparison of CCCM and PCCM soil erosion rates of all fields can be 

found in Figure 20.  While the general pattern remains, soil erosion steadily increases 

over 42 years. Figure 21 is a direct comparison of CCP, and PCP estimated soil 

erosion values.   
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Figure 20: Predicted soil erosion rates (tonnes/ha/yr) under CCCM and PCCM 

scenarios. 

    

 

Figure 21: Predicted soil erosion rates (tonnes/ha/yr) under CCP and PCP scenarios. 

 

Figure 22 is a comparison of CCCM and CCP and shows a significant difference 

in terms of land management on the study site.  Figure 23 is a comparison of PCCM 

and PCP.  Similar to Figure 22, only with significantly more soil erosion occurring 

due to the projected climate change.   
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Figure 22: Predicted soil erosion rates (tonnes/ha/yr) under CCCM and CCP 

scenarios.  

 

 

Figure 23: Predicted soil erosion rates (tonnes/ha/yr) under PCCM and PCP 

scenarios.  

 

4.43 The Costs Associated with Nutrient Erosion 

The AgriSuite program provides a default market value of the needed fertilizers, 

found in Table 22.  These prices are listed per kg, and therefore, for simplicity, the 
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nutrient erosion and fertilizer requirement calculations were converted to kg as well 

(Table 23).  Figure 24 is the average between all nutrients and shows the general outline 

of the difference in prices per field in terms of CCCM and PCP nutrient erosion values.         

  

 

Figure 24: General representation (average) of the difference in monetary loss due to soil 

erosion between CCCM and PCP based on nutrient loss in $/kg/ha (Table 23). 

 

 

     

Nutrient and Carbon Loss Under Current and Simulated Land Covers and Climates 

Figures 25, 26, and 27 show the amount of calculated and converted annual 

nutrient and carbon loss (based off soil erosion and soil analysis) throughout the study 
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site comparing under CCCM and PCP.  The darker colours in Figures 25, 26, and 27, 

signify the CCCM values, while the lighter colours in the bar graphs indicate the 

projected values PCP.  Comparing CCCM and PCP will show the potential nutrient and 

carbon loss if permaculture was implemented at the study site in 2019.  Since this section 

is based off the soil erosion and soil nutrient analysis, it serves as an uncertainty because 

no other nutrient factors (e.g., crop uptake or input) are accounted for, and thus 

information provided should be used cautiously.                
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Figure 25: Predicted annual nutrient and carbon losses, measured in tonnes/ha (Table 

24), compared under CCCM to PCP in the North Section going from West to East of the 

study site (refer to Figure 15).  
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Figure 26: Predicted annual nutrient and carbon losses, measured in tonnes/ha (Table 

24), compared under CCCM to PCP in the Middle Section going from West to East of the 

study site (refer to Figure 15). 
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Figure 27: Predicted annual nutrient and carbon losses, measured in tonnes/ha (Table 

24), compared under CCCM to PCP in the South Section going from West to East of the 

study site (refer to Figure 15). 
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4.43 Spatial Distribution of Nutrients and Carbon in the Study Site 

Figure 28 displays the percentage of soil nitrogen distribution throughout the 

study site, most of which is found in the middlemost section.  The average nutrient and 

carbon values can be found in Table 18.   

 

Figure 28:  The spatial distribution of nitrogen (%) in the study site.  Map was completed 

by E. Tarlo and C. Penlington (2018) using ArcGISTM, specifically the Empirical 

Bayesian Kriging Algorithm with spatial interpolation.  Average nitrogen values per field 

can be found in Table 18.    
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Figure 29 represents the amount of phosphorous (mg/L) found in the study site.  

Most of which appear to be located at the South-East section of the site.  The forested 

area contained the least amount of phosphorous. 

 

Figure 29:  The spatial distribution of phosphorous (mg/L) in the study site.  Map was 

completed by E. Tarlo and C. Penlington (2018) using ArcGISTM, specifically the 

Empirical Bayesian Kriging Algorithm with spatial interpolation.  Average phosphorous 

values per field can be found in Table 18.    
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Figure 30 shows the amount of potassium (mg/L) in the study site, most of which 

was found to be near the main buildings and forested areas at the site.    

 

Figure 30:  The spatial distribution of potassium (mg/L) in the study site.  Map was 

completed by E. Tarlo and C. Penlington (2018) using ArcGISTM, specifically the 

Empirical Bayesian Kriging Algorithm with spatial interpolation. Average potassium 

values per field can be found in Table 18.    
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Figure 31 shows the spatial distribution of carbon (%) at the study site.  Most of 

the carbon is found in high-traffic areas, namely the house and the fields closest to the 

house.   

 

Figure 31:  The spatial distribution of carbon (%) in the study site.  Map was completed 

by E. Tarlo and C. Penlington (2018) using ArcGISTM, specifically the Empirical 

Bayesian Kriging Algorithm with spatial interpolation.  Average carbon values per field 

can be found in Table 18.    

 

4.5 Discussion 

Overall, the objective of this chapter was met by determining the soil erosion 

through modelling.   The results show that under current management, soil erosion 

(including nutrients and carbon) is low, with either current climate or projected climate 

(Tables 21 and 24).  Less soil erosion (including nutrients and carbon) is projected under 
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simulated permacultural scenarios for current or projected climate (Table 21 and 24).  

This aligns with the prediction made for the second hypothesis, therefore hypothesis 2 is 

supported under these simulations.   

The soil erosion models used in the chapter (USLE, RUSLE2, and AgriSuite) all 

vary in their degree of technical analysis and limitations. While all three models were 

reasonably similar in determining soil erosion rates under the same inputs for traditional 

agriculture, neither model allowed for specific future climate projections or agricultural 

alternative modifications.  Many adjustments were made to accommodate for estimates of 

future projections and permacultural scenarios. Climatic variables (e.g., temperature and 

precipitation (amount, intensity, extreme events)) and projections are two significant 

factors which should be applied to all three models in terms of calculating soil erosion 

and potential (projected) soil erosion (Li and Fang, 2016).  

Soil erosion on the study site under each scenario, CCCM, PCCM, CCP, and PCP 

(Figures 16, 17, 18, and 19) is classified as a “Very Low or Low” erosion rate (Table 16).  

This is beneficial for the environment and the overall sustainability of the farm. However, 

more soil erosion occurs throughout the site under projections using the current 

management (Figure 20).  This demonstrates that climate change will more than likely 

increase the amount of soil erosion under the current farmland management.  A review by 

Li and Fang (2016) support the notion of climate change negatively affecting soil erosion 

due to an increase in air temperature and precipitation, however, they state that ultimately 

the impact is an uncertainty especially based on the region and severity of soil erosion.  

Li and Fang (2016) also mention few methods of protecting soil in agriculture including, 

conservation or no-till practices, afforestation, and planting drought -resistant cultivars.  
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A potential new model involving a combinations of soil erosion, climate, and land use 

management using various GCMs/RCMs would be useful in improving our 

understanding of the effects of climate change in agriculture (Efthimiou, 2018; Li and 

Fang, 2016).      

The main difference between current land management and permaculture 

simulation, is that it appears as though more soil erosion takes place throughout the study 

site (Figure 22), this is in combination with the process of an established, large-scale 

permaculture system simulated for the whole farm.  Thus, if the study site incorporates a 

large-scale permacultural system, it is being based on all fields being used for production, 

which explains why there is slightly more soil erosion due to probable increase in 

farming activity throughout the site.   

A study by Zuazo et al. (2008) found a 93% reduction in soil erosion by using no-

till methods and 3m strips of thyme (Thymus baeticus L. Boiss.exlacaita) across a slope 

with respect to conventional agriculture (almond orchard and conventional tillage).  

Zuazo et al. (2008) also found that incorporating 3m strips of either thyme, rosemary 

(Rosmarinus officinalis L.), or sage (Salvia lavandulifolia L. subspecies Oxyodon) with 

no-till practices also reduced NPK losses in their study site.  There was an overall 

positive environmental impact in accordance to growing almond trees with thyme and no-

till practices, thus the study concludes that sustainable agriculture is a viable option in 

conserving soil erosion and improving land productivity (Zuazo et al., 2008).   

      

If the projections for both counties are realistic, then it would be safe to use the 

County of Essex as a future climate scenario as an alternative for the County of 
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Peterborough in the soil erosion modelling programs. All modelling programs allow for a 

change in geographic location (R), making it possible to project future soil erosion in an 

area by using a different climate location available as means for estimation.  A similar 

approach was used by Zhang et al. (2010) to determine climate projections, where they 

focused mainly on using the Cligen program to determine the R factor for USLE, 

RUSLE2, and Water Erosion Prediction Program (WEPP), in China.  One segment of the 

results found in Zhang et al. (2010) study indicate a discrepancy between GCM projected 

total annual rainfall and the spatial changes, specifically inferring there would be more 

rainfall erosivity than projected precipitation. Thus, it is important to acknowledge (based 

on Zhang et al. (2010)) that models (e.g., soil erosion model and GCMs/RCMs) come 

with their degree of uncertainty and should be used cautiously.  

Similar to the soil erosion rates found, the highest nutrient loss occurs in the fields 

with the most intensive management.  Nutrient and carbon losses were calculated based 

on the amount of soil erosion.  Therefore, this study did not conclusively determine the 

amount of nutrients and carbon within the depths of the soil altogether.  Thus, it should 

seem as no surprise when the level of nutrient loss is extremely low.  Overall, nutrient 

loss considerably decreased after the implementation of a permaculture simulation 

scenario.   

Since the AgriSuite program has been consistent in determining soil erosion 

levels compared to the other models (USLE and RUSLE2), it is likely that the program 

may be reasonably accurate in terms of fertilizer prices as well.  One of the few 

significant uncertainties of using the AgriSuite program default fertilizer prices is that the 

information source is unknown (likely from Agriculture Canada), the type of fertilizer is 
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unknown and the current status of the prices listed.  These prices, Table 22, have also 

been used in terms of the projected soil erosion due to difficulty in predicting future 

agricultural fertilizer market value.   

This chapter does not take into account the implementation or beginning steps of a 

permaculture system, as that would likely require multiple land management changes that 

would negatively affect soil erosion rates.  Therefore, an already established permaculture 

system was ideal in comparing the already established current land management system.  

Also, this study does not include other nutrient factors when considering nutrient loss 

(e.g., crop uptake and input).            

Permaculture and other agricultural alternative systems are relatively new types of 

agriculture being adapted to the Ontario climate, and none are on a large scale (Hayes, 

2019).  While permaculture systems may have multiple benefits once implemented, it 

may not be straightforward for a farmer to see these benefits without the proper means.  

These might include seeing the potential difference in soil erosion rates from 

conventional to traditional to permacultural systems, thus, reducing the chances of 

incorporating permacultural or other sustainable farming methods in Ontario.       

It is understandable that these particular soil models used in this chapter are not 

currently coded to perform and calculate alternative sustainable agriculture methods, 

mainly due to the age of the programs, both USLE and RUSLE2 are no longer being 

updated (Kinnell, 2017).  However, the AgriSuite program has the potential for updating 

and adding new forms of agricultural practices into the software.  This could help farmers 

make informed decisions about possibly converting from conventional practices to more 

sustainable methods of farming.  The AgriSuite program is simple to download, is the 
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most user-friendly out of all the models used in this chapter and is a reasonably new 

program that can be updated at any point in time. Some of the new components that may 

be added to the AgriSuite program could be a good kick-starter in sustainable agriculture 

applications for Ontario and other parts of Canada.  Such as by adding a section to 

manipulate climate data or incorporate new data, found on the Government of Canada’s 

website.  Incorporating a section on projecting nutrient and carbon losses due to soil 

erosion, would be helpful for farmers to consider alternate management techniques.    
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Chapter 5: Projecting Soil Organic Carbon Under Climate Change 

and Simulated Land Covers 

5.1 Introduction and Background 

  Soil organic matter (SOM) is material composed of either plant or animal tissue 

in various stages of decomposition and is a crucial indicator of agricultural productivity 

and environmental resilience (Clara et al., 2017). SOM is fundamental in soil stability, 

water-holding capacity, soil nutrient availability, and plant productivity (Clara et al., 

2017). Soil carbon (C) is dynamic as inputs and outputs occur through microbial 

respiration of organic matter (OM) decomposition and plant root exudate inputs (Smith, 

2012). Soil is one of the largest C sinks on Earth; an increase in stable carbon stocks in 

soils can result from proper soil management/conservation practices (e.g., no-till 

practices) and by increasing biodiversity in crop production (Government of Canada Soil 

Organic Matter Indicator (GofC), 2016), although it should be noted that there are many 

uncertainties surrounding soil management for the mitigation of greenhouse gases 

produced by agriculture.  

The ultimate goal of permaculture is to establish a permanent, fully sustainable, 

and active agricultural system (Holmgren, 2002). The principles of permaculture were 

developed to promote biodiversity, livestock rotations, and natural water drainage 

systems, with the intention to contribute to the overall fertility of the soil ecosystem 

(Mollison and Holmgren, 1978). Essentially, proponents of permaculture argue that it 

requires little to no soil degrading methods, which enhances soil fertility, drainage, and 

microbial activity (Hemenway, 2009). If correct, permacultural methods have the 
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potential to store large quantities of carbon within the soil, which may improve the 

sustainability of our agricultural production systems (Hathaway, 2016).  

  

5.12 Soil Organic Matter and Carbon Indicator by the Government of Canada 

The Department of Agriculture and Agri-Food (2016) provides a useful model 

called the Soil Organic Matter Indicator (SOMI). This indicator shows agricultural soil 

quality and carbon levels over time in Canada from 1981 to 2011 and uses two models 

for soil quality assessment, namely the Soil Organic Carbon Change Indicator and the 

Relative Soil Organic Carbon Indicator (GofC, 2016). These indicators can be used to 

provide a visual representation of soil organic carbon (SOC) in Canada. However, they 

are limited to vague input and output information, and specific geographic locations. 

Figure 32, coupled with the table below, is a representation of the SOMI output of the 

Peterborough and the surrounding area in 2011. As of 2011, the study site is classified as 

“At Risk” in terms of SOC according to the SOMI, therefore, soil carbon levels are 

declining (Figure 32) (GofC, 2016).                
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Figure 32: A representation of soil organic carbon in kg/ha/yr (2011) in the Peterborough 

area (GofC, 2016). The black dot is the approximate location of the study site. The table 

below is a legend to the above Figure (32) representing the state of SOC in the 

Peterborough and surrounding area. 

 

Colour 

Scheme  
Class Approximate 

Kg/Ha/Yr 

Dark Green Desired >90 

Light Green Good 25 to 90 

Yellow Moderate -25 to 25 

Orange Poor  -90 to -25 

Red At Risk < -90 
 

The difference between the SOM/SOC modelling and the SOMI is the input of 

information and graphics. Modelling requires certain specific parameters, such as 

temperature, evapotranspiration, and type of agriculture, in order to determine an output 

result based on input. In the case of the SOMI found on the Government of Canada 

website, this particular indicator is a result of the government’s efforts in compiling, 

analyzing, and reporting on soil quality in Canada since 1993 (GofC, 2016). Therefore, 
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this indicator is not necessarily a model in itself, but rather a representation of SOM/SOC 

results (GofC, 2016).      

 

5.2 Methods 

5.21 The Rothamsted Carbon Model – version 26.3  

The Rothamsted Carbon Model, also known as RothC – 26.3 version 2.1, is a 

model that simulates organic matter and carbon yield in dry/non-waterlogged topsoils 

(Coleman and Jenkinson, 2014). RothC uses information such as plant cover, soil 

moisture, temperature, and soil type in a monthly to century time scale to calculate 

organic carbon (t ha-1), microbial biomass carbon, and delta 14 carbon (∆14C) which 

equates to finding the radiocarbon age of the soil carbon (Riggers et al., 2019; Coleman 

and Jenkinson, 2014).        

   

Model Structure and Function 

The RothC program structure is composed of five compartments (Coleman and 

Jenkinson, 2014). The first compartment is the Decomposable Plant Material (DPM), the 

Resistant Plant Material (RPM), then Microbial Biomass (BIO), then the Humified 

Organic Matter (HUM), finally, the incorporation of Inert Organic Matter (IOM) 

(Coleman and Jenkinson, 2014).    

Plant carbon ratios in the DPM/RPM scenarios are dependent on particular plant 

materials being used (Coleman and Jenkinson, 2014). For example, agriculture crops and 

improved grasslands use a DPM/RPM ratio of 1.44, which means that 41% is RPM and 

59% is DPM (Coleman and Jenkinson, 2014). The decay processes of the compartments 
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involve emissions of carbon dioxide determined by the amount of clay content (%) in the 

soil (Coleman and Jenkinson, 2014).  

Some functions within the RothC model are entirely determined by experimental 

datasets, such as plant residue or farmyard manures (Falloon and Smith, 2002). Other 

functions and parameters within the RothC model are set by model fitting procedures or 

set arbitrarily, such as the separation between BIO and HUM (Falloon and Smith, 2002).      

 

Data Requirements 

There are nine major components to run the RothC model, all of which can be 

categorized into three sections which are climatic variables, soil information, and land 

inputs/residues (Coleman and Jenkinson, 2014). More specifically, the climatic variables 

comprise monthly rainfall in millimetres (mm), monthly evaporation in mm, and average 

monthly air temperature (ºC) (Coleman and Jenkinson, 2014). The soil information 

required includes soil depth in cm (from sampling), clay content (%), soil cover, and 

organic matter decomposability rate as a ratio (Coleman and Jenkinson, 2014). Lastly, the 

land inputs for the RothC model involve monthly additions (i.e., inputs) of plant residues 

and farmyard manures, in tonnes of carbon per hectare (t C/ha) (Coleman and Jenkinson, 

2014).        

 

Model Outputs 

The RothC combines the provided soil and climatic input to calculate the total 

biomass carbon, the projected carbon dioxide emissions, and the radiocarbon content of 

the soil (Ponce - Hernandez, 2004). Soil moisture content, soil temperature, clay content, 
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and crop cover are some of the factors that affect soil organic matter decomposition rate 

and are essential elements in the RothC model (Ponce - Hernandez, 2004).  

        

RothC Under Climate Change 

In order to find climate projections for the RothC modelling program, the only 

options that need changing are the climate variables, specifically, monthly temperature, 

precipitation, and evaporation ranges. Future temperature projections can be found using 

RCMs, such as the Ontario Climate Change Data Portal (CCDP, 2019). Annual and 

monthly precipitation projections can be derived from the Climate Atlas of Canada 

website (CACV2, 2018). The Climate Atlas of Canada projects a 6% increase in 

precipitation from 884 mm in annual precipitation (1976-2005) to 941 mm annually 

projected from 2021-2050 (Climate Change Projections – Climate Atlas of Canada 

(CACV2), 2018). The primary unknown or unspecified value thus far is the evaporation 

values. Evaporation values are generally not recorded or provided under the Ontario 

Climate Data webpage and required either manual calculation (Farmwest (FW), 2019) or 

the use of the ETo Calculator (version 3.2) by the FAO (2012).             

 

RothC Uncertainties 

The RothC model's major weakness is input values, such as plant litter input and 

FYM rate (Stamati et al., 2013). A study by Stamati et al. (2013), found that it is 

critically important to have accurate data when entering the information into the RothC 

model. Stamati et al. (2013) conducted experiments in both Greek and Iowa soils in terms 

of carbon sequestration in agricultural soils and assessed the uncertainties of the RothC 
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model (Stamati et al., 2013). The essential outcome of the study was that the uncertainty 

of carbon sequestration rate could range up to 70% when projecting into the next 100 

years under crop production conditions (Stamati et al., 2013). Therefore, the RothC initial 

conditions, model parameters, and time series are sources of possible uncertainty (Stamati 

et al., 2013).      

As mentioned earlier, the RothC modelling program starts with two separate input 

forms, the ‘Land management’ and ‘Weather’ forms. Both are needed to continue using 

the program and calculate approximate soil carbon. The ‘Weather’ input requires the 

temperature (ºC), rainfall (mm), and evaporation rates (mm) for twelve months of the 

year, and the clay (%) and soil depth (cm). All climate information is easily accessible 

through historical climate information and climate projection sites, with soil type and 

texture, and depth found within the soils that are being modelled.  

As for the ‘Land management’ inputs, the requirements include amounts of plant 

residue and farmyard manure (FYM) addition, both in tonnes of carbon per hectare (t C 

/ha) and soil cover (fallow or covered) for twelve months of the year. This section can be 

easily determined under the current management of the study site, particularly when 

considering the soil analysis, and carbon (Chapter 4) which can be used to calculate 

approximate t C /ha of plant residue by incorporating bulk density and soil depth in the 

equation. Bulk density was determined through the Government of Canada (GofC) 2013, 

a description of the Bsl soil type. The ‘Land management’ input form poses a problem 

when it comes to simulating a permaculture system, as there is a very significant 

knowledge gap in permaculture literature. As there are few established permaculture 

farms available, it was found that permaculture farmers do not measure biomass of plant 
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residue nor the weight of FYM on their farms (Holzer, 2019). Therefore, the RothC 

Model cannot, at this time, simulate changes in soil carbon due to permaculture 

production. It was decided not to introduce bias due to a large amount if uncertainty that 

might have been brought in the form of guesses or crude estimates of soil carbon due to 

permaculture. 

 

5.22 Holos 3.0.6 Model  

The Holos version 3.0.6 program is software available to download to any 

computer for free from the Agriculture and Agri-Food Canada (AAFC) website (2019). It 

is a tool that is used to estimate the amount of GHG emissions occurring on farmland, 

based on the specified inputs provided (AAFC, 2019; Little et al., 2008). Information for 

the Holos program was derived from collaborative and cumulative studies based on GHG 

emissions from farms in Canada (Little et al., 2008). Holos was formed on the basic 

understanding of the significant GHG emissions occurring on-farm, and strategies for 

mitigating primary sources (Little et al., 2008). The Holos program was designed to 

calculate multiple variables based on climate, GHG emission, farming methods (i.e., land 

use management, livestock, and crops), and carbon sequestration by local vegetation 

(Little et al., 2008). , thereby allowing the user or farmer to determine estimated GHGs 

emitted from their farm in order to establish methods of mitigation (Little et al., 2008).    

    

Model Structure and Function 

Initially, the Holos program was developed specifically for two stakeholders: 

farmers and scientists (Kröbel et al., 2012). This helped establish a necessary foundation 
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of the needs for the program, by prioritizing specific components such as detailed farm 

configurations (Kröbel et al., 2012). By being an interactive model, the Holos program is 

capable of computing highly complex mathematical equations to determine the most 

realistic representation of farm management and emissions (Little et al., 2008). The main 

functions are to serve as an inventory base for anthropogenic emissions for both the 

farmer and the Canadian GHG emission records (Little et al., 2008). In addition, it served 

as an exploratory base for those interested in learning and communicating about the 

program’s output, in which implementing mitigation methods may arise (Little et al., 

2008).     

 

Data Requirements 

The preliminary information required by the program includes the year and farm 

name, location (e.g., eco-district, province), soil type and texture, and tillage management 

practices (e.g., present and past intensity) (Little et al., 2008). The user is then able to 

choose any or all available options provided (Table 30), such as crop type, livestock, 

swine, sheep, poultry, and other animals. For example, in the crop category, the user may 

choose up to five subcategories: annuals, perennials, fallow areas, grasslands, and tree 

planting (Little et al., 2008). Under each subcategory, the user may manipulate specific 

data to suit their configuration needs. It is important to note that the user can add as much 

information (that is available) as possible or choose the default options (that may be 

overwritten) to calculate GHG emissions. This programs’ focus is on conventional 

agricultural practices, with the ability to incorporate some alternative agricultural 

methods. 
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Model Outputs 

Overall, the Holos model can calculate CO2, N2O, and CH4 emissions (Little et 

al., 2008). CO2 information can be derived from farm energy use and net farm emissions 

in CO2 equivalents (CO2 eq) (Little et al., 2008). N2O can be derived from soil, cropping, 

manure management, direct emissions, and indirect emissions such as volatilization 

(Little et al., 2008). CH4 information is derived from enteric emissions projections and 

manure management (Little et al., 2008). Other forms of carbon (storage/emissions) can 

be calculated via tree plantings and soil/land use management (Little et al., 2008). 

 

Holos 3.0.6 Under Climate Change 

The Holos model uses climatic information from the Intergovernmental Panel on 

Climate Change (IPCC) Special Report on Emission Scenarios (SRES) as a primary 

source of determining anthropogenic GHG emissions (Little et al., 2008). This makes it 

possible for the Holos model to project GHG emissions into the future just by 

manipulating the ‘Farm Year’;  as such, changing the year in the program will yield a 

slightly different value (i.e., increase or decrease carbon emissions) than when created 

under another year. Other than changing the year, Holos provides no additional projection 

details. 

 

Holos 3.0.6 Uncertainties 

The main uncertainties for the Holos model include technical issues with the 

software program in terms of accuracy, climate projection, algorithms, and equation 
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calculations (Kröbel et al., 2012). Human error can also play a major role in determining 

appropriate and accurate parameter inputs (Little et al., 2008). The Holos model uses a 

corrective uncertainty equation within the program to mitigate any potential emission rate 

uncertainty (Little et al., 2008). The Holos program requires as much possible farm 

information for an accurate GHG emission scenario. Table 30 demonstrates the number 

of inputs the Holos program allows, and this table was derived from the Holos report by 

Agriculture and Agri-Food Canada (Little et al., 2008). 

 

5.23 Alternative Measures 

A recent study conducted in France by Tombeur et al. (2018), provides results of 

carbon storage for permaculture, pasture, and conventional agriculture. The results of the 

French study show that there is approximately 1.5 and 6.6 times more soil organic carbon 

(SOC) in permacultural beds compared to pasture fields and conventional agriculture, 

respectively (Tombeur et al., 2018). ‘Pasture’ fields described in the French study are 

relatively similar to the hay fields grown at the Naraine Farm (NF) study site, and the 

‘conventional’ agriculture is comparable to the cereal crop fields grown at the NF study 

site. The permaculture area defined by Tombeur et al. (2018) is “biointensive micro-

gardening” which is claimed to be a direct model of permaculture based on Bill Mollison 

and David Holmgren’s books and was implemented for seven years before the study took 

place. The values provided by the French study were used to simulate the possible 

comparison of soil carbon levels under conventional, traditional, and permaculture 

scenarios at the NF study site in the RothC model.  
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 There are several uncertainties that will impact scenario modelling by using the 

French study results. There are obvious differences, for example, between the soils and 

climate found in Ontario and those in France, which will affect the overall outcome. The 

soil type and textures used in Tombeur et al. (2018) study originate in France, 

specifically, near the village of Le Bec-Hellouin. This region experiences oceanic climate 

conditions with annual precipitation ranging between 700-900 mm (Tombeur et al., 

2018), which differs to the continental climate conditions Ontario experiences, with an 

average of 800 mm of annual precipitation (Adams et al., 2009). The soil present at the 

Tombeur study is classified as Eutric Cambisol (Siltic) (ECS), whereas the soils analyzed 

in this study are known as the series “Bondhead” sandy loam (Bsl) but classified as 

Brunisolic Gray Brown Luvisol (BR.GBL) (Adams et al., 2009; Brown et al., 2018; 

Gillespie and Acton, 1981; The Canadian System of Soil Classification (TCSSC), 1998). 

The two soil types, ECS and BR.GBL differ in parent material, mineralogy, physical, and 

chemical properties (FAO, 2019; GofC, 2013; TCSSC, 1998). A significant similarity 

between both soil types is that they are favourable for agricultural production (FAO, 

2019; GofC, 2013). Therefore, the carbon dynamics will likely differ between the two 

types of soils and their climatic conditions.    

Additionally, the French study only displays one SOC value for permaculture 

beds and should be used and interpreted with caution. Finally, soil and carbon analysis 

performed in the French study was conducted differently in comparison with this project. 

Specifically, in Tombeur et al. (2018), the method included soil samples taken between 

0-20cm deep, they calculated SOC by kg m-1 and concentration levels at g kg-1. Soil 
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samples obtained from the NF study site were also taken between 0-20cm deep, however, 

carbon was determined through the CNS analysis represented as a percent.  

Based on the French study, there is approximately 1.487 and 6.636 times more 

SOC in permacultural soils than pasture field soils and conventional fields, respectively 

(Tombeur et al., 2018). Theoretically, based on this information, more carbon is being 

sequestered in permacultural soils than pasture (or hay field) soils (Tombeur et al., 2018). 

Using this information, the carbon content results within the study site were divided by 

the same value (1.487) to “simulate permaculture” soils for the RothC model (Tables 25 

and 26). The thinking here involves that there is approximately 1.487 times less carbon 

being emitted in permaculture compared to traditional agriculture soils (Tombeur et al., 

2018). The same method was applied to conventional agricultural practices converted to 

“simulate permaculture”. This conversion is also a source of uncertainty. 

Some input factors within the Holos program cannot be used to simulate a 

permaculture system, as seen in Table 30. For example, the Holos program offers four 

distinct categories for cattle farming, beef cow-calf, beef feedlot, beef stocker, and dairy. 

None of these options applies in a permacultural setting (Mollison and Holmgren, 1978). 

For example, permaculture would encompass the use of multi-purpose cattle for meat 

consumption and milk production from heritage breeds (Holmgren, 2002; Mollison and 

Holmgren, 1978). Such an option is not available in the Holos program, which limits this 

software to be solely based on organic and conventional agricultural systems.  

Permacultural research reports are very limited within the scientific agriculture 

literature, which results in a serious knowledge gap that poses a barrier when it comes to 

simulating permacultural scenarios with RothC and Holos. This was observed when 
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results on permaculture were required to gain specific permacultural parameters as inputs 

into the models. Therefore, an intensive literature search was conducted to establish 

reasonable estimates of the minimal information derived from the scientific literature that 

combines permaculture, permaculture input, and simulations in both models. The 

keywords involved in this research are shown below, Table 4. The databases used to find 

information includes PubMed, Google Scholar, Google, Web of Science, EBSCO Host, 

and Gale. These databases were used to find information in a broad generic search for 

scientific literature. Thus, involving more than one means of research specific articles 

under the keyword search.         

   

Table 4: Keywords used in searching through basic databases to scientific literature.  

Permaculture 

RothC 

Holos 

Plant Residue 

FYM Application 

 

5.3 Results  

The comparison between the study site carbon and the permaculture simulation 

can be found in Figure 33, which represents the outcome of carbon emissions in three 

separate scenarios derived from RothC results, 2020 (the baseline), 2030 (projected), and 

2050 (projected), also found in Table 25. 
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Figure 33: The projected carbon (CO2) emissions by RothC.   

 

Tables 26, 27, 28, and 29 are the variable inputs used in the RothC model to 

project the three main scenarios (2020, 2030, and 2050). 

Table 30 displays the parameters needed to use the Holos model and the 

parameters that cannot conform to permacultural management choices. Figure 36 and 

Table 31 display the GHG emissions found under the current land management practices, 

per scenario (2020, 2030, and 2050) in the Holos model. The Holos model output is 

presented as kg of GHG’s.   
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Figure 34: Holos model output (kg of GHG) based on current and projected climate 

information and the current farm management practices. Values are found in Table 35 

(Appendix).  

 

Tables 5, 6, 7, and 8 show the keyword search results based on the words found in Table 

4.  

   
Table 5: Keyword search in multiple research databases on the topics of permaculture, RothC 

and combined, specifically under literature “title/abstract” sections. 

  Keyword Searches 

Sources 
Permaculture RothC Permaculture 

RothC 

PubMed 13 24 0 

Google Scholar 24,700 4,970 0 

Google 16,700,000 123,000 0 

Web of Science 212 232 0 

EBSCO Host 1,144 144 0 

GALE 18 8 0 
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Table 6: Keyword search in multiple research databases on the topics of permaculture, the Holos 

program and combined, specifically under literature “title/abstract” sections. 

  Keyword Searches  

Sources 
Permaculture Holos Program Permaculture 

Holos Program 

PubMed 13 5 0 

Google Scholar 24,700 13 0 

Google 16,700,000 1,660,000 0 

Web of Science 212 4 0 

EBSCO Host 1,144 18 0 

GALE 18 8 0 

Table 7: Keyword search in multiple research databases on the topics of permaculture, plant 

residue, and combined, specifically under literature “title/abstract” sections. 
 Keyword Searches 

Sources 
Permaculture Plant Residue Permaculture 

Plant Residue 

PubMed 13 116 0 

Google Scholar 24,700 3,340,000 0 

Google 16,700,000 83,400,000 0 

Web of Science 212 38,747 1 

EBSCO Host 1,144 5,263 0 

GALE 18 46 0 

Table 8: Keyword search in multiple research databases on the topics of permaculture, farmyard 

manure (FYM), and combined, specifically under literature “title/abstract” sections. 
 Keyword Searches  
Sources Permaculture FYM Permaculture FYM  

PubMed 13 203 0 

Google Scholar 24,700 94,700 0 

Google 16,700,000 1,890,000 0 

Web of Science 212 2,746 0 

EBSCO Host 1,144 1,869 0 

GALE 18 33 0 

 

5.4 Discussion 

Overall, the results from this chapter are inconclusive and did not demonstrate 

whether permaculture was superior over traditional agriculture using a computer 

modelling approach. This is to some extent because there is a significant knowledge gap 

within the permaculture-based scientific literature that acted as a barrier. Many of the 

ideas of permaculture were designed for systems other than those typical in Central 
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Ontario. As a result, the hypothesis driving this modelling research was not strongly 

supported by the results presented in this chapter. Therefore, hypothesis 3 is inconclusive.  

The latest RothC updated occurred in 2014 (Coleman and Jenkinson, 2014). Even 

after the improvements in the last update, this model certainly shows some limitations, 

particularly to parameterize the characteristics of a permaculture system. RothC is a 

simple program, but not user-friendly for new to moderate users. The program can be 

updated to expand on defining the exact requirements needed to calculate soil carbon, 

especially under the long-term “equilibrium” scenario (10,000 years back in time), and 

the parameters for short-term modelling scenarios. Specific information on the RothC 

program can be found through reports created by the creators, Coleman and Jenkinson in 

1996 and updated in 2014. However, the graphical-user-interface (GUI) of the program 

should offer all the necessary information without having to do additional research. The 

program offers very few input sections for the user to manipulate and should include 

additional input requirements to increase output accuracy and add overall flexibility. 

Under the right circumstances, RothC is fully capable of projecting carbon dioxide 

emissions, and the carbon that will remain in the soil as a “carbon sink”.   However, due 

to the lack of data in the scientific literature, permaculture simulations at present require 

many assumptions to generate the parameters entered into the RothC model. This is an 

area for future research and improvement of the model, as research on agricultural 

systems that represent climate change adaptations increases and intensifies in all regions 

of the world.         

Permaculture has been found to increase soil carbon by 1% per year, and in 30 

years it can remove approximately 8.233 t C/ha/year from the atmosphere (Hathaway, 
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2016). Both studies by Hathaway (2016) and Tombeur et al. (2018), suggest that 

permaculture sequesters a significant amount of carbon within the soil, which can be 

attributed to the limited soil degradation methods that occur within permacultural 

systems. In particular, conventional management emits approximately 85% more carbon 

than permaculture and 78% more than the current management. Whereas, current 

management practices emit approximately 33% more carbon than permaculture. This is a 

general representation based on results from Tombeur et al. (2018) and should be taken 

cautiously, as it is a one-off study, and all agricultural systems differ.  

The latest version of Holos was updated in 2017 (AAFC, 2019). Holos is a 

program that is supposed to meet the needs of all types of farming systems as it is known 

to be a “whole-farm model and software program” (AAFC, 2019; Little et al., 2008). In 

this study, we observed that the Holos model still requires improvements to be able to 

include the structure and function of permacultural farming or other sustainable farming 

methods. The Holos model appears to be set up to adhere to more standard or 

conventional agricultural methods, whereas in a permacultural farm, the practices would 

consider more sustainable methods of land and livestock management. Ultimately, it 

reveals that Holos is currently not an application that can be used for all agricultural 

systems, but rather, it seems to be focusing on the conventional energy intensive systems 

typical of cash cropping in Canada, resulting in the Holos program being a useful tool for 

conventional and organic farmers in Canada. Assumptions under permaculture scenarios 

are difficult to simulate into parameter inputs to calculate GHG emissions in the Holos 

model. Caution should be applied in the interpretation of estimated results, as all 

permacultural farming vary depending on multiple factors, such as climate, soil 
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information, and crops grown (Ferguson and Lovell, 2014; Hathaway, 2016). The Holos 

program should be improved to add flexibility in terms of different forms of agricultural 

systems now available. The improvements should include more input features based on 

more animal breed options, especially heritage breeds, and more varieties of crops, 

grasslands, shurbs, and tree species combined in multiple canopies, as well as 

incorporating sustainable farm management options into the program.   

  The results from Holos show that farming in this study site appears to sequester 

a large amount of carbon, this is largely due to minimal carbon emissions from current 

land management strategies (i.e., cereal and hay production, limited tillage, and no 

livestock). More carbon is sequestered than is emitted, which means that the farm is a net 

carbon sink. A review by Gomiero et al. (2008), support the notion that minimum tillage 

and conservation practices on farm are key in reducing overall GHG emissions and 

increasing overall sustainability.  

 

The intensive keyword search shows the limited information found when relating 

the word ‘permaculture’ to ‘RothC,’ ‘plant residue,’ and ‘FYM’ lead to almost no 

literature or general search results. Individual search resulted in multiple hits of 

publications and general searches, however less so when combined. This contributes to 

the awareness that there is a knowledge gap within permaculture and computer modelling 

systems, specifically RothC and its primary inputs, and a knowledge gap of specific 

information there is in a permacultural system. This adds to the overall knowledge gap of 

permaculture being simulated to determine GHG emission scenarios. Both Tombeur et al. 

(2018) and Ferguson and Lovell (2014) studies acknowledge that permaculture has been 
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generally overlooked in scientific studies, although there has been an increase in 

permaculture studies since 2008, there has been little data collected in these systems.  

 

Future Studies      

Future studies could incorporate gathering knowledge of the application and 

amount of both plant residue and FYM found in one or more permacultural systems as a 

comparison to other forms of agriculture systems. This information would not only help 

characterize permaculture, but it would also help in determining the overall effect that 

permaculture has in terms of carbon emissions. Other future studies could include 

focusing on ways to integrate permaculture simulations into the RothC model, by 

determining multiple means of data entry into simulations based on other permaculture 

farms. Other future studies could involve studying some of the main similarities between 

permacultural systems and other agricultural systems in terms of crop or livestock 

production and systems that mimic multi-canopy structures. Holos is a software program 

that can be updated to adapt to new scenarios and mainly more agricultural systems. 

Thus, being able to categorize permaculture to find approximate GHG emissions through 

Holos would help characterise permaculture from other agricultural systems.           
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Chapter 6: General Discussion and Critique 

Climate change and a rise in the global population are just two of many factors 

that are placing a strain on agricultural productivity and food security (Mbow et al., 

2019). According to FAO (2018), agricultural productivity needs to increase by 50% in 

current production systems to meet the needs of the world population by 2050. However, 

agriculture is strongly influenced by climate change and thus needs to be adapted to 

future temperature changes, precipitation variability, and extreme weather frequency 

increases (Coley, 2009; Mbow et al., 2019).  Applied agricultural research is essential in 

determining the most sustainable and efficient form of climate-resiliency to adapt to and 

mitigate changing climate patterns. Sustainable agriculture and specifically permaculture 

are potentially some methods that can be adapted on a larger scale (Akhtar et al., 2016). It 

is important to note that proponents of permaculture argue that permaculture is an 

extensive and long-term process that may take many years to fully establish (Aranya, 

2012; Mollison, 1979). It is a system that is argued to be entirely self-sustaining and 

productive, however, the results from this thesis, with all its assumptions given the 

inability to fully parameterize the models used in the assessments and projections, 

indicate that the projections of permaculture versus conventional agriculture are minimal 

overall. 

 

6.1 Permaculture Simulation 

Simulating a permacultural system proved to be a difficult task due to the 

complexity of the system itself. Simulating permaculture using available parameters and 

input values demonstrated that permaculture sustains low erosion rates and low nutrient 
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and carbon losses, in comparison to traditional agricultural practices (Chapter 4). Many 

factors must be considered to implement a digital permaculture modelling system 

correctly and within program requirements, such as micro-climate, landscape topography, 

soil types, livestock, and crop management (Hemenway, 2009; Mollison and Holmgren, 

1978).   

 

6.2 Recommendations 

These recommendations are based on the combined experiences gathered from the 

research, field experimentation, and statistical analysis conducted in this thesis. Before 

beginning permacultural application on any land, it is essential to establish a baseline of 

the characteristics of the land. This baseline acts as a record of the initial or starting 

conditions of the land before permaculture implementation, which can be especially 

useful after significant land reconstruction activities required for permaculture systems 

design. Land inspections include soil sampling and analysis, locating water sources, 

assessing water quality, soil moisture levels, local flora and fauna, production levels, 

inputs/outputs and lastly, a history of the land as far back in time as possible. These 

surveys form a baseline record of the current state of the land before permaculture 

applications. This will, in turn, aid in identifying the possible positive impacts a chosen 

permaculture system may have on the environment, with respect to carbon sequestration, 

soil erosion, and biodiversity.        

Using modelling programs can sometimes help in determining the direction of 

permaculture applications (i.e., a combination of different facets of agriculture (e.g., 

horticulture, aquaculture, agroforestry)) in a study area (depending on the age of the 
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modelling program and the limitations of its projections). However, under the right 

circumstances and inputs, modelling programs, such as the ones used in this thesis, can be 

instrumental in determining the impacts of alternative agriculture (i.e., 

conservation/sustainable methods and strategies) on climate change. Regarding 

permaculture, there are missing components from the scientific literature that are 

essential to use in modelling programs. It is recommended to continue to track the 

experiences reported in the literature based on established permacultural farms and use an 

adaptive methodology when constructing permaculture. Literature on established 

identified permaculture systems, especially in Canada, is very slim.    

 

6.3 Future Studies  

As seen in this study, permacultural methods might have the potential of limiting 

major environmental impacts of conventional agriculture, such as soil erosion. More 

rigorous experimental and computer modelling studies should address the effects of 

permaculture as a potential adaptation strategy to climate change. This is due to the lack 

of information found to support the concept of permaculture’s advantage towards 

enhancing the natural environment and food production in contrast to other forms of 

agriculture. From the work completed within this thesis, it can be concluded that there are 

some advantages of permaculture over traditional and conventional agriculture, but these 

advantages are not as large as it was initially expected (especially due to the knowledge 

gap). However, permaculture is a process that would take many years to implement 

completely and the impact is yet to be fully and more rigorously demonstrated.  The 

results in this thesis, with all the modelling limitations demonstrate that the advantage is 
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minimal.  Therefore, future research should aim at producing and implementing more 

sustainable and environmentally friendly agricultural methods towards mitigating major 

GHG emissions on farm (e.g., renewable resources (sustainable energy)).  This would 

serve as the beginning step to mitigating primary anthropogenic GHG emissions already 

occurring from conventional agriculture.   

 

6.4 The Project as a Whole 

The primary objective of this research was to examine the kind of agricultural 

systems that may be required to adapt to climate change in Central Ontario.  Agricultural 

research was conducted through the vegetable garden field trial (Chapter 3) by 

determining the response of crop companionships to compost combination treatments, 

contributing to potential initial stages of permacultural research. The results from the 

vegetable garden show that mixed OM amendments do not impact crop response based 

on one field season. Soil erosion comparisons between two agricultural settings and 

climates (Chapter 4) showed that permaculture resulted in less soil erosion compared to 

traditional agriculture, however, the difference was minimal. Knowledge gaps (Chapter 

5) were uncovered when researching specific permacultural inputs for a SOC and GHG 

emission models. The results imply there might be a decrease in SOC emissions when 

using permaculture methods, however, based on lack of information the outcome was 

inconclusive. Although permaculture represents a systems approach that has potential to 

positively impact the environment and help mitigate climate change impacts, more 

research is required to assess its impact on carbon sequestration and potential erosion.           
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Appendix 

Equations 
 

Equation 1: Conversion formula for P and K from mg/l to mg/kg.  Using 0.2g of soil 

mass and 25ml of extraction volume diluted to 10ml (containing 2.5ml of HNO3 and B-

Pure).  

(𝑦)𝑚𝑔/𝑘𝑔 =

(

 
 
(
(
(𝑥)𝑚𝑔/𝑙 ∗ 10
1000𝑚𝑙

) ∗ 25𝑚𝑙

0.2𝑔
)

)

 
 
∗ 1000𝑘𝑔 

  

Equation 2: Conversion formula and calculating mg/kg in the amount of soil erosion in 

tonnes/ha. 

𝑇𝑜𝑛𝑛𝑒𝑠/ℎ𝑎 =  (
(𝑋
𝑚𝑔
𝑘𝑔

∙ 10−6)(𝑌
𝑘𝑔
ℎ𝑎
)

1000
) 
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Soil Pit 2

Naraine Farm

May 14, 2018

Images 1, 2, 3: Pictures taken May 14, 2018 of each soil pit excavated by G. Janik and E-J Woods.  

Images 
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Tables 

  

 

 

 

 

 

 

 

 Soil Pit 1 Soil Pit 2 Soil Pit 3 
GPS -N 44.28941 44.2895 44.2893 
GPS -E -78.10061 -78.101 -78.10138 
Elevation (M) 231 233 231 
Vegetation Grass/Hay Grass/Hay Grass/Hay 
Slope Class 3 Class 1 Class 2 
Microtopography Very gentle Slope Crest Shoulder slope 
Stoniness Moderately stony Very stony Moderately stony 
Rockiness Non-rocky Slightly rocky Slightly rocky 
Flooding No  No No 
Drainage Moderate  Good Good 
        
Horizon A       
Depth (cm) 0-21.6 0-17.8 0-12.7 

Colour 10YR 2/1 - Black 
10YR 2/2 Very Dark 

Brown 
10YR 2/2 - Very 

dark brown 
Soil Type Sandy Loam Sandy Loam Sandy Loam 
Texture Subangular blocky Granular Granular 
        
Horizon B       
Depth (cm) 21.6-53.34 17.8-22.9 12.7-16.5 

Colour 
10YR 3/3 - Dark 

Brown 
10YR 3/2 - Very dark 

grayish brown 
10YR 4/2 - Dark 

grayish brown 
Soil Type Clay Loam Sandy loam Clay loam 
Texture Subangular blocky Granular Subangular blocky 
        
Horizon C       
Depth (cm) 53.34+ 22.9+ 16.5+ 

Colour 
10YR 6/4 - Light 

yellowish brown 
10YR 4/2 - Dark 

grayish brown 10YR 5/3- Brown 
Soil Type Clay Loamy sand Silty sand 
Texture Angular blocky Granular  Angular blocky 
Notes Water in C horizon None Grubs  

 
N (%) P (%) K (%) C (%) pH 

SOIL PIT 1 0.18 2.71 1.95 2.19 7.27 
SOIL PIT 2 0.21 1.97 2.10 3.38 7.20 
SOIL PIT 3 0.15 3.49 2.51 3.47 7.64 

Table 9: Details of the three excavated soil pits (Figure 4). 

Table 10: The amount of Nitrogen, Phosphorous, Potassium, and pH found within 

each soil pit. 
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Treatment 
Treatment 

Number 

Treatment 

Area (Ft2) 
Manure (Ft3) Compost (Ft3) 

Tonnes/ha 

equivalent 

A0B0 1 25 0 0 0 

A1B1 2 25 1 1 215 

A1B2 3 25 1 2.5 377 

A1B3 4 25 1 5 646 

A2B1 5 25 2.5 1 377 

A2B2 6 25 2.5 2.5 538 

A2B3 7 25 2.5 5 807 

A3B1 8 25 5 1 646 

A3B2 9 25 5 2.5 807 

A3B3 10 25 5 5 1076 

 
 

 

 

Crop Seeded Removal 
Spinach June 6 July 13. 
Beets June 7 August 1. 
Cucumbers June 7 August 11, 14, 18, 22, 24, 26, 29. 

September 2, 4, 7, 12, 15, 22. 
Cabbages June 7 August 22, 24. 

September 7. 
Eggplant June 7 August 30. 

September 4, 12, 15, 22, 27. 
October 3. 

Bell Peppers June 6 September 4, 12, 22. 
October 3. 

Broccoli June 7 September 12. 
October 1, 8. 

Potatoes June 6 October 1, 2, 3. 
Onions June 6 October 2, 3. 

 

 

 

 

Table 11: Treatment type in regard to the amount (Ft 
3
) of manure and compost 

associated to Figure 5 Chapter 3. 

Table 12: The vegetable garden experiment crops and their dates for seeding and removal. 
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Table 13: Data containing the survivorship number of each crop per treatment, along 

with other significant measures. 

  

Treatment Bell Peppers Onions Spinach 

1 5 18 20 

2 11 19 17 

3 17 19 20 

4 7 14 21 

5 15 14 21 

6 8 25 15 

7 17 16 25 

8 8 16 25 

9 16 16 19 

10 17 13 20 

 Bell Peppers Onions Spinach 

Average 12.1 17 20.3 

Standard Deviation 4.8 3.5 3.1 

Standard Error 1.5 1.1 0.9 

Variance 22.9 12.2 9.6 

 

Table 14: Data containing the survivorship number of each crop per treatment, along 

with other significant measures. 

Treatment Potatoes Eggplant Cabbage 

1 15 14 17 

2 15 19 14 

3 15 15 20 

4 15 16 15 

5 15 17 22 

6 15 11 19 

7 15 11 17 

8 15 19 19 

9 15 22 16 

10 15 13 21 

 Potatoes Eggplant Cabbage 

Average 15 15.7 18 

Standard Deviation 0.00 3.62 2.62 

Standard Error 0.00 1.15 0.83 

Variance 0.00 13.12 6.89 
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Table 15: Data containing the survivorship number of each crop per treatment, along 

with other significant measures. 

 

Treatment Broccoli Beets Cucumber 

1 9 37 10 

2 16 39 2 

3 11 18 2 

4 6 22 3 

5 5 27 2 

6 5 30 2 

7 5 9 2 

8 5 34 1 

9 8 23 0 

10 3 25 0 

 Broccoli Beets Cucumber 

Average 7.3 26.4 2.4 

Standard Deviation 3.86 9.12 2.84 

Standard Error 1.22 2.88 0.90 

Variance 14.90 83.16 8.04 

 

 

 

 

 

Table 16: Soil Erosion Classification, derived from (Wall et al., 2002). 

 Potential Soil Loss 
Soil Erosion Class Tonnes/Hectare/Year Tons/Acre/Year 
1 - Very Low <6 <3 
2 - Low  6-11  3-5 
3 - Moderate  11-22  5-10 
4 - High 22-33  10-15 
5 - Severe >33 >15 
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Table 17: Basic Field Information. 

 

Location County of Peterborough/Norwood/Otonabee-South 

Monaghan/Otonabee 

Soil Type Bondhead Sandy Loam (2-4% OM) 

Average Bulk Density 1.34 g/cm3 (GofC, 2013) 

Strip/Barriers None 

Diversion/Terrace, Sediment Basin None 

 

 

 

 

 

Table 18: Detailed information based on each field soil sampling analysis (except F6). 

 

Fields 

Hectares 

Per 

Field 

Slope 

Length 

(m) 

Average 

Slope 

(%) 

Rock 

Coverage 

(%) 

Average 

N 

(%) 

Average 

P 

(mg/l) 

Average 

K 

(mg/l) 

Average 

C 

(%) 

Average 

pH 

1 1.84 135 8 5 0.181 0.536 0.994 3.097 7.58 

2 5.18 291 2 0 0.157 0.533 0.504 1.577 7.36 

3 3.00 250 4.5 0 0.164 0.683 0.809 1.765 7.42 

4 4.38 300 2 4 0.197 0.700 0.454 2.528 7.46 

5 0.88 125 2.5 3 0.214 0.667 0.416 2.270 7.64 

6 0.69 112 4 2 <1* <1* <1* <1*   

7 2.03 226 4.5 2 0.199 0.608 1.217 2.728 7.35 

8 3.56 221 2 2 0.196 0.673 0.805 3.013 7.52 

9 2.01 190 6 0 0.189 0.625 0.534 2.452 7.66 

10 1.59 167 6 0 0.204 1.373 0.634 2.848 7.50 

11 2.45 263 4.5 0 0.155 0.612 0.371 1.510 7.51 

12 2.16 212 5 0 0.122 0.561 0.327 1.830 7.47 

13 2.60 200 5 1 0.170 0.604 0.596 1.836 7.35 

14 2.37 212 2 6 0.182 0.579 0.498 1.457 7.09 

15 2.21 287 0 2 0.231 0.571 1.027 2.441 7.18 

16 3.97 288 0 2 0.265 0.644 1.078 2.907 7.18 

17 3.40 274 9 5 0.189 0.633 0.646 2.552 7.45 

18 2.28 215 3 2 0.205 0.666 0.668 2.506 7.60 

* = assumption made for the AgriSuite program. 
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Table 19: Soil erosion output based on current field management. The soil erosion rate is 

the average of the three modelling programs used in Chapter 4 under CCCM (USLE, 

RUSLE2, and AgriSuite).   

 

Fields Tillage Method Cropping / Tillage 

Practice Crops 
Average Soil 

Erosion Rate 

(Tonnes/Ha/Yr) 
1 No-Till Cross Slope Corn/Grain/Silage 5.037 
2 No-Till Up and Down Slope Hay/Mixed/Alfalfa 0.033 
3 No-Till Cross Slope Corn/Grain/Silage 2.513 
4 No-Till Up and Down Slope Hay/Mixed/Alfalfa 0.037 
5 No-Till Up and Down Slope Hay/Mixed/Alfalfa 0.040 
6 Permanent Cover Up and Down Slope Hay/Mixed/Alfalfa 0.093 
7 No-Till Up and Down Slope Corn/Grain/Silage 3.213 
8 No-Till Up and Down Slope Hay/Mixed/Alfalfa 0.037 
9 No-Till Up and Down Slope Hay/Mixed/Alfalfa 0.180 
10 No-Till Up and Down Slope Hay/Mixed/Alfalfa 0.173 
11 No-Till Up and Down Slope Hay/Mixed/Alfalfa 0.113 
12 No-Till Up and Down Slope Hay/Mixed/Alfalfa 0.163 
13 No-Till Up and Down Slope Corn/Grain/Silage 4.043 
14 No-Till Up and Down Slope Corn/Grain/Silage 1.143 
15 No-Till Up and Down Slope Corn/Grain/Silage 0.230 
16 No-Till Up and Down Slope Corn/Grain/Silage 0.230 
17 No-Till Cross Slope Corn/Grain/Silage 7.030 
18 No-Till Up and Down Slope Hay/Mixed/Alfalfa 0.070 

 

 

 

Table 20: The four main scenarios used in terms of soil erosion modelling (Chapter 4).  

For reference. 

CCCM Current Climate; Current Management 

PCCM Projected Climate; Current Management 

CCP Current Climate; Permaculture 

PCP Projected Climate; Permaculture 
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Table 21: Average soil erosion calculated (tonnes/ha/yr) under current and projected 

changes. 

 

Field # CCCM PCCM CCP PCP 

1 5.037 7.433 1.052 1.837 

2 0.033 0.110 0.185 0.452 

3 2.513 4.038 0.528 1.191 

4 0.037 0.082 0.181 0.429 

5 0.040 0.088 0.183 0.419 

6 0.093 0.123 0.334 0.754 

7 3.213 4.372 0.518 1.082 

8 0.037 0.081 0.180 0.386 

9 0.180 0.281 0.759 1.585 

10 0.173 0.275 0.715 1.465 

11 0.113 0.191 0.544 1.200 

12 0.163 0.250 0.652 1.310 

13 4.043 5.421 0.610 1.292 

14 1.143 1.565 0.173 0.361 

15 0.230 0.235 0.045 0.058 

16 0.230 0.235 0.045 0.058 

17 7.030 10.473 1.410 2.757 

18 0.070 0.093 0.256 0.657 

 

 

Table 22: Default prices of farm nutrients provided by the AgriSuite program. 

 

Value of 

Materials $/kg 

Nitrogen (N) 1.54 

Phosphate (P2O5) 1.65 

Potash (K2O) 1.32 
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Table 23: Replacement costs ($/kg/ha) of nutrients due to loss of nutrient per field under 

current management. 

 

 Nitrogen Phosphorous Potassium 

Field CCCM PCP CCCM PCP CCCM PCP 

1 1.404 0.512 0.0054 0.002 0.0080 0.003 

2 0.008 0.109 0 0 0 0 

3 0.634 0.301 0.0034 0.002 0.0033 0.002 

4 0.011 0.130 0.0001 0.001 0.0000 0 

5 0.013 0.138 0.0001 0.001 0.0000 0 

7 0.985 0.331 0.0039 0.001 0.0063 0.002 

8 0.011 0.116 0.0000 0.001 0.0000 0.001 

9 0.052 0.461 0.0002 0.002 0.0002 0.001 

10 0.054 0.459 0.0005 0.004 0.0002 0.001 

11 0.027 0.287 0.0001 0.001 0.0001 0.001 

12 0.031 0.247 0.0002 0.001 0.0001 0.001 

13 1.056 0.338 0.0049 0.002 0.0039 0.001 

14 0.321 0.101 0.0013 0 0.0009 0 

15 0.082 0.021 0.0003 0 0.0004 0 

16 0.094 0.024 0.0003 0 0.0004 0 

17 2.044 0.802 0.0089 0.003 0.0073 0.003 

18 0.022 0.207 0.0001 0.001 0.0001 0.001 
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Table 24: Amount of nutrient and carbon in CCCM and PCP (tonnes/ha) soil erosion 

analysis and projection.   

 

 Nitrogen Phosphorous Potassium Carbon 

Field CCCM PCP CCCM PCP CCCM PCP CCCM PCP 

1 0.91164 0.33251 0.00326 0.00119 0.00607 0.00221 15.59956 5.68973 

2 0.00523 0.07091 0.00002 0.00030 0.00002 0.00028 0.05257 0.71314 

3 0.41177 0.19515 0.00208 0.00099 0.00246 0.00117 4.43603 2.10241 

4 0.00723 0.08453 0.00003 0.00037 0.00002 0.00024 0.09270 1.08403 

5 0.00855 0.08963 0.00003 0.00034 0.00002 0.00021 0.09081 0.95240 

7 0.63940 0.21523 0.00238 0.00080 0.00475 0.00160 8.76725 2.95113 

8 0.00718 0.07561 0.00003 0.00032 0.00004 0.00038 0.11049 1.16367 

9 0.03396 0.29912 0.00014 0.00121 0.00012 0.00104 0.44130 3.88696 

10 0.03527 0.29820 0.00029 0.00248 0.00013 0.00113 0.49361 4.17297 

11 0.01760 0.18633 0.00008 0.00090 0.00005 0.00054 0.17113 1.81224 

12 0.01996 0.16013 0.00011 0.00090 0.00007 0.00052 0.29897 2.39855 

13 0.68575 0.21921 0.00300 0.00096 0.00295 0.00094 7.42356 2.37301 

14 0.20854 0.06582 0.00081 0.00026 0.00070 0.00022 1.66607 0.52584 

15 0.05318 0.01343 0.00016 0.00004 0.00029 0.00007 0.56141 0.14182 

16 0.06087 0.01538 0.00018 0.00005 0.00030 0.00008 0.66856 0.16889 

17 1.32726 0.52055 0.00540 0.00212 0.00551 0.00216 17.93775 7.03513 

18 0.01435 0.13471 0.00006 0.00053 0.00006 0.00053 0.17544 1.64699 

 

 

 

 

 

 

 

 

 

 

 

 



 

 125 

 

 

 

Table 25: Values used in Figure 33.  RothC output derived from the raw data provided in 

Tables 26, 27, 28, and 29.   

Year Projected 
Conventional 

Management 

(t C/ha) 
Current Management 

(t C/ha) 
Permaculture  

(t C/ha) 

2020 41.24 9.24 6.21 
2030 457.87 101.40 68.99 
2050 1259.62 286.44 189.81 
 

 

Table 26: Variables required in the RothC program.  

Clay (%) 10.8 

Depth (cm) 13  

Current Management (t C/ha) ~ 9.24 

Permacultural Management (t C/ha) ~ 6.21 

Conventional Management (t C/ha) ~ 41.24 

Soil Cover (covered/fallow) Covered 
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Table 27: The range of temperature, rainfall and evaporation values used for RothC 

under the 2020 scenario (FW, 2019).  

 

 

 

 

 

 

Table 28: The range of temperature, rainfall and evaporation values used for RothC 

under the projected 2030 scenario (FW, 2019). 

Months Temperature (C) Rainfall (mm) Evaporation (mm) 

January  -9.45 1.724 0.63 

February -9.20 2.034 1.008 

March -4.87 1.696 1.638 

April 2.41 2.757 3.024 

May 11.63 3.201 4.536 

June 17.52 3.494 6.174 

July 21.96 2.488 6.552 

August 20.84 2.529 5.922 

September 14.94 3.202 4.158 

October 8.43 1.972 1.89 

November 2.52 2.934 1.134 

December -5.75 2.318 0.756 

Table 29: The range of temperature, rainfall and evaporation values used for RothC 

under the projected 2050 scenario (FW, 2019). 

Months Temperature (C) Rainfall (mm) Evaporation (mm) 

January  -8.84 2.222 0.882 

February -9.55 1.240 1.26 

March -2.88 2.098 2.016 

April 5.53 2.625 3.15 

May 12.32 3.667 4.788 

June 18.87 3.809 6.426 

July 23.08 2.510 6.804 

August 21.61 1.879 6.048 

September 17.15 2.136 4.41 

October 10.29 1.989 2.52 

November 3.28 2.821 1.26 

December -4.05 3.120 1.008 

 

Months Temperature (C) Rainfall (mm) Evaporation (mm) 

January  -7.33 55.28 0.711 

February -6.74 54.97 0.989 

March -1.35 54.78 1.721 

April 5.39 88.05 3.025 

May 13.62 77.68 5.011 

June 17.50 85.84 5.670 

July 20.79 56.87 6.296 

August 19.49 76.63 5.285 

September 15.76 71.51 3.971 

October 9.22 83.46 2.103 

November 2.47 51.58 1.129 

December -2.66 57.21 0.650 
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Table 30: Holos needs and requirements.  Table derived from Little (2008) report.  Gray 

highlight writing indicates the unknown specifics for permacultural systems simulations.   

 

Farm 

Operation 

(s) 

Required Input Program Defaults 

(may be 

overwritten) 

Calculated 

Emissions 

-Crops 
-Grassland 
-Land use 

change 

-Area of annual crops and fallow 
-Area of perennial crops (past and present) 
-Area of grassland (past and present) 
-Tillage system (past and present) 
-Area of irrigation 
-Herbicide usage 

-Fertilizer inputs 
-Crop yields 
-Soil type and 

texture 

-Soil N2O 
-Soil carbon 
storage or 
emission 
-Energy CO2 

Beef cow-

calf 
- # cows 
-Type of grazing area 
-Pasture and feed quality 
-Feed additives in diet 
-Spring or fall calving 
-Year-round grazing or winter feeding 
-Calves sold or kept for backgrounding and 
- # months kept 
-Manure handling system for 
backgrounders 

-Calf crop rate 
- # bulls 

-Enteric CH4 
-Manure CH4 
-Manure N2O 
-Energy CO2 

Beef feedlot -Type of feedlot (finishing or 
backgrounding) 
-Feedlot capacity and/ or #months filled 
-Barn housing usage 
-Ration mix 
-Feed additives in diet 
-% steers in lot 
-Feed: gain ratio (if known) 
-Average daily gain (if known) 
-Manure handling system 

-Initial and final 

weights 
-Enteric CH4 
-Manure CH4 
-Manure N2O 
-Energy CO2 

Beef stocker - # cattle 
- # months grazed 
-Pasture quality 
-Feed additives in diet 
-% steers in herd 
-Average daily gain (if known) 

-Initial and final 

weights 
-Enteric CH4 
-Manure CH4 
-Manure N2O 
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Dairy - # cows 
- # months calves kept 
-Feed additives in diet 
-Pasture usage and length of time used 
-Manure handling system 
-Season of manure application 

- # replacement heifers 
- # bulls 
- # calves 
-Length of dry period 
-Total digestible 

nutrients 
or net energy for 

lactation 
and protein content in 
diets (dry and lactation) 

-Enteric CH4 
-Manure CH4 
-Manure N2O 
-Energy CO2 

Swine -Type of operation (farrow to wean, 
farrow to finish, nursery or finishing 
barn) 
- # pigs (in each category, defaults 
provided in some cases) 
-Type of diet 
-Manure handling system 
-Season of manure application 

-Yearly birth rate 
-Pre-weaning death 

loss 
-Enteric CH4 
-Manure CH4 
-Manure N2O 
-Energy CO2 

Sheep – market 
lamb 

- # ewes 
-Weaned lambs sold or kept on farm 
-Feed quality 
-Pasture usage and length of time used 
-Type of pasture 
-Manure handling system 

- # rams 
- lambing rate 
- # lambs per birth 

-Enteric CH4 
-Manure CH4 
-Manure N2O 

Sheep feedlot -Feedlot capacity 
- # months filled 
-Feed quality 
-Manure handling system 

  -Enteric CH4 
-Manure CH4 
-Manure N2O 

Poultry -Type of poultry 
-Barn capacity 
-Wet or dry manure system 

  -Enteric CH4 
-Manure CH4 
-Manure N2O 
-Energy CO2 

Other animals 
(goats, llamas 

and 
alpacas, deer 

and 
elk, horses, 
mules, bison) 

- # animals   -Enteric CH4 
-Manure CH4 
-Manure N2O 

Lineal tree 
plantings/ 
shelterbelts 

-Type of tree 
-Age of planting 
-Length of planting 

  -Carbon 
storage 
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Table 31:  The emission output based on current climate and projected climate using 

current management practices derived from the Holos program. 

 

 Year 

Emissions (Kg 

GHGs) 2020 2030 2050 

Crops Direct N2O 18.02 18.02 18.02 

Indirect N2O 2.81 2.81 2.81 

Energy CO2 5082.62 5082.62 5082.62 

Land Use Change 

CO2 -82011.82 -64390.78 -39695.5 
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Table 32: Crop survivorship between treatments, ANOVA Test for Crop Group 1. Alpha 

level: 0.05. 

Groups Count Sum Average Variance   

Treatment 1 3 43 14.3 66.3   

Treatment 2 3 47 15.7 17.3   

Treatment 3 3 56 18.7 2.3   

Treatment 4 3 42 14.0 49.0   

Treatment 5 3 50 16.7 14.3   

Treatment 6 3 48 16.0 73.0   

Treatment 7 3 58 19.3 24.3   

Treatment 8 3 49 16.3 72.3   

Treatment 9 3 51 17.0 3.0   

Treatment 10 3 50 16.7 12.3   

ANOVA       

Source of 

Variation SS df MS F P-value F crit 
Between 

Groups 74.8 9 8.31 0.25 0.98 2.39 

Within Groups 668.67 20 33.43    

       

Total 743.47 29         
 

Table 33: Crop survivorship between treatments, ANOVA Test for Crop Group 2. Alpha 

level: 0.05. 

Groups Count Sum Average Variance   

Treatment 1 3 46 15.33 2.33   

Treatment 2 3 48 16.00 7.00   

Treatment 3 3 50 16.67 8.33   

Treatment 4 3 46 15.33 0.33   

Treatment 5 3 54 18.00 13.00   

Treatment 6 3 45 15.00 16.00   

Treatment 7 3 43 14.33 9.33   

Treatment 8 3 53 17.67 5.33   

Treatment 9 3 53 17.67 14.33   

Treatment 10 3 49 16.33 17.33   

ANOVA       

Source of 

Variation SS df MS F P-value F crit 
Between 

Groups 42.7 9 4.74 0.51 0.85 2.39 

Within Groups 186.67 20 9.33    

 
      

Total 229.37 29         
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Table 34: Crop survivorship between treatments, ANOVA Test for Crop Group 3. 

Groups Count Sum Average Variance   
Treatment 1 3 56 18.7 252.3   
Treatment 2 3 57 19.0 349.0   
Treatment 3 3 31 10.3 64.3   
Treatment 4 3 31 10.3 104.3   
Treatment 5 3 34 11.3 186.3   
Treatment 6 3 37 12.3 236.3   
Treatment 7 3 16 5.3 12.3   
Treatment 8 3 40 13.3 324.3   
Treatment 9 3 31 10.3 136.3   
Treatment 10 3 28 9.3 186.3   
ANOVA       
Source of 

Variation SS df MS F P-value F crit 

Between 

Groups 466.97 9 51.89 0.28 0.97 2.39 

Within 

Groups 3704 20 185.2    

       
Total 4170.97 29         

 

Table 35: ANOVA test for Crop Group 1 (bell peppers, onions, spinach), alpha level: 

0.05.  Between treatments and biomass (g) of produce. 

Groups Count Sum Average Variance   
Treatment 1 3 10955.80 3651.93 9059257.32   
Treatment 2 3 13855.20 4618.40 15407085.33   
Treatment 3 3 15114.30 5038.10 15466219.47   
Treatment 4 3 9927.20 3309.07 5984178.52   
Treatment 5 3 9387.10 3129.03 8135160.50   
Treatment 6 3 9256.40 3085.47 5162875.60   
Treatment 7 3 7550.20 2516.73 6622431.52   
Treatment 8 3 4216.00 1405.33 1297951.40   
Treatment 9 3 5538.20 1846.07 3771565.66   

Treatment 10 3 6357.40 2119.13 7844307.84   
ANOVA       

Source of 

Variation SS df MS F P-value F crit 

Between 

Groups 36449477.45 9 4049941.94 0.51 0.85 2.39 

Within 

Groups 157502066.37 20 7875103.32    
Total 193951543.82 29         
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Table 36: ANOVA test for Crop Group 2 (potatoes, eggplants, cabbages), alpha level: 

0.05.  Between treatments and biomass (g) of produce. 
Groups Count Sum Average Variance   

Treatment 1 3 22768 7589 31389184   
Treatment 2 3 37952 12651 33777757   
Treatment 3 3 41276 13759 81463230   
Treatment 4 3 39731 13244 101384812   
Treatment 5 3 43039 14346 130331394   
Treatment 6 3 37973 12658 69940552   
Treatment 7 3 39049 13016 97864210   
Treatment 8 3 36050 12017 73270474   
Treatment 9 3 36270 12090 85371605   
Treatment 

10 3 43554 14518 111665772   
ANOVA       

Source of 

Variation SS df MS F P-value F crit 

Between 

Groups 103111316 9 11456813 0.14 1.00 2.39 

Within 

Groups 1632917977 20 81645899    
Total 1736029293 29         

 

Table 37: ANOVA test for Crop Group 3 (broccoli, beets, cucumbers), alpha level: 0.05.  

Between treatments and biomass (g) of produce. 
Groups Count Sum Average Variance   

Treatment 1 3 40622.51 13540.84 116868190.78   
Treatment 2 3 44845.90 14948.63 177371457.00   
Treatment 3 3 41237.80 13745.93 100402275.21   
Treatment 4 3 31235.00 10411.67 36364942.90   
Treatment 5 3 27455.70 9151.90 60024639.81   
Treatment 6 3 30926.70 10308.90 38434165.96   
Treatment 7 3 20740.20 6913.40 40112703.67   
Treatment 8 3 16855.00 5618.33 15674189.74   
Treatment 9 3 14591.00 4863.67 35893300.33   

Treatment 10 3 10554.50 3518.17 12443517.58   
ANOVA       

Source of 

Variation SS df MS F P-value F crit 

Between 

Groups 432884478 9 48098275.4 0.76 0.65 2.39 

Within Groups 1267178766 20 63358938.3    
Total 1700063244 29         
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Table 39:  Fresh biomass (g) ANOVA test based on Table 38.  Alpha level: 0.05 

Groups Count Sum Average Variance   

Treatment 1 9 4552.5 505.8 250913.1   

Treatment 2 9 6828.7 758.7 743495.3   

Treatment 3 9 5287.5 587.5 547027.2   

Treatment 4 9 5719.7 635.5 1025355.7   

Treatment 5 9 6399.0 711.0 664414.0   

Treatment 6 9 4380.1 486.7 255902.1   

Treatment 7 9 6075.8 675.1 913024.0   

Treatment 8 9 4546.8 505.2 207935.2   

Treatment 9 9 4467.5 496.4 556827.5   

Treatment 10 9 4969.4 552.2 826297.1   

Source of 

Variation SS df MS F P-value F crit 
Between 

Groups 788087.6 9 87565.28 0.146 0.998 1.999 
Within Groups 47929530.3 80 599119.13    

       

Total 48717617.8 89         
 

Table 40:  Dry biomass (g) ANOVA test based on Table 38.  Alpha level: 0.05 

Groups Count Sum Average Variance   

Treatment 1 9 448.9 49.9 2257.9   

Treatment 2 9 688.8 76.5 5126.9   

Treatment 3 9 609.3 67.7 8491.1   

Treatment 4 9 688.7 76.5 16818.0   

Treatment 5 9 826.1 91.8 10814.9   

Treatment 6 9 499.8 55.5 2990.0   

Treatment 7 9 706.7 78.5 11239.9   

Treatment 8 9 454.1 50.5 1468.7   

Treatment 9 9 409.7 45.5 2615.8   

Treatment 10 9 574.8 63.9 11015.6   

Source of 

Variation SS df MS F P-value F crit 
Between 

Groups 18719.0 9 2079.89 0.286 0.977 1.999 
Within Groups 582712.3 80 7283.90           

Total 601431.3 89         
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Table 41: The projected annual mean temperatures for the County of Essex and 

Peterborough/Norwood (CCDP, 2019).  Highlighted area shows that the County of 

Essex annual temperature of 10.39ºC was recorded for 2019 and then showing the 

approximate projected time (2061) that Peterborough will experience an annual 

temperature of 10.41ºC (CCDP, 2019). 
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