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ABSTRACT 

Short rotation coppice is a type of bio-energy that involves the management of woody species to be harvested for 

energy purposes. Short rotation coppice in combination with municipal treated wastewater irrigation offers various 

benefits, mainly a low cost form of both nutrients and irrigation water.  However, wastewater contains plant essential 

nutrients that can impact groundwater if the systems are mismanaged, i.e. nitrate. To prevent soil salinization from 

occurring in the root zone, a leaching fraction (LF) is applied.  Leaching fraction is the fraction of surface infiltrated 

water that drains past the root zone. The research objectives involve quantifying and qualifying drainage in a fine 

textured soil below a SRC with wastewater irrigation system.  Drainage was estimated under the wastewater irrigated 

soil and non-irrigated soil (control) using two methods, the soil water balance and a model based on the chloride 

mass balance by Rose et al (1979). The drainage in 2010 and 2011 using the water balance was -9.2 and 28 cm, 

respectively, and the model results were  -18.5 and 11.7 cm, respectively.  Drainage quality was monitored over 2010 

and 2011 for nitrate-N, orthophosphate-P and other solutes using soil solution samplers and a transport model by 

Schoups and Hopmans (2002).  Solute loading rates to groundwater were greater under the wastewater irrigated soil 

than the control.  Nitrate-N in the soil solution at 150 cm below ground surface for both monitoring years never 

exceeded either the potable water guidelines (10 mg L-1), however, these years had relatively low irrigation amounts 

and the Schoups and Hopman (2002) model predicted soil solution nitrate-N concentration in exceedance of potable 

water guidelines at LF’s above about 0.55.  Based on the findings from this research, it is recommended to use a LF 

between 0.2 and 0.5 to protect groundwater users, prevent soil salinization and utilize the large supply of municipal 

treated wastewater available.   
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1. GENERAL INTRODUCTION 

1.1  BACKGROUND  

 

Currently, mitigating global warming is a top environmental concern for many countries around the world.  One 

resolution for this issue is adopting energy forms with minimal greenhouse gas emissions. Biomass energy, or bio-

energy, is a form of renewable energy that consumes plant material as a fuel (IEA 2005). Common bio-energy crops 

include sugar cane and maize for ethanol and oilseed rape for biodiesel (OECD 2004). A bio-energy system that is 

gaining popularity in Europe is short rotation coppice (SRC) with wastewater irrigation (Dimitrou et al 2009).  SRC 

plantations are the management of fast growing woody species like willow in short intervals, of typically 3 to 5 years, 

for energy purposes (Labrecque and Teodorescu 2003; Bonaria et al 2004; Heller et al 2004). Plant growth is 

accelerated by applying water and nutrients in the form of readily available and relatively inexpensive secondary 

treated wastewater. Currently, there is between 1,500 and 15,000 ha of land being cultivated with woody species in 

Sweden, Poland, Germany, Italy and other European countries. SRC plantations have been identified as one of the 

most energy efficient carbon conversion technology to reduce greenhouse gas emissions (Styles and Jones 2007).  

 

Short rotation coppice plantations typically use perennial, non-edible plant species like willow (Salix sp.) and poplar 

(Populus sp.). The common clones and hybrids in Sweden are Salix viminalis, S. dasyclados and  S. schwerinii 

(Dimitrou and Arronson 2004). These species are desirable due to their high water requirements and the ability to 

take up nutrients with minimum leaching losses (Dimitrou and Aronsson 2004; Aronsson 2000). SRC crops are 

typically harvested in the winter or early spring and in short intervals varying from 2 to 15 years (Dimitrou et al 2009). 

The above ground biomass is typically chipped on site and stored or burned for heat or power (Dimitrou and 

Arronson 2004).  After harvest, these plants have the ability to resprout and subsequent planting is not required.  The 

estimated economical lifespan of a willow SRC systems is 20 to 25 years (Dimitrou and Arronson 2004; Heller et al 

2004; Dimitrou et al 2009). 

 

SRC systems irrigated with wastewater irrigation provide a complement to conventional wastewater treatment. 

Rather than discharging nutrient rich wastewater to water bodies it is applied to land where plants aid in filtering of 

water by taking up many nutrients. The secondary treated wastewater typically contains nutrients such as nitrogen 

and phosphorus which the SRC plants will utilize for growth and development. Nitrogen and phosphorus rich 

wastewaters discharged to surface waters can lead to a reduction in dissolved oxygen (eutrophication). By applying 

the wastewater to land rather than surface water bodies, water quality is hopefully improved.  
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SRC plantations with wastewater irrigation systems offer various social and economic benefits (IEA 2005). Studies 

have found that the cost efficiency of SRC crops with wastewater irrigation to be higher than conventional and, 

sometimes, unconventional tertiary wastewater treatments (Borjesson and Berndes 2006). In general, bio-energy 

crops produce considerabley less greenhouse gas emissions.  Studies have estimated that bioenergy has 10 to 20 

times lower net carbon emissions than fossil fuel based generation (Mann and Spath 2000; Matthews and Mortimer 

2000).  There is also potential for the trade of carbon credits in areas where SRC bioenergy plantations are 

established. Social benefits from bio-energy crops include improved access to basic services like electric lighting, 

creation of jobs and reduced oil dependency.  An additional benefit from SRC crops is that it may boost farm incomes 

and the rural economy (Askew and Holmes 2001).  

 

There are environmental and human health concerns with wastewater irrigation systems.  Wastewater contains 

various salts that can accumulate in the root zone due to evapotranspiration effects.  This creates osmotic pressures 

on the plant roots, decreased plant water uptake and decreased crop yields.  Depending on the type of salts present, 

soil quality may be reduced. An abundance of sodium causes soil particle dispersion, degrading soil structure 

(Hamilton et al 2007).  Heavy metals in wastewater can cause environmental problems.  Heavy metals are typically 

cations and are strongly sorbed to the organic matter or soil surfaces, eventually accumulating in the soil over time 

(Hamilton et al 2007). Some metals, like boron, that remain mobile, threaten groundwater resources.  Pathogens in 

drinking water are a rising public concern.  The possible pathogens present in wastewater, depending on its origin,  

and may include bacteria such as Salmonella sp., enteropathogenic Escherichia coli, Cryptosporidium parvum or 

Giardia intestinalis (Hamilton et al 2007).  Wastewater contains various plant essential nutrients like nitrogen, 

phosphorus and potassium (Dimitriou and Aronsson 2004). If these nutrients are applied in excess of the plants 

uptake capacity, leaching of mobile forms may occur.  Over fertilization contributes to various plant problems 

including reduced fruit size, delayed maturation and the plant’s ability to resist disease (Hamilton et al 2007).  

Research on these potential hazards is important for human and environmental health.  

 

 

1. 2   SOIL AND WATER QUALITY  

1.2.1  Nitrogen 

Nitrogen is an essential plant macronutrient and commonly a growth-limiting nutrient for woody species (van Meigroet 

et al 1994). There are various nitrogen sources, one of which is via wet or dry deposition. Deposition occurs when 

burning of fossil fuels release NOx gases to the atmosphere and HNO3 forms (Galloway and Dillon 1983).  Dry 

deposition typically occurs in the form of nitrogen dioxide (NO2) or nitric acid (HNO3) (Fowler et al 1999).  Wet 
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deposition of nitrogen occurs as rain or snow, typically in the form of nitrate (Fowler et al 1999). Atmospheric 

deposition on to the prairies is estimated to be about 13.9 x103 tonnes per year or 0.8 kg ha-1 yr-1 of total nitrogen 

(Chambers et al 2001). 

 

 Plants take up nitrogen in two main forms: ammonium and nitrate. Ammonium is preferred by plants because it 

requires less energy to assimilate (Crouzet et al 1999). Typically wastewater contains all forms of nitrogen except in 

the gaseous forms. These forms can change depending on the conditions they are exposed to. The major processes 

of the nitrogen cycle related to wastewater irrigation are mineralization, immobilization, nitrification and denitrication. 

Nitrogen mineralization involves the breakdown of organic nitrogen forms to ammonium by micro organisms (Brady 

and Weil 2002). The ammonium produced by mineralization is subject to immobilization, plant uptake, clay 

adsorption, volatilization or nitrification.  Nitrogen immobilization occurs when there is an imbalance between the ratio 

of available carbon to nitrogen in the soil and simple inorganic compounds like ammonium or nitrate are taken up 

(immobilized) by microbes to maintain their metabolic processes. Plant uptake of nitrogen is a large sink. For 

example, hyrbid poplar on average removes between 241 and 420 kg ha-1 yr-1 of N (Heilman and Norby 1998). Clay 

adsoprtion involves bonding between the negatively charged clay surface and positive ammonium ion. Ammonium 

(NH4
+) and ammonia gas (NH3) are both produced by the breakdown of organic residues (Brady and Weil 2002).  

The relationship between the two is given by: 

    NH3  + H2O ↔ NH4
+ +OH-      [1] 

Ammonia volatilization typically occurs at high pH levels, when soil is dry and when ammonium levels are high (Brady 

and Weil 2002). Volatilization is the conversion of ammonium to ammonia gas which is considered lost from the soil 

system. Nitrification is the oxidation of ammonium ions in soil and is a two part process (Brady and Weil 2002). The 

first part is the conversion of ammonium to nitrite by the bacteria Nitrosomonas. The nitrite formed is immediately 

utilized by the bacteria Nitrobacter and nitrate is product. Similar to ammonium, nitrate can be taken up by plants and 

immobilized by microorganisms (Brady and Weil 2002) . Denitrification is a process resulting in gaseous nitrogen 

forms, lost to the atmosphere.  During anaerobic conditions, nitrate is typically converted to either nitric oxide gas 

(NO), nitrous oxide gas (N2O) or dinitrogen gas (N2) depending on the stage of the process and type of bacteria. 

Heilm and Norby (1998) found that denitrification can account for as much as 70 % of nitrate losses under irrigated 

soils. The nitrogen cycle is affected by various soil conditions like pH, organic carbon content, temperature, soil water 

content, texture and soil biogeochemical characteristics (Almasri and Kaluarachchi 2004, Brady and Weil 2002).   

 

1.2.1.1  Nitrate 

 

Managing nitrate movement under wastewater irrigation systems is important for efficient system design with minimal 

negative human and environmental health impacts. Nitrate is a soluble form of nitrogen that is readily taken up by 
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plants. It is produced by either nitrification, the conversion of ammonium to nitrate, or direct fertilizer additions 

(Tisdale et al 2005).  As mentioned earlier, ammonium sources are atmospheric nitrogen fixation, nitrogen 

deposition, mineralization of organic nitrogen forms or direct fertilizer additions.  

 

Nitrate is an environment risk due to its behaviour in soils. The net charge of the nitrate ion is negative so it is not 

readily attracted to clay surfaces and remains mobile in the soil solution (Tisdale et al 2005). Nitrate leaching can 

occur if the amount of nitrate and water additions exceeds removal (Tisdale et al 2005). Previous studies show that 

when elevated nitrogen losses occur, it is mainly in the nitrate form rather than ammonium (Dimitrou and Aronsson 

2004). Leaching of nitrate from the soil can lead to contamination of groundwater and, subsequently, a hazard for 

potable water users.  Consumption of nitrate contaminated drinking water can cause methemoglobinemia in infants 

and stomach cancer in adults (Addiscott et al 1991; Lee et al 1991; Wolfe and Patz 2002). The Health Canada 

Drinking Water standard for nitrate-nitrogen is 10 mg L-1 and Alberta Environment Tier 1 Groundwater Remediation 

level is 13 mg L-1 (Health Canada 2010; Alberta Environment 2010).  

 

Nitrate leaching to groundwater systems can have various detrimental impacts on the physical environment. Nitrate 

and ammonium contaminated groundwater discharged to surface water bodies can cause eutrophication, a 

widespread surface water quality problem near livestock feedlots.  Symptoms of eutrophication are accelerated plant 

growth, changes in plant species composition and decreased dissolved oxygen concentrations (Zhann 1995).  

Recent studies also indicate that nitrate in surface water bodies may affect metabolic processes in fishes and reptiles 

(Edwards 2005; Guillette and Edwards 2005). Many aspects of the soil system affect the fate of nitrate in soil.  

 

Nitrate movement is affected by numerous factors in the soil system including plants. Vegetation characteristics like 

age and transpiration rates affect the degree of nitrate leaching.  Previous studies show that leaching from SRC 

plantations are low except during the establishment year when the plants are young (Aronsson 2000). Heilman and 

Norby (1998) found that on Plantus occidentalis plantations, nitrate concentrations at 60 cm were strongly influenced 

by the age of the trees when fertilized.  Also from this study, they found as trees aged nutrient uptake increased and 

there were fewer nitrates in soil water. Dimitrou and Aronsson (2004) found that nitrate loading rates below the root 

zone as measured by lysimeters were negatively correlated to transpiration rate. Nitrate leaching was highest when 

transpiration was lowest.  

 

Application rates affect the amount of nitrate retained in the soil system. Mantovi et al (2006) found that when 

nitrogen inputs from a manure slurry were substantially higher than plant uptake, nitrate accumulated in the surface 

layer of soil. Continuous irrigation with wastewater has different nitrate leaching dynamics than alternating 
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wastewater irrigation with freshwater. Sakadevan et al (2000) established that continuous wastewater irrigation has 

greater amounts nitrate leaching than wastewater applied alternately with freshwater.  

 

Soil texture properties affect nitrate movement and potential for leaching. Typically, coarse textured soils have the 

largest nitrate leaching potential (Bergstrom and Johansson 1991).  Studies have found that finer textured soils can 

also have high leaching amounts. A study by Dimitrou and Aronsson (2004) found that a breakthrough of nitrate was 

recorded earlier in a clay soil than sand, attributed to preferential flow of water in cracks and macropores in the clay.  

Barton et al (2005) also had greater nitrate leaching in a poorly drained clay dominated soil due to macropore 

preferential flow. Macropores are the relatively larger soil pores created by roots or earthworms. Macropores can 

have the capacity to transmit large amounts of water, especially when near field saturation (Seyfriend and Rao, 1987; 

Magesan et al 1995; Magesan et  al 1999). In the same study by Barton et al (2005), significant leaching losses also 

occurred from a well drained sandy soil.   

  

1.2.1.2  Ammonium 

 

As mentioned earier, ammonium is a plant essential nutrient and the preferred form of nitrogen by plants. Similar to 

nitrate, ammonium in surface and groundwater reserves can be detrimental to human and environmental health. 

Ammonium is typically bound to soil particles but under certain conditions it  it can be mobile. A study by Wachendorf 

et al (2008) found significant concentrations of ammonium in seepage water form soil exposed to cattle urine. 

Various conditions affect the potential for ammonium leaching such as input concentrations and preferential flow. 

 

Ammonium movement past the root zone is affected by input amounts and the organic carbon presence in soil. Mian 

et al (2009) found that a large proportion of ammonium was adsorbed by the soil but a significant amount remained in 

soil solution and was considered mobile. The amount of immobile ammonium may be related to the amount of 

organic matter present in soil. Burge and Broadbent (1961) found a relation between the percentage of carbon in soil 

and the amount of ammonium fixed. Ammonium fixation to organic matter has been attributed to the various 

constituents associated with humic and fulvic acids such as keytones, aldehydes and sugars (Stevenson 1994).  

Ammonium leaching may be a result of accumulated ammonium from organic matter mineralization.  Livesley et al 

(2007) found larger than expected ammonium concentrations in soil water at depths of 30 and 100 cm indicating 

leaching due to direct ammonium inputs and indirect mineralization of organic matter. 

 

Ammonium leaching to groundwater may occur due to preferential flow through macropores.  Both Livesley et al 

(2007) and Singleton et al (2001) found high ammonium concentration in the subsurface which they attributed to near 

saturation macropore flow. Leaching losses from application of cow urine to soil increased when soil reached field 
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capacity as macropore flow was initiated (Silva et al 2000). Ammonium prone to leaching is also affected by the soil 

residence time of applied ammonium in soil. With longer residence times, the ammonium is more exposed to 

transformations and immobilizations and concentration in soil water can be reduced (Livesley et al 2007). 

 

Wastewater contains various types of cations that are attracted to the soil particle surfaces. Long term application of 

water containing cations may lead to ammonium accumulation in soil solution due to lack of cation exchange sites.  

Divalent cations like calcium and magnesium have a greater charge per surface area and more strongly attached to 

exchange sites than ammonium. Results from a study by Phillips (2002) suggest that long term application of piggery 

wastewater may encourage leaching of nitrogen and phosphorus in soils with limited capacity to retain these 

nutrients.  Mian et al (2009) found that texture and the amount of ammonium leaching had a greater correlation than 

the cation exchange capacity of the soil and ammonium leaching. The reasoning for this is that texture reflects 

drainage conditions which likely result in denitrification (Mian et al 2009).  Mian et al (2009) also found no significant 

correlation between soil mean initial ammonium N concentrations and C:N soil mass ratio. Other studies found 

leaching depends on the time for transformation and immobilization to occur (Livesley et al 2007). 

 

1.2.2 Phosphorus  

 

Like nitrogen, phosphorus (P) is a plant essential nutrient and a common fertilizer constituent. Phosphorus is a 

naturally occurring element in nature and is an essential component for many physiological processes in both plants 

and humans (University of Minnesota 2011). Phosphorus has no known direct toxic effects to humans or animals but 

can have damaging impacts on the environmental (Pierzynski et al 2005). Phosphorus in surface water bodies 

stimulates biological activity causing eutrophication, similar to nitrogen. Phosphorus is typically found in secondary 

treated wastewater used with SRC projects.  Research on the fate and transport of this nutrient is vital for protection 

of aquatic water quality. 

 

Phosphorus in the soil or water will typically occur as phosphate. Orthophosphate is a simple form of phosphate 

(University of Minnesota 2011).  In water, orthophosphate occurs as H2PO4
- in acidic conditions or HPO4

2- in alkaline 

conditions. There are three main pools of phosphorus in the soil: 1) solution, 2) active and 3) fixed (University of 

Minnesota 2011).  Solution phosphorus is a very small fraction of the total phosphorus pool.  It is typically in 

orthophosphate form, the form preferred by plants, but organic phosphorus forms can also be present.  Solution 

phosphorus is important because plants utilize this pool (University of Minnesota 2011).  The active phosphorus pool 

is the phosphorus in the solid phase that can be readily released to soil solution.  Phosphate in the active pool is 

released to replenish the phosphate removed by plants in the soil solution phase (University of Minnesota 2011). The 
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active phosphorus pool is the main source of available phosphorus for crops and the ability of the active pool to 

replenish the soil solution varies with soil (University of Minnesota 2011).  Forms of phosphorus in the active pool 

include inorganic phosphate adsorbed to soil particles, phosphate bound to calcium or aluminum and organic 

phosphorus than can be readily mineralized.  Soil solution phosphorus is positively related to the active phosphorus 

pool (University of Minnesota 2011).  The fixed phosphorus pool contains very insoluble inorganic phosphate 

compounds and organic phosphorus compounds that are crystalline in structure and not mineralized by soil 

microorganisms. This pool has little impact on the soluble phosphate but there is slow conversion between the fixed 

and active phosphorus pools. The relationship between all soil phosphorus pools is important for assessing 

phosphorus movement in soil. 

 

Phosphorus in soil goes through various physical, chemical and microbiological processes, controlling its availability 

for leaching.  Initially, phosphate additions to soil are soluble and available but reactions start occurring that limit its 

availability.  These reactions depend on various soil conditions such as pH, moisture content, temperature and 

minerals present (University of Minnesota 2011). Once phosphate is added to the soil, it typically dissolves if 

adequate moisture is present. Once in the soil solution phosphate is available to plants and movement of phosphate 

is slow but may be increased by water flowing through soil (University of Minnesota 2011). The majority of the 

phosphate in solution will react with the minerals in the soil.  Phosphate ions in solution typically move to the active 

pool by adsorbing to soil particles or forming compounds with elements like calcium, magnesium, aluminum or iron 

(University of Minnesota 2011).  Phosphorus fertilization is considered inefficient because soil solution additions over 

time become fixed, and relatively unavailable to plants. The majority of the phosphorus applied to the soil will not be 

utilized by the crop but continued application typically increases the fertility of the soil (University of Minnesota 2011).  

Typically fine texture soils hold more than coarse (University of Minnesota 2011). Environmental pollution from 

phosphate is typically from sediment with phosphate attached. Phosphate is found in wastewater and although the 

soil retains much of the phosphate applied, there is the possibility of soluble phosphate leaching under irrigation 

systems (Olson et al 2010).  

 

The risk of phosphorus leaching is considered lower when calcareous sub soils are present (Olsen et al 2010).  

Lutwick and Graveland (1978) estimated that the phosphate adsorption capacity of silty clay and silty clay loam soils 

from southern Alberta ranged from 236 to 950 mg P kg-1 and estimated that sewage effluent could be applied at 40 

kg P ha-1yr-1 for 120 to 153 years before phosphate saturation. But some studies have found phosphate leaching can 

occur in calcareous soils.  Eghabll et al (1996) found phosphate from long term manure applications leached through 

calcareous layers to a depth of 1.8 m in a very fine sandy loam soil. Olsen et al (2010) suggest phosphate leaching in 

calcareous soils occurs and more so in a coarse texture soil than medium textured with manure application.  
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There are various factors that affect phosphate leaching. Leaching is typically greatest when storm events follow 

recent fertilizer applications (Barton et al 2005). The presence of macro pores and preferential flow pathways 

contribute to phosphate leaching. Heathwaite and Dils (1999) found a peak P concentration of 1 mg P L-1 in 

subsurface tiles which was attributed to macro pore flow. The degree of phosphate saturation is an important factor 

for phosphate leaching.  Soils with a history of receiving phosphate additions above crop requirements can become 

saturated with phosphate. Butler and Coale (2005) found the degree of phosphate saturation in the top 60 cm of the 

soil to be 25% after 4 years of dairy manure application. Phosphate in the subsoil may lead to higher leaching losses 

overtime as the subsoil becomes a source of phosphate through desorption into soil water (Gachter et al 2004). 

  

1.2.3 Dissolved Organic Carbon  

 

Irrigation with wastewater contributes organic carbon to the soil, part of which is dissolved organic carbon (DOC). 

Leaching of DOC is typically minimal compared to total soil organic carbon content and other carbon loss pathways 

like mineralization (Brye et al 2002). Findings from Siebe and Fischer (1996) show increased DOC in upper soil 

layers due to irrigation with sewage effluent. There is water quality concerns associated with potential leaching of 

DOC to groundwater from wastewater irrigated soils. Unsafe products such as trihalomethanes can be formed when 

chlorine in drinking water reacts with DOC (Xie 2004). The pesticide, atrazine was mobilized in a study due to binding 

with DOC from effluent irrigation (Graber et al 1995).  Drinking water characteristics such as color, taste and odor can 

be altered negatively by DOC (Ruark and Linquist 2010). In subsurface soils denitrification is limited due to lack of 

carbon source but when DOC leaches to the subsurface soils, denitrification is enhanced (Sotomayor and Rice, 

1996; Yeomans et al 1992). Studies have found that DOC levels in the soil are related to the survival of pathogenic 

bacteria (Jamieson et al 2002). 

 

Research has shown that DOC can enhance transport of metals.  Siebe and Fischer (1996) found enhanced metal 

mobility and transport due to irrigation with wastewater. Lensing et al (1995) found increased metal mobility due to 

DOC-cadmium complexes in soil. Fine et al (1999) found zinc and total organic carbon concentration were linearly 

correlated in a study with wastewater irrigation and biosolids. Studies have found that DOC also contributed to the 

transport of copper and mercury in the soil (Tetzlaffe et al 2007; Schuster et al 2008). 

 

1.2.4  Salinity 

 

Irrigation water typically contains soluble salts which may lead to salinization of the root zone over time if irrigation is  

not managed properly.  The major salts of concerned include cations:  Ca, Mg and Na and anions Cl, SO4 and HCO3 
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(Hillel 2005). Salinization occurs if irrigation water applied is equal to or less than the evapotranspirational demand of 

the plants, then salts from irrigation water will accumulate as plants successively take up water and not the salts.  

 

Accumulation of salts in surface soils can have various detrimental affects on the environment. Soil structure 

degradation can occur under saline conditions.  Unsuitable top soil is considered to be >8 dS m-1 and poor is 4 to 8 

dS m-1 (Alberta Environment 2009).  Fireman and Bodman (1939) noted that when soil solution salinity increases the 

tendency for swelling, aggregate failure and dispersion increases.  Various studies show soil hydraulic conductivity 

decreases after application of treated municipal wastewater due to dispersion of soil particles caused by 

accumulation of sodium and other salts (Thomas et al,1966; Clanton and Slack, 1987; Cook et al 1994; Balks et al 

1998; Goncalves et al 200; Magesan et al 1999; Halliwell et al 2001).  The infiltration rate is also affected by soil 

salinity. Formation of a seal or crust at the soil surface occurs due to reduced aggregate stability and clay dispersion, 

reducing the infiltration rate of the soil and water available to plants (Grattan and Oster 2003). Another surface 

condition that affected by soil salinity ishard setting which occurs when soils are near saturation and results in a 

large, compact and hard surface upon drying (Mullins et al 1990). 

 

To prevent salt accumulation, water in excess of the evapotranspiration needs of the crops is applied to leach the 

soluble salts below the root zone.  This additional irrigation water is commonly called the leaching fraction, or 

leaching requirement. In agriculture, leaching involves the dissolution and transportation of soluble salts by the 

downward movement of water (U.S. Salinity Laboratory Staff 1954).  The U.S. Salinity Laboratory Staff (1954) first 

defined the leaching fraction as the fraction of infiltrated water that moves through root zone to prevent soil salinity 

from exceeding a level that would reduce crop yield. The leaching fraction depends on the composition of the 

irrigation water, plant water needs and salt tolerance of crop (Hillel 2005). 

1.3   OBJECTIVES  

 

The overall objectives of this research are to determine the impacts of repeated applications of wastewater over the 

life cycle of a SRC plantation on the fate and transport of plant essential nutrients that can possibly contaminate 

water reserves.  Specific objectives include:  

 

I. Quantify the drainage under SRC with wastewater irrigation root zone using the soil water balance and 

chloride mass balance methods.  

II. Characterize drainage water quality of the SRC plantation at the study site using  an in-situ field-based 

sampling method and a transport model.  

III. Estimate wastewater treatment, or removal of solutes, by the SRC system.  
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IV. Assess the soil salinity with varying irrigation management scenarios using a solute transport model. 

V. Make recommendations to mitigate environmental impacts and promote sustainability of SRC plantations 

with wastewater irrigation systems. 
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2. DRAINAGE 

2.1  INTRODUCTION 

 

Mitigating the causes of global warming is a top environmental concern for many countries. Energy forms that 

minimize greenhouse gas emissions are of great interest at present time. Biomass energy, or bio-energy, is an 

emerging form of renewable energy that utilizes plant material as fuel. Common bio-energy crops include sugar cane 

and maize for ethanol and oilseeds (e.g., rapeseed or canola) for biodiesel (OECD 2004). A bio-energy system that is 

becoming increasingly popular in Europe is short rotation coppice (SRC) with wastewater irrigation.  SRC plantations 

are the management of fast growing woody species in short intervals for energy purposes. SRC plantations are 

considered cellulose and a solid energy crop (Sims et al 2006). Cellulose crops use hemicellulose in the plant 

material to produce ethanol. Solid energy crops use the whole plant, rather than the only the hemicellulose, to 

produce heat or electricity through combustion or conversion to biofuels like methanol or ethanol (Sims et al 2006).  

 

For adequate plant growth, water and nutrients are needed. A readily available and cost-effective source of both 

plant essential nutrients and water is municipal wastewater that has undergone primary or secondary treatment. This 

wastewater still contains plant nutrients such as nitrogen and phosphorus.  An additional benefit of using wastewater 

to irrigate SRC plantations is that the plant will likely remove nutrients as the wastewater percolates through the root 

zone, resulting in lower nutrient loading rates to rivers and streams compared to direct disposal of the wastewater to 

surface water bodies.  However, there are still environmental concerns associated with SRC crops grown under 

wastewater irrigation.  

 

Drainage is the movement of water below the root zone. Adequate drainage in irrigated systems is important for 

maintaining root zone aeration and preventing secondary salinization of the root zone (Hillel 1998).  When applying 

irrigation water containing salts, the salts may accumulate in the root zone over time, causing secondary salinization.  

This occurs because the plants take up the water but not most of the salts.  Depending on the irrigation management, 

salts may accumulate or leach from the root zone.  Soil salinity is detrimental to the environment because it reduces 

soil quality and decreases plant growth (Hillel 1998). Salinity directly affects plants by altering soil water osmotic 

potential, making it harder for roots to extract soil water and creating toxic conditions due to ions like boron, chloride 

and sodium (Hillel 1998). When the main salt accumulating in the soil is sodium, soil quality is impacted through 

degraded soil structure, clay dispersion, reducing porosity and decreased connectivity of soil pores (Hillel 1998).  

 

To prevent secondary soil salinization, irrigation water in excess of the plant requirements is applied to leach the salts 

below the root zone. The fraction of water that moves below the root zone is called the leaching fraction or leaching 
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requirement (Hillel 1998). The average annual salt flux below the root zone depends on the leaching fraction. In 

systems with no artificial subsoil drainage, the leaching fraction needs to be high enough to leach salts but not cause 

the water table to rise too close to the soil surface or cause excess groundwater contamination. 

 

An ion found in secondary treated municipal wastewater that is a common groundwater contaminant under 

agricultural scenarios is nitrate.  Nitrate is a soluble salt and is also a plant available form of nitrogen.  If nitrate is not 

removed from wastewater by plants or through denitrification, it is subject to leaching. Excess nitrate in groundwater 

can be detrimental to human and environmental health. The limit for nitrate in drinking water is 10 mg L-1 and 

consumption of nitrate contaminated water may lead to methemoglobinemia in newborn infants (Health Canada 

2010; USEPA 2011). Nitrate in surface water promotes algal blooms termed eutrophication, reducing the dissolved 

oxygen and water quality (Brady 1990). Another plant essential nutrient found in wastewater with the potential to 

impact surface water quality is phosphorus. Plant available phosphorus in soil is typically in a form of phosphate 

(HPO4
2- and H2PO4

-) (Brady and Weil 2004). Although phosphate has a negative charge it is relatively immobile in 

soil and the majority of phosphorus is not in the soil solution. In alkaline soils, available phosphate is predominantly 

bound to calcium compounds and in more acidic soils it is bound to iron and aluminum compounds (Brady and Weil 

2004). Typically, soluble phosphate additions are quickly transformed into insoluble states. However, some studies 

have found phosphate leaching (Eghabll et al 1996; Olsen et al 2010). Phosphate leaching is a water quality concern 

in prairie watersheds (i.e. Lake Winnipeg). Like nitrate, phosphorus is a plant essential nutrient that can lead to 

potentially toxic algal blooms in surface water bodies.   

 

An approach to assess the potential environmental impacts of SRC plantations irrigated with wastewater is to 

quantify drainage and its quality. There are various methods used for estimating drainage. The research presented in 

this chapter will employ an indirect physical based method, soil water balance, and an environmental and applied 

tracer method, the chloride mass balance to estimate drainage (Allison et al 1994).   

 

2.1.1 Soil Water Balance 

 

The soil water balance is a simple, indirect method of estimating drainage. The method involves monitoring the 

hydrologic components of the water cycle.  Hillel (1998) describes the water balance as any change in the water 

storage of the soil during a specified time period as equal to the difference between water inputs and water outputs.  

The main water inputs are precipitation (P, mm), as rain or snow (snow water equivalent, SWE, mm), and irrigation (I, 

mm). Water losses include evapotranspiration (ET, mm), drainage (D, mm) and runoff (R, mm). In the absence of 

significant runoff, the soil water balance in its simplest form can be expressed as (Hillel 1998): 
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                     [2.1] 

 

Where, ΔS  is change in soil storage over a time period (mm), Δt (days, year, etc). Positive ΔS values represent an 

increase in soil water storage in the root zone and could be a result of precipitation or groundwater discharge.  A 

negative ΔS represents a loss of soil water from the root zone as a result of drainage or ET.  

 

Evapotranspiration is the combination of soil evaporation and crop transpiration (Raes 2009). Evapotranspiration can 

be estimated by determining potential evapotranspiration (PET), which then can be multiplied by a crop coefficient to 

determine crop evapotranspiration. Potential evapotranspiration can be estimated in numerous ways including 

evaporation pans, atmometers or using meteorological measurements like temperature and relative humidity (Maulé 

et al 2006). The most widely accepted model using meteorological data is Penman-Monteith but this requires a large 

number of parameters that are difficult and expensive to measure. Maulé et al (2006) developed an empirical 

regression equations using commonly measured meteorological data (i.e., min., max, and average daily air 

temperature) to estimate potential evapotranspiration on the Canadian prairies based on a Penman-Monteith model. 

These regression equations are convenient because they allow estimates of potential evapotranspiration for dry 

continental weather using limited data that is relatively easy to measure, but is more uncertain than direct estimates. 

Using a crop coefficient for the woody species, the actual crop evapotranspiration can be estimated.   

 

2.1.2 Natural Tracers 

 

Natural tracers can be used to estimate deep drainage in arid and semi arid regions (Allison et al 1994). Typically, a 

natural tracer is a naturally-occurring element deposited via rain or snow and once in the soil not altered or taken up 

by plants. Common natural tracers include: 3H and Cl (Allison et al 1994). The chloride mass balance technique 

estimates drainage in the unsaturated zone using soil and atmospheric chloride concentrations (Allison et al 1994). 

The method assumes that over the long-term the mass flux of chloride at the soil surface is equal to the mass flux of 

chloride below the root zone (Allison and Hughes 1978).  The chloride mass balance in the vadose zone can be 

simply expressed as: 

   ̅  
̅̅ ̅   ̅  

̅̅̅            [2.2] 

Where 

  ̅=mean annual infiltrating water (mm yr-1) 

 ̅=mean annual drainage (mm yr-1) 

  
̅̅ ̅=mean Cl- concentration in infiltrating water (mg mm-3) 

  
̅̅̅  =mean Cl- concentration in soil water (mg mm-3) 
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Assumptions associated with Equation [2.2] are: 1) surface chloride flux is relatively constant with time and there are 

no chloride sources or sinks in the soil; and 2) flow is quasi steady state, one dimensional, downward piston flow 

(Allison and Hughes 1978).  The Allison and Hughes (1978) model has some uncertainties. The model assumes that 

the concentration of chloride in the precipitation stays relatively constant which may be difficult to verify. Assuming 

one dimensional piston flow does not account for the processes of diffusion or dispersion which may be occurring but 

the occurrence of preferential flow may be more of an issue.  Studies have found that diffusion could affect chloride 

concentrations below the root zone (Tyler et al 2006; Scanlon et al 1999). 

 

Based on the principles of the chloride mass balance, Rose et al (1979) proposed a transient model to predict the 

short-term concentrations of chloride in the soil, following a change in the soil water balance. The Rose et al (1979) 

model was used because it was developed for irrigation systems in semi-arid regions. The Rose et al (1979) model 

uses measurements of soil chloride concentrations at two times in a soil profile with known input chloride 

concentrations to estimate drainage (Rose et al 1979). This approach assumes chloride is water soluble and there is 

complete mixing of soil and water and one dimensional downward flow (Silburn et al 2009). Applying the mass 

conservation principles, for a time period, the root zone chloride mass balance may be described by: 

     (   
   

 
)      (

  ̅( )

  
)         [2.3] 

Where,  

  =annual infiltrating water (mm yr-1) 

D=leaching, or drainage, flux density at depth z (bottom of the root zone; mm yr-1) 

  =chloride concentration in infiltrating water (mg mm-3) 

   = root zone depth (mm) 

  ( )=chloride concentration in soil at depth z (mg mm-3) 

 ̅( )=spatial mean solute concentrations in soil water in the top z cm of soil at time t (mg mm-3) 

 =time measured from an initial time when    ̅(   )   ̅   (yr) 

   = moisture content in root zone at field capacity (mm3 mm-3) 

 

Since drainage typically occurs at higher soil water contents, it is assumed that the volumetric water content is at field 

capacity,  ̅   (Rose et al 1979). Another reason to use field capacity is that the irrigation system at the study site is 

presently set to maintain the root zone at field capacity.  Expressed in differential form, Equation [2.3] becomes: 

 

         (
  ̅

  
)                  [2.4] 
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The solution to Eq. [4] (substituting   
  

 ̅
) is: 

  ̅( )   ̅  (
   

  
  ̅ )(   

 
   

 ̅   
 
)       [2.5] 

 

It is assumed that   is constant. The Equation[2.5] predicts average soil chloride concentrations in the root zone over 

time. Drainage can be determined by optimizing the D parameter to fit the soil concentration data obtained from field 

measurements.   

2.2  OBJECTIVES 

 

In 2006, the Canadian Forest Service (CFS) of Natural Resources Canada established a SRC plantation with 

wastewater irrigation project at Whitecourt, Alberta. The purpose of the project was to test and demonstrate the 

ability of a SRC willow crop to treat wastewater and as an alternative energy source.  The challenge with SRC 

plantations with wastewater irrigation systems is to apply enough wastewater to leach salts from the root zone but 

minimize groundwater contamination and rising of the groundwater table. The objectives of this research are as 

follows: 

I. Quantify the drainage below the root zone of the SRC plantation with wastewater irrigation using 

the soil water balance and the chloride mass balance model of Rose et al (1979). 

II. Compare and contrast the drainage estimate methods used to quantify drainage below the root 

zone of SRC crops with wastewater irrigation systems. 

III. Make recommendations to improve the efficiency and management of irrigation on SRC 

plantations with wastewater systems while limiting any adverse environmental impacts. 

 

2.3  MATERIALS AND METHODS 

2.3.1 Site Description 

 

The study site was field monitored over the 2010 and 2011 growing season approximately from May to October. The 

study site is located in the north east section of the town of Whitecourt, Alberta, adjacent to the sewage treatment 

plant. Whitecourt is approximately 180 km northwest of Edmonton, Alberta, on Highway 43 (Figure 2.1). The study 

site is located at 01-01-60-012-W5 and has coordinates of approximately latitude 54 09 08 dms and longitude 115 39 
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04 dms. The study area is located in the Western Alberta Uplands, Clear Hills Uplands eco region of Alberta and the 

Lower Foothills natural sub-region (Agroclimatic Atlas of Alberta 2009; Natural Regions Committee 2006). 

 

The climate of the Whitecourt area is characterized as humid continental with warm summers and long, cold winters 

(Longley 1968). The mean daily temperature at Whitecourt is 2.6 ⁰C with extremes ranging from -41⁰C in January to 

33.5 ⁰C in August (Figure 2.2). Average annual precipitation, rainfall and snow water equivalent, respectively, are as 

follows: 577 mm, 440.3 mm and 134.2 mm (Environment Canada 2010) (Figure 2.1). The majority of rainfall is 

between May and September, the greatest amount falling in July. Snowfall is primarily between November and 

March, with the greatest average amount occurring in January. The average amount of frost free days is about 65 

(Wynnyk et al 1969). Annual average wind speed is 7.4 km h-1 and most frequently in the west direction.  

 

The bedrock geology of the greater area consists of two continental shale/sand geologic formations, the Paskapoo 

Formation of Paleocene-Late Cretaceous age and the Wapiti Formation of Late Cretaceous age (Tokarksy 1977). 

The study site is situated on the Wapiti Formation from the Upper Cretaceous.  The Upper Wapiti is characterized by 

grey, feldspathic, clayey sandstone; grey bentonititc mudstone and carbonaceous shale; concretionary ironstone 

beds; scattered coal and bentonite beds of variable thickness; and minor limestone beds (AGS 2009). The upper 

most bedrock unit is consolidated gray clay, about 11 m from surface. The study site is located in the Athabasca river 

flood plain, with an elevation of about 685 masl (Figure 2.3). Topography is gently rolling and aspect is north facing 

with a slope class between 2 and 5 %.  

 

The soil in the study site area is classified as a Gleyed Dark Gray Chernozem  of the High Prairie series (Wynnyk et 

al 1969). The soils are imperfectly drained and developed on recent alluvial material deposited by the nearby 

Athabasca River (Table 2.2; Wynnyk et al 1969). The measured solumn depth at the site varies with slope position 

from about 50 cm on slope shoulders to 1 m on slope toes. Below the solumn there is a thin layer of sand and a thick 

gravel layer (estimated at about 7 m thick).  The measured groundwater table at the site ranges from 1.5 to 3.8 m 

below the ground surface (Figure 2.4). Piezometers on the site indicate that groundwater direction is mostly south in 

the spring and typically east in the summer and fall (Figure 2.5). 

 

Prior to planting of SRC crop, the study site was an agricultural field planted with canola for at least 5 years. In 2006, 

five willow and two poplar clones were planted. The five willow clones were Charlie (Salix miybeaba), SX64 (S. 

udensis), SX61 (S. udensis), SV01 (S. dasyclados) and Psuedo (S. alba) (Zsuffa 1995). The two poplar species were 

Brooks 1 and Green Giant, both Populus deltoids x P. petrowkyana clones.   
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The natural vegetation in the area is typical of lower elevation species in the lower foothills natural sub region of 

Alberta.  There are mainly deciduous stands composed of: Populus tremuloides Michx., Populus balsamifera L. and 

Betula papyrifera Marsh (Natural Regions Committee 2006). Understory vegetation typically consists of 

Vacciniumvitis-ideae L., Alnus viridian D.C, Epilobium angustifolium L. and Calamagrostis Canadensis Michx (Natural 

Regions Committee 2006).  

 

2.3.2  Experimental Design 

 

The site consists of four zones, two receiving wastewater through irrigation and two receiving no irrigation (Figure 

2.6). Within each zone, woody species are planted in paired rows with a subsurface irrigation line in the center of the 

row. The dimensions are roughly 60 cm between plants within paired rows and 2.2 m between rows (Figure 2.7).  

There are three adjacent rows of the same plant clone with 21 rows in each zone. In total there are about 6000 plants 

per zone.  

 

The site is irrigated with secondary treated wastewater using a subsurface irrigation system. The irrigation line is 

buried about 25 cm below ground and runs north-south on the site. The length of the irrigation pipe is 80 m and the 

inner diameter is 1.4 cm. Outlets are situated every 60.96 cm and have a square shape with dimensions of 0.13 by 

0.13 cm. 

 

The woody species were planted in the spring of 2006 and the first irrigation year began that summer. The first 

harvest was in the winter of 2009 after three growing seasons. Irrigation is activated based on soil moisture potential 

sensors located in each irrigated zone. There are two Watermark® sensors, each in the same location in a paired 

row of cuttings. The sensors are located 20 cm below the soil surface and determine the average soil moisture 

potential in the rooting zone of the cuttings. Irrigation is designed to maintain the root zone at roughly field capacity, -

0.5 bars. Irrigation rates in the two irrigated plots within the irrigated zone are independent of each other.  

 

2.3.3 Soil Property Characterization 

2.3.3.1 Chemical and Physical 

 

In May and July of 2010, soil samples were taken from the irrigated and non-irrigated plots for soil property 

characterization. In May, undisturbed soil samples were taken using a Geoprobe drilling rig to depths between 50 

and 100 cm, with a diameter of about 5 cm, encased in thin PVC tubing. The samples collected in May were used for 
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neutron probe calibration and soil property characterization. They were split into 20 cm increments and weighed in 

the laboratory for moisture content. The samples collected in July were sampled using a hand auger with a diameter 

of about 3 cm to a depth between 50 cm and 100 cm. The July samples were used for characterization and were split 

up by horizon. Samples for characterization were analyzed for the following: electrical conductivity (EC), pH, cation 

exchange capacity (CEC), sodium adsorption ratio (SAR), nitrate-N (N-NO3
-), ammonium-N (N-NH4

+), major cations 

including calcium (Ca2+), magnesium(Mg2+), potassium(K+) and sodium (Na+), organic nitrogen (ON), organic 

carbon(OC), chloride (Cl-) and percent organic matter (OM %). A selected number of historical samples from 2007-

2009 were submitted for EC and chloride analysis. Electrical conductivity and soluble salts were analyzed with a 

saturated paste method based on the method presented by Miller and Curtin (2007).  Total nitrogen was determined 

by Leco Combustion, as outlined in and Total Carbon, Organic Carbon and OM analysis was based on McKeague 

(1978). Particle size distribution for each sample was determined using a hydrometer, as outlined by Kaddah (1974) 

and Angers and Larney (2007). Readings were taken after 40 sec and 7 hours. Calculations were corrected for 

hydrometer and the dispersing agent.  Percent sand, silt and clay were calculated and a texture class was assigned 

using the texture classification triangle (Toogood 1958).   

 

2.3.3.2  Moisture Retention Curve 

 

The moisture retention curve is the relationship between soil volumetric water content (L3 L-3) and soil matric potential 

(L).  It was derived using a combination of laboratory measurements (suction table) and field measurements (the 

Instantaneous Profile Method (IPM)). Data from both methods were combined to form segments of the moisture 

retention curve for the study site. Pressure plates were not used to determine the drier ends (-1 to -50 m) of the 

moisture retention curve as these conditions are typically not found in field conditions.  

 

The suction table was used for determining near saturated (>-0.91 m) water head points of the moisture retention 

curve (Romano et al 2003; Reynolds and Topp 2007).  Undisturbed soil core samples were collected in 2010 from 

IPM locations around the study site using a Geoprobe drilling rig.  Cheese cloth was secured to the bottom of 

undisturbed soil cores of varying lengths with a diameter of about 5 cm. The cores were saturated from the bottom up 

by gradually adding temperature equilibrated de-aired tap water to the cores over 3 to 4 days, depending on core 

length. The cores were then weighed and the saturated mass of each core was recorded. The bottom of the core was 

placed on the saturated suction table and hydraulic contact was established using a silica sand slurry (Reynolds and 

Topp 2007). The cores were allowed to equilibrate and covered with plastic to prevent evaporation.  After a 48 hour 

equilibration period, the difference between the water level in the burrette and the top of the table was recorded as 

the matric potential and the core weight recorded. This process continued with lower placements of the burrette each 



32 
 

time. A pressure plate was not used to determine the dry end of the curve because it was assumed that the soil on 

the study site would always remain in the wet end of the moisture retention curve, similar to field conditions. The 

oven dry weight of the cores was determined at the end of the experiment. Using the oven dry weight, the gravimetric 

water content,    (M M-1), and volumetric water content,   (L3 L-3), of each core was determined (Reynolds and Topp 

(2007). 

 

The IPM is an in-situ, field-based technique for determining the moisture content-matric potential relationship and 

estimate hydraulic conductivity (Reynolds 2007a). Four locations around the treatments plots were selected for the 

IPM hydraulic property measurement (Figure 2.6). The locations were selected to cover the spatial variability of soil 

hydraulic properties. In May 2010, tensiometers were installed at depths of 10, 30, 50 and 90 cm, coinciding with the 

varying soil horizons, to measure the soil potential. Boreholes were created manually and backfilled with a silica flour 

slurry to create contact between ceramic cup and soil and prevent preferential flow down borehole. Tensiometers 

were filled with de-aired water. Two neutron probe access tubes and TDR steel rods were installed in close proximity 

to the tensiometers for moisture content readings. Access tube boreholes were created using a Geoprobe drilling rig 

and maintained by thin walled aluminum tubes to a depth of about 1 m. Vegetation was cleared and the soil surface 

covered with wood chips and a tarp to prevent any evaporation or transpiration. An area about 3 m by 3 m was 

enclosed with landscape edging to allow ponding of water. “Tap” water was applied uniformly using watering 

canisters and ceased at near saturated field. At varying time intervals after flooding stopped, paired measurements of 

moisture content and soil potential at each depth was monitored. Soil total potential was sampled from the 

tensiometers using a calibrated pressure transducer (i.e. tensimeter, Soil Measurements Systems, Arizone). The 

tensimeter readings were corrected so all total head readings were reflective of similar reference elevation. The 

matric potential was determined using the total head potential and gravimetric potential.  

 

Moisture content was measured using time domain reflectometry (TDR) and a neutron probe (CPN 503DR 

Hydroprobe). Stainless steel TIG welding rods (1.66 mm diameter, 15 cm length) were placed in the A horizon at a 

depth of about 9.5 cm for determining soil moisture content. The steel rods were between 2 and 3 cm apart. The 

apparent dielectric permittivity was sampled manually and estimated from TDR waveforms created by Tektronix 1502 

B or 1502 C cable tester (Tektronix, Beaverton, OR) (Dyck and Kachanoski 2009).  

      

 A neutron probe was used because it is rapid, non-destructive and allows monitoring of the same locations and 

depths at a point (Hillel 1998). During access tube installation, soil cores were sampled and returned to lab for bulk 

density and water content measurements. Upon access tube installation, neutron probe readings were obtained 

every 20 cm to the bottom of the access tube for the calibration. A count ratio was determined as the count at a 
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specific depth over the standard count. A linear relationship between the count and the measured soil water content 

from the soil cores was established.  The relationship can be expressed as: 

         
           

              
   r=0.91  ( =0.05)   [2.6] 

 

 

2.3.3.3 Saturated Hydraulic Conductivity 

 

The soil on site was of finer texture so saturated hydraulic conductivity was measured using the falling head method 

developed by Reynolds (2007b). Undisturbed soil core samples were collected in 2010 from IPM locations around the 

study site using a Geoprobe drilling rig. The cores were split up into lengths between 5 and 15 cm. The undisturbed 

soil cores were prepared for the experiment by covering the bottom with cheese cloth. Soil cores were saturated 

using the same methods as mentioned for the hanging water column experiment, gradually adding temperature 

equilibrated, de-aired tap water to the cores over 3 to 4 days. A plumbing couple link with similar diameter to the core 

was attached to the top of the core and to a water reservoir with similar diameter. The inner diameter of the core was 

about 4.95 cm and the reservoir was 5.095 cm.  The soil cores were fixed vertically to a wall mount using clamps with 

the soil core positioned on the bottom and the water reservoir on top. A basin was placed below the soil core to catch 

the infiltrating water. Water was placed in the reservoir and the height of the ponded water was taken at regular time 

intervals. Saturated hydraulic conductivity was calculated using Reynolds (2007b) falling head method. 

Measurements of head levels were performed between 10 and 12 times and averaged for each depth.  

 

2.3.4   Soil Water Balance Data 

2.3.4.1  Soil Water Storage 

 

Soil moisture was monitored to determine the change in soil water storage in the root zone and below for the soil 

water balance in 2010. Eight soil moisture monitoring locations were positioned on the study site, four in the control 

and four in the wastewater irrigated treatment. At each monitoring location, soil moisture was determined beside the 

irrigation line source to varying depths. Shallow soil moisture was determined with TDR and deeper with a neutron 

probe, similar to the methods discussed in Section 3.3.2. Soil moisture was sampled weekly from May to October, 

2010 and a standard count was taken every sampling day. The calibration relationship (Equation [2.6]) was used to 

determine volumetric moisture content.  Soil storage was determined for each sampling location by summing the 

moisture contents over all depths and multiplying by depth. Change in storage was determined by determining 

difference between two time periods.  
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2.3.4.2   Evapotranspiration  

 

A meteorological (MET) station was established on the research site in 2006 and there is a Government of Canada 

weather office in the area.  From the MET station on site, daily precipitation and temperature was available for 2010. 

Precipitation was collected using in a tipping bucket. Meteorological data for 2007, 2008, 2009 and 2011 was 

obtained from the Government of Canada weather office in Whitecourt. 

 

A temperature-based model from Maulé et al (2006) was used to determine potential evapotranspiration (ETo) using 

the MET data available. ETo is the evapotranspiration (mm day-1) from an extensive surface of green grass of 

uniform height, actively growing, well watered and completely shading the ground (Irmak and Haman 2003). The 

Maulé et al 2006 model has the form: 

 

         (         )                             SE = 0.90 mm day-1 [2.7] 

Where 

    =maximum daily temperature (˚C) 

    =minimum daily temperature (˚C) 

    =average daily temperature (˚C) 

  =extraterrestrial radiation (MJ m-2 d-1) from Smithsonian Institute (1951) tables  

  = slope of the saturation vapour pressure temperature curve at temperature,     , (kPa ˚C-1); given by 

   
      

          
          

(          ) 
         [2.8] 

SE=standard error of  estimate by model 

 

The crop evapotranspiration (ETc) can be estimated by multiplying ETo by a crop coefficient (kc).  

 

2.3.5   Calculations 

2.3.5.1 Soil Water Balance Calculations 

 

The soil water balance was calculated on a weekly basis for 2010 because daily irrigation data was available for this 

year. For 2006 through 2009 and 2011, daily irrigation data was not available so the water balance was calculated on 

a growing season basis assuming that S = 0.  Note for 2010, the dates used for calculations were April 27 to 

October 28 while for the remaining years a full calendar years was used.  
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Irrigation was determined by dividing the irrigation volume for a specific day or year by the total area of the irrigated 

zone (7040 m2). It was assumed that the line source supplied the entire area with irrigation water evenly because the 

study site has a high clay content which draws water laterally away from the irrigation line sources.  Also, moisture 

content readings taken between irrigation rows were similar to measurements beside the line.  Most fine textured 

soils such as these have a Gardner-alpha (Gardner 1958) value between 0.1 and 0.3 cm-1 (Reynolds  2008c).  The 

Gardner-alpha value estimated for this soil is 0.27 cm-1.  Based on analytical solutions to the 2D Richard’s equation 

under line source boundary conditions (Zhang et al 2000), there is likely significant overlap of the wetted area 

surrounding each irrigation line.   

To account for snow water contributions to the soil water balance, Environment Canada estimates of snow water 

equivalent (SWE) were summed up over the winter months.  The Environment Canada data estimates SWE based 

on the snow that has fallen, but does not account for losses due to sublimation and translocation.  Based on 

estimates from Pomeroy (1995), we assumed that 50% of the incident SWE that fell over the winter months was lost 

to sublimation and translocation.  Thus, the P in Eq. [2.1] is the sum of growing season precipitation and 50% of the 

winter SWE. 

 

The evapotranspiration model of Maulé et al (2006) is valid only for periods when plants are actively transpiring.  This 

model was used to estimate daily evapotranspiration during the growing seasons (April 30 to October 1) of the years 

in question (2006 – 2011). Crop coefficient values used for ETc estimates ranged from 0.75 to 1.2, depending on age 

and time since coppice (Table 2.5). A kc of 0.75 was used for 2009 and 2006 because this was the first growing 

season year and the first year after coppice. A higher kc of 1.2 was used for the oldest plant.  A typical kc range for 

willow is between 0.6 to 1.7 and for poplar between 0.4 and 0.8 (Pistocchi et al 2009; Persson 1995). Numerous 

studies have found that the kc  for willow and poplar increase with age, mainly due to variations in leaf area index 

(LAI) (Persson 1995; Afas et al 2005; Fang et al 1999; Pontailler et al 1999). In a study by Fang et al (1999) the LAI 

of three poplar clones increased gradually over 6 years of growth. The kc  in the growing season after coppice  has 

been found to be greater than during the establishment year. Pontailler et al (1999) found that certain coppiced 

poplar clones were able to reach similar LAI values of a mature forest stand.  

Drainage was estimated using the soil water balance equation (Eq. [2.1]).  Weekly drainage values were summed to 

yield total growing season drainage for a particular soil monitoring location. For estimating the drainage for past 

irrigation years (2006-2011) using the soil water balance, ΔS was assumed to be zero over the growing season and 

the growing season totals for remaining parameters were used. A positive drainage indicated a downward flux and a 

negative drainage indicates an upward flux. 
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2.3.5.2  Chloride Mass Balance Calculations 

 

Due to the short time period of irrigation in 2010, the transient Rose et al (1979) model (Eq. [2.5]) was used as 

another method to estimate drainage. The Rose et al (1979) model was used to estimate drainage on an annual 

basis and over the 5 year period since irrigation commenced. For annual drainage (Da), the initial average profile soil 

water chloride concentration was assumed to be equal to the value measured from the previous year and all other 

parameters (q0, c and  ) also varied from year to year.  Drainage (D in Eq. [5]) was then estimated by matching the 

s(t=1) predicted by Eq. [2.5] with the measured value of s(t=1) for next year.  

 

The irrigation system was installed during the growing season of 2006.  Irrigation application in 2006 was much 

smaller compared to other years.  For Rose et al (1979) model calculations, the first full year of irrigation, 2007, was 

considered to be year 1 (i.e. t=0 is the start of the 2007 growing season). Therefore, the initial root zone soil chloride 

concentration, s0 (Eq. [5]) was based on samples taken from the control (un irrigated) plots in 2007. 

 

The 5-year average, drainage was estimated using the initial profile soil water concentration and 5-year average q0, 

c and    values.  Drainage (D in Eq. [2.5]) was then estimated by matching the s(t=5) predicted by Eq. [2.5] with the 

measured value of s(t=5) for 2011. 

 

 Parameters for the Rose et al (1979) model were determined for 2007 to 2010 from soil measurements and 

metereological data measured on-site and from nearby Environment Canada MET stations. The irrigation system 

was installed during the growing season of 2006 but this year had very low irrigation amounts. For Rose et al (1979) 

model calculations, the first full year of irrigation, 2007, was considered to be year 1 (i.e. t=0 is the start of the 2007 

growing season). Therefore, the initial root zone soil chloride concentration, s0 (Eq. [2.5]),  was based on samples 

taken from the control (un irrigated) plots in 2007. Soil samples from the irrigated soils provided values of sz and sm 

and control plot soil for samples values of s0. The soil samples collected from 2007 to 2011 were analyzed for soil 

chloride using the saturated paste method and solution chloride form wastewater was determined using ion 

chromatography (Dionex 600) (Miller and Curtin 2007; Tabatabai  and Basta 1991). The concentration of chloride in 

the infiltrating water (Ci) was calculated as the weighted mean of chloride concentrations in the irrigation, rain and 

snow using the following equation:  

 

         
                (       )

    (       )
     [2.9] 
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Where, 

CI is concentration of chloride in irrigation water (mg mm-3) 

I is amount of irrigation water (mm) 

Cr is concentration of chloride in rain water (mg mm-3) 

R is amount of Rain water (mm) 

Csnow is concentration of chloride in snow water (mg mm-3) 

SWE is the snow water equivalent (mm) 

 

Infiltrating water is the sum of irrigation, precipitation and infiltrating snow water. Infiltrating snow water was estimated 

as 0.5* snow water equivalent (SWE) to account for water losses from ablation, melt or evaporation, and sublimation, 

direct transformation of snow to water vapour (Pomeroy et al 1999).  Wastewater samples were collected biweekly 

and analyzed for chloride using ion chromatography. Rain water chloride was estimated to be 0.041 mg L-1 based on 

a study by Hayashi et al (1998). Snow water chloride was estimated to be 8.86 x 10-5 mg L-1 from findings by Lilbaek 

and Pomeroy (2007). Irrigation was determined by dividing the irrigation volume for a specific day or year by the total 

area of the irrigated zone (3520 m2). Infiltrating water volumes for each year were the sum of precipitation, SWE and 

irrigation. The rooting depth of a mature willow typically reaches 90 to 130 cm with up to 90 % of roots found in top 10 

to 20 cm of the soil (Persson and Jansson 1989; Volk et al 2001). Rooting depth of willow and poplar has been linked 

to water stress (Rytter and Hansson 1996). Based on the age of the trees at the site and the lack of water stress for 

the plants receiving wastewater a rooting depth of 50 cm was chosen.  

  

2.4. RESULTS AND DISCUSSION 

2.4.1  Results 

Various soil chemistry parameters were assessed for the control and wastewater irrigated zones in 2010 (Table 2.1). 

In general, the wastewater irrigated zones had higher major cations, TOC and OM in the topsoil while the control had 

higher amounts of these in the subsoil.  All depths were classified as either silty clay loam or silty clay. The depths of 

10 to 30 cm and 50 to 80 cm had the highest clay content, 42 and 40 %, respectively (Table 2.2).   

 

Hydraulic properties were characterized for the study site.  The moisture retention curve properties differ with depth 

(Figure 2.8). The slope of the moisture retention curve is greatest for depths at 10 cm and 80 cm below ground 

surface.  Saturated hydraulic conductivity varied with depth (Table 2.3). The highest saturated conductivity was 

between the 0 to 10 cm and 70 to 80 cm depths below ground surface, with values of 8.5 x10-5 and 9 x10-5 m s-1, 

respectively, typical of a silt (Hillel 1998). The lowest saturated hydraulic conductivity was evident at the 20 to 30 cm 

and 30 to 40 cm depths with values of 3.3 x10-6 and 1.3 x10-5 m s-1, accordingly, typical of a clay (Hillel 1998).  The 
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highest variability in saturated hydraulic conductivity measurements was at the surface soils, from 0 to 10 cm, with a 

coefficient of variance value of 6.5 x10-5  m2 s-3. The lowest saturated hydraulic conductivity variance was 1.4 x10-5  

m2 s-3 for depths 90 to 100 cm (Table 2.3). 

 

Components of the 2010 and 2011 soil water balance method were monitored weekly over the growing season. 

Please note that there was no weekly irrigation data available for 2011 so the water balance uses annual amounts 

only. In 2010 and 2011, respectively, irrigation commenced July 14 and June 6 and was off September 28 and 

August 16. The total annual precipitation for 2010 was lower than 2011 with 50.2 and 70.5 cm, respectively, 

compared to the long term normal of 57.7 cm. Note 2011 has a higher than normal precipitation amount.  Irrigation 

for 2010 was lower than 2011 with 10.4 cm as opposed to 11.1 cm (Table 2.4).  Total crop evapotranspiration was 

57.31 cm in 2010 and 53.6 cm in 2011 with the highest levels found in June for 2010 and September for 2011. The 

greatest precipitation events in 2010 were on May 20 and July 22 with about 40.7 and 39.2 mm, respectively, and in 

2011 were August 7 and 8 with 48.4 and 63.6 mm, respectively (Figure 2.9). The wastewater irrigation zone had 

higher average soil water storage than the control zone in 2010 while the control had slightly higher storage than the 

wastewater irrigated zone in 2011. This may be due to the above normal precipitation that occurred in 2011. The 

average change in soil storage for both irrigation zones over the growing season under the control was -0.03 cm and 

wastewater was -0.09 cm in 2010 and in 2011 the average change in storage in the control and wastewater irrigated 

soil were 0.12 and 0.06 cm, respectively. In 2010 prior to commencement of irrigation, the sum of drainage was -

19.87 cm in the wastewater irrigated plot but only 10.72 cm for the remaining weeks that the irrigation system was 

turned on. The control drainage values ranged from -5.12 to 7.38 cm over the growing season in 2010. The sum of 

the drainage in 2010, under the wastewater irrigated zones for the entire growing season was estimated to be -9.2 

cm and about -27 cm under the control plots.  

 

 Figure 2.10 summarizes the cumulative components of the weekly soil water balance over the 2010 growing season.  

As expected, the slope of the cumulative precipitation curve is always greater than or equal to zero for both years 

because precipitation is always zero or greater.  The slope of the cumulative ETc curve is always positive indicating 

there is always evaporative demand for water during the growing season.  Irrigation was not applied to the WW plots 

until July in 2010 resulting in the slope of cumulative irrigation being zero, and then greater than or equal to zero 

between July and September and then zero once irrigation was discontinued for the winter.  Cumulative drainage for 

both irrigated and control treatments was negative in 2010 indicating a net water deficit over the growing season but 

there were positive drainage events indicating periods where the cumulative drainage curve shows a positive slope. 

Large positive drainage values occurred after large precipitation events in 2010.  At the onset of irrigation in both 

years, the cumulative drainage values gradually increase. The influence of added irrigation on weekly drainage is 

especially apparent between July and August. 
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The soil water balance was used to estimate historical drainage amounts based on growing season precipitation, 

irrigation, estimated evapotranspiration and assuming ΔS = 0 (Table 2.5). Irrigation quantities and WW drainage 

amount vary from year to year (Figure 2.11). The lowest amount of irrigation applied was in the first start-up year, 

2006, with 4.19 cm and the highest was in 2008 with 92.5 cm. The higher drainage years were in 2007 and 2008 with 

79.2 and 68.0 cm, respectively, and the lower in 2006, 2009 and 2011 with -3 cm, 39.7 cm and 28 cm, respectively.  

Drainage under the control only occurred in 2011 with 16.9 cm due to higher precipitation than normal.  In the 

remaining years, drainage under the control was -7.2, -4.7, -24.5 and -6.8 cm for 2006, 2007, 2008 and 2009, 

respectively. Drainage for the 2010 growing season was also estimated using total growing season precipitation, ET 

and irrigation and assuming ΔS = 0.  The resulting 2010 drainage was estimated to be 3.3 cm, higher than the sum of 

the growing season drainage total for drainage estimate of -9.2 cm.  The results differ due to a longer time period 

used for the annual calculations, rather than the growing season.  The annual method used a whole calendar year 

while the growing season method used dates from April 5 to October 10. Drainage under the control assuming ΔS = 

0  was -7.1 cm in 2010. 

 

The Rose et al (1979) model provided a 5 year average and annual drainage estimates following a change in the soil 

water balance resulting from the implementation of irrigation. In 2010 and 2011 annual drainage estimates were -18.5 

and 8 cm and the 5 year average was 19.4 cm (Table 2.5). In 2009, 2008 and 2007 the Rose et al (1979) model 

annual drainage estimates were 67.2, 21.8 and 34.1 cm yr-1, respectively.  

 

The Rose et al (1979) model was also used to predict the 5 year average and annual root zone solute concentrations 

from irrigation (Figure 2.12). All the years except 2010 predicted a long term trajectory to a new steady state chloride 

concentration. The predicted time the new steady state conditions are reached with 2007 being the earliest after 2.9 

years of irrigation followed by 2009 with 4.2 years, 2008 with 5.1 years, the 5 year average with 7.3 years, 2011 with 

14 years and 2010 with 10+ years (Table 2.6).  All years except 2009 showed increased soil chloride concentrations 

since irrigation was initiated at the site. 

 

 

2.4.2  Discussion 

 

Drainage quantities were estimated using two methods: the soil water balance and the Rose et al (1979) model.  For 

the Rose et al (1979) model, drainage was estimated using annual changes from year to year and a 5 year average 

drainage. The estimated drainage results from the Rose et al (1979) model vary from the soil water balance method 

due to various uncertainties with each method.  Both models shared uncertainties. One of the soil water balance 
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uncertainties is in the accuracy of the infiltrating water components and evapotranspiration.  The amount of infiltrating 

snowmelt was estimated as 0.5*SWE due to losses from snowmelt runoff and sublimation. A study by Pomeroy et al 

(1999) in the Yukon estimated 38 to 45% of water lost to sublimation. Another source of uncertainty with both 

methods is that they assume application of irrigation water is uniform. Ayars et al (1999) found that the uniformity 

coefficient of a subsurface drip irrigation system ranged from 76% to 96%.  The outlet points along the irrigation line 

were spaced every 60.96 cm, further reducing the uniformity of applied irrigation water.  Another source of 

uncertainty is that interception was not accounted for. Interception on a SRC plantation in Britain reported 21 % of 

rainfall was intercepted while a similar study in Italy reported 26 % interception (Hall and Allen 1997; Tarsia 1980).  

However, the irrigation on site is injected in the subsurface so interception only applies to rainfall. 

 

2.4.2.1 Water Balance Method 

 

The main drawback with using the soil water balance method for estimating drainage is determining the crop 

evapotranspiration, ETc.  There is uncertainty in both the model by Maulé et al (2006) and in the crop coefficient, kc, 

values used to estimate ETc. Given that there is minimal meteorological data available, a temperature based model 

created by Maulé et al (2006) was used for estimating ETc. The standard error for the Maulé model was 0.9 mm d-1. 

Over a growing season of about 100 days this amounts to about 90 mm of uncertainty in ETc. There are also 

uncertainties with the kc value used to estimate ETc. The kc values used in calculations changed to reflect plant age 

but the plants on site also varied in terms of species type and health (Pistocchi et al 2009; Persson 1995). 

 

Using the soil water balance method, drainage was calculated on a weekly basis for 2010 and on a growing season 

basis for 2006 to 2011. In general, the drainage estimates from the soil water balance are sensitive to the amount of 

infiltrating water. Years with high infiltrating water, like 2007 and 2008, also had higher drainage values.  The weekly 

estimate using growing season times and field storage calculations for 2010 differed from the annual 2010 estimate. 

This is most likely due to difference in dates used for calculations. The drainage determined annual using yearly 

totals has a full calendar year of data while the weekly soil drainage estimates was just over the growing season. 

When using a full calendar year in calculations, irrigation and evapotranspiration values are similar to the weekly, 

however precipitation is larger, resulting in a greater drainage estimate. Also this may be due to timing of first soil 

moisture content monitoring when determining the weekly drainage estimate. The first soil moisture reading taken for 

the weekly estimate was after the ground was free of snow. During snowmelt there may have been drainage 

occurring that the weekly estimate was not able to monitor but the annual drainage estimate captured.  
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2.4.2.2 Rose et al (1979) Model  

 

The Rose et al (1979) model has uncertainties due to the various model assumptions. For the 5 year average 

drainage the irrigation parameter was an average of the previous year’s amounts while the annual drainage estimate 

for the Rose et al (1979) model and the soil water balance used the actual amount of irrigation applied. The actual 

annual irrigation amounts varied greatly from 2006 to 2010. From this, the Rose et al (1979) model 5 year average 

drainage estimates was an average over the years, and doesn’t give any indication of year-to-year variability. 

Another uncertainty with the Rose et al (1979) model may be from spatial variability in soil sampling. The soil 

samples collected for the model were taken randomly between irrigation lines, a space of about 160 cm.  In general, 

chloride concentrations decrease as you move away from the irrigation lines. Samples not taken close to the 

irrigation line may result in an overestimate of drainage.  

 

The Rose et al (1979) model had consistently lower drainage estimates than the WB except in 2009. The coefficient 

of correlation between the two methods for annual drainage estimates is 0.57 (P=0.31). This may be due to 

uncertainties in evapotranspiration estimates in the soil water balance calculations. In the fall of 2008, the trees were 

harvested resulting in much smaller trees and reduced leaf area in the stand for the 2009 growing season. The crop 

coefficient used in the calculations for this year may not be an accurate representation.  This lower actual ET in 2009 

would likely result in higher drainage and flushing of chloride from the root zone which is consistent with the observed 

lower chloride concentration for this year.   

 

As mentioned earlier, the estimation of evapotranspiration is one of the  main drawbacks with the soil water balance. 

A benefit with the chloride mass balance method is that evapotranspiration does not need to be calculated as the soil 

chloride concentrations in the root zone reflect this.  For this main reason, the chloride mass balance estimates of 

drainage are considered to the most representative of the study site.  

 

The Rose et al (1979) model may be used to extrapolate soil chloride levels beyond the year in question.  The long-

term trajectory of the soil chloride levels predicted by the Rose et al (1979) model may be used to make inference 

about current irrigation management (Rose et al 1979).  For example, the 1-year simulations for 2007-2008, 2008-

2009 and 2009-2010 all predict a new steady state soil root zone chloride concentration at times greater than four 

years after the commencement of irrigation.  For the 2009-2010 growing season, however, a breakdown in irrigation 

equipment resulted in much less irrigation being applied than the previous year.  The long-term trajectory for this 

simulation is a constantly increasing root zone chloride concentration for an indefinite period, indicating the potential 

for salt loading in the root zone if wastewater irrigation was continued at this rate.  The long-term trajectory of the five 

year simulation, however, shows that the soil chloride levels again approach a new steady state at times greater than 
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four years after the beginning of irrigation.  In other words, despite the annual variability in irrigation application rates, 

the Rose et al (1979) model predicts that the long-term risks of salt loading in the root zone are low.  Long-term 

monitoring of soil salt levels is still advised to verify this prediction.  A more in-depth assessment of salt loading in the 

root zone as a function of irrigation amounts will be explored in the following chapter.  

 

The water balance and Rose et al (1979) model methods gave a range of drainage estimates.  Both methods yielded 

similar results, values on the same order of magnitude. The most limiting aspect of the WB method is estimating ET 

while the Rose et al (1979) model is limited by soil chloride spatial variability. A benefit from the Rose et al (1979) 

model is it can be a management tool for predict future drainage rates.  

 

2.5  CONCLUSIONS AND RECOMMEDATIONS 

 

The general objectives of this research were to quantify and qualify the drainage under SRC with wastewater 

irrigation systems.  More specifically the objectives of this chapter are to quantify drainage, compare two varying 

methods used for estimating drainage and make recommendations based on findings to improve the sustainability of 

these projects.  

 

Two methods were used to estimate drainage, the soil water balance and the chloride mass balance. The soil water 

balance involved monitoring the various aspects of the soil water balance. Throughout the growing season of 2010 

and 2011, precipitation, irrigation, evapotranspiration and soil storage were monitored and drainage estimated. 

Estimates of drainage for the previous irrigation years were made using historical meteorological data and assuming 

change in storage,   , was zero. The chloride mass balance is based on the mass conservation of a non-

transformed, non-absorbed solute like chloride (Rose et al 1979). A simple model proposed by Rose et al (1979) was 

used to estimate annual and 5 year average drainage.  Soil samples and wastewater samples were analyzed for 

chloride concentrations for the Rose et al (1979) model.   

 

A range of drainage estimates for 2010 and previous irrigation years were determined using the water balance and 

chloride mass balance Rose et al (1979) model.  Years with large irrigation events typically have higher drainage 

below the root zone. The Rose et al (1979) model predicted that soil salinity will be a problem for irrigation years 

similar to 2010 and larger irrigation volumes and leaching fractions need to be maintained to prevent salt 

accumulation in the root zone.  It is recommended to monitor soil salinity throughout the life of SRC with wastewater 

irrigation sites. Both methods indicated significant drainage in the system recieving wastewater irrigation. Due to the 

drainage occurring on site, it is recommended that fertilizer additions be carefully managed to prevent contaminant 
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transport to the groundwater. Additional information is needed on the quality of the drainage water and salinity of the 

soil to make further recommendations. By contributing to and advancing the knowledge about SRC with wastewater 

irrigation systems the longevity of these projects is expanded.  
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2.7  TABLES 

 

 
Table 2.1. Soil chemical properties at various depths for control and wastewater zones at the SRC plantation with wastewater irrigation study site  in 

Whitecourt, AB. Note samples were collected prior to start of irrigation in 2010. 

 

        
Major Cations (mg kg-1) 

Zone 
Depth 
(cm) 

pH 
EC 
(dS 
m-1) 

SAR 
TOC 
(%) 

OM 
(%) 

Total 
Nitrogen 

(%) 

Calcium Magnesium Sodium Potassium Nitrate-N 
Ammonium-

N 
Sulfate 

Wastewater 0-10 6.1 0.8 0.2 4.8 9.5 0.4 131.4 21.7 9.0 12.7 6.5 3.5 28.0 

Irrigated 20-45 6.5 0.4 0.2 2.1 4.1 0.2 43.3 7.5 5.4 2.5 3.6 2.1 10.2 

 45-60 7.0 0.3 0.2 1.3 2.5 0.1 31.1 6.3 4.0 1.7 2.9 1.8 9.6 

 60-100 6.9 0.3 0.2 1.2 2.5 0.1 34.3 6.9 4.8 1.8 3 1.9 9.5 

Control 0-10 6.2 0.6 0.3 4.5 8.9 0.4 92.3 16.1 10.6 13.0 3.27 3.7 20.8 

 20-45 6.8 0.3 0.5 1.6 3.3 0.1 34.0 6.0 8.5 1.4 2.69 2.2 10.9 

 45-60 7.4 0.3 0.6 1.1 2.1 0.1 22.5 5.0 9.5 1.0 1.93 1.8 10.5 

  60-100 7.0 0.4 0.3 1.2 2.4 0.1 43.7 8.6 8.6 1.8 1.44 1.8 12.4 
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Table 2.2. Particle size classes by hydrometer and texture class for the control soil from 2010 at the SRC 

plantation with wastewater irrigation project in Whitecourt, AB. 

  

 
Particle Size Class 

 Depth Range 
(cm) 

% Sand % Silt % Clay Texture Class 

0-10 15.3 48.9 35.8 Silty Clay Loam 

10-30 7.5 50.3 42.2 Silty Clay  

30-50 4.6 56.5 39.0 Silty Clay Loam 

50-80 11.0 48.7 40.3 Silty Clay  

80+ 7.1 56.5 36.4 Silty Clay Loam 

 
 
  

Table 2.3. Saturated hydraulic conductivity by falling head method for varying depths for the control soil at 

the SRC plantation with wastewater irrigation site in Whitecourt, AB, in 2010. Note standard deviation and 

coefficient of variation were determined assuming normal distribution of data even though some data was 

not normally distributed. The assumption was applied to get a general idea of data spread.  

 

Depth (cm) Mean (cm s-1) Standard Deviation (cm s-1) Coefficient of Variation (%) 

0-10 0.010 0.025 252.0 

10-20 0.018 0.018 104.6 

20-30 0.004 0.034 786.7 

30-40 0.002 0.003 102.6 

40-50 0.008 0.010 131.8 

50-60 0.010 0.018 181.1 

60-70 0.006 0.007 130.4 

70-80 0.010 0.007 66.0 

80-90 0.005 0.003 55.5 

90-100 0.007 0.002 29.2 
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Table 2.4. Soil water balance (WB)  and Rose et al (1979) model parameters and drainage for the SRC 

plantation with wastewater irrigation project at Whitecourt, AB.  

 

Year 
Annual 

Precipitation 
(cm) 

Actual 
Irrigation 

(cm) 

Reference 
ET (ETo) 

(cm) 
kc

a 

Crop 
ET 

(cm) 
[ETo*kc] 

WB 
Irrigation 
Drainage 

(cm) 

WB Control 
Drainage 

(cm) 

Rose et al 
(1979) 
model 
Annual 

Drainage 
(cm) 

2006 33.3 4.2 53.9 0.75 40.5 -3 -7.2 na 

2007 49.4 83.8 49.2 1.1 54.1 79.2 -4.7 34.1 

2008 38.3 92.5 52.3 1.2 62.8 68.0 -24.5 21.8 

2009 32.0 46.4 51.7 0.75 38.8 39.7 -6.7 67.2 

2010* 32.2 10.4 57.3 1.0 57.3 -9.17 -27 

 2010 50.2 10.4 57.3 1.0 57.3 3.3 -7.1 -18.5 

2011 70.5 11.1 44.7 1.2 53.6 28 16.9 11.7 

5 Year 
Average 

              19.4 

*drainage estimated using weekly measurements of storage; dates April 5 to as of Oct 10, 2010 
a crop coefficient 

Note water balance (WB) drainage estimate were calculated using full calendar year used and assuming ΔS=0 
except 2010* 
 

       

 
 
Table 2.5. Parameters for the Rose et al (1979) model for SRC plantation with wastewater irrigation project at 

Whitecourt, AB. 

 

Parameter Units 
2007 2008 2009 

2010 2011 
5 Year 

Average 

 ̅  mg mm-3 8.69E-05 
1.517E-

04 
2.326E-

04 
5.286E-

05 
1.81E-04 8.69E-05 

sz  mg mm-3 1.64E-04 2.65E-04 5.57E-05 1.67E-04 1.69E-04 1.69E-04 

 ̅ mg mm-3 1.52E-04 2.33E-04 5.29E-05 1.81E-04 1.45E-04 1.45E-04 

λ 
 

1.0787 1.14 1.05 0.92 1.16 1.07 

z mm 500 500 500 500 500 500 

ϴFC mg mm-3 0.4 0.4 0.4 0.4 0.4 0.4 

q0 mm yr-1 1332.3 1307.2 784.4 566 683.74 924.47 

c mg mm-3 4.53E-05 5.06E-05 4.27E-05 1.28E-05 
1.14E-05 

3.26E-05 

t  years 1 1 1 1 1 5 
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Table 2.6. Average time in years to reach steady state and steady state concentrations using  the Rose et al 

(1979) model for the SRC plantation with wastewater irrigation project at Whitecourt, AB. 

 

Year 
Average 
(years) 

Concentration 
(mg mm-3) 

2007 2.90 1.64E-04 

2008 5.10 6.52E-04 

2009 4.20 4.75E-05 

2010 15+ n/a 

2011 14.00 8.42E-05 

5 Year Avg 7.3 1.45E-04 
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2.8  FIGURES 

 

 

 

Figure 2.1. Map of  study site at Whitecourt, Alberta, Canada, in proximity to  Edmonton. 

 

 

 



 
 

49 
 

 

Date

Jan  Mar  May  Jul  Sep  Nov  

T
em

pe
ra

tu
re

 (
C

el
si

us
)

-30

-20

-10

0

10

20

30

P
re

ci
pi

ta
tio

n 
(m

m
)

0

10

20

30

40

50

Maximum Temperature

Minimum Temperature 

Total Precipitation

 

Figure 2.2. Long term climate normal temperature and precipitation weather data for 

Whitecourt, Alberta, based on data from 1970-2010. 
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Figure 2.3. Topographic map of SRC plantation with wastewater irrigation project at 

Whitecourt, Alberta. 
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Figure 2.4. Groundwater table variations at the SRC plantation with wastewater irrigation 

site in Whitecourt, Alberta. Note only showing 3 of the 9 wells situate on the study site. 
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 Figure 2.5.  Ground water total head readings from (a) May, (b) July, (c) August and (d) 

September in 2010 at the study site showing groundwater direction. 
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Figure 2.6.  Experimental design of SRC plantation with wastewater irrigation project at 

Whitecourt, AB, displaying IPM (Instantaneous Profile Method) and soil monitoring 

locations. 
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Figure 2.7. Planting arrangement for woody species at the SRC plantation with wastewater 

irrigation project in Whitecourt, Alberta. 
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Figure 2.8.  Moisture retention curve for varying depths at the SRC plantation with 

wastewater irrigation site in Whitecourt, AB. 
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Figure 2.9.  Soil water balance displaying precipitation, irrigation, evapotranspiration, 

storage within 50 cm and drainage under the wastewater irrigated (WW) and control zones 

for the SRC plantation with wastewater irrigation project in Whitecourt, AB, from April 27 to 

October 10. 
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Figure 2.10. Cumulative precipitation, irrigation, evapotranspiration (ETc ) and wastewater 

(WW) irrigated soil and control soil drainage over the 2010 growing season at the SRC 

plantation with wastewater irrigation project at Whitecourt, AB. 
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Figure 2.11. Historical soil water balance parameters for 2006 to 2011 at the SRC with 

wastewater irrigation project in Whitecourt, AB, using yearly data and assuming     . 
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Figure 2.12. Average root zone chloride concentration for 2007 to 2011 and the 5 year 

average over irrigation years as predicted from the Rose et al (1979) model for steady sate 

conditions at the study site at Whitecourt, AB. 
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3.  ROOT ZONE SOIL SOLUTION QUALITY 

3.1  INTRODUCTION 

 

Climate change is a global concern and many countries are seeking renewable forms of energy to 

mitigate carbon emissions to the atmosphere. Short rotation coppice (SRC) systems are a form of 

renewable energy utilizing plant biomass to produce heat or electricity. SRC systems have been 

identified as one of the most energy efficient carbon conversion technologies to reduce 

greenhouse gas emissions (Styles and Jones 2007). SRC plantations consist of fast growing 

woody species that can regenerate after harvest, or coppice, in short time intervals for energy 

purposes (Labrecque and Teodorescu 2003, Bonaria et al 2004). Willow and poplar are the most 

common species used as they have the ability to take up large quantities of water as well as some 

contaminants like heavy metals. Using municipal, treated wastewater (referred to as wastewater 

hereafter) to irrigate SRC plantations offers various benefits including a low cost source of many 

plant essential nutrients and an abundant supply of irrigation water. Municipalities that adopt these 

systems gain various benefits, mainly, a low greenhouse gas emitting source of heat and 

electricity. 

 

Recent studies have found that SRC systems are beneficial to mitigating carbon emissions to the 

atmosphere. A study by Baum et al (2009) found that SRC systems can be a carbon sink when 

planted in certain areas. The system serves as a carbon sink mainly due to annual leaf litter stored, 

minimum tillage and other management techniques (Dimitriou et al 2009). Dimitriou et al (2009) 

found increased carbon sequestration when SRC is planted on formerly cultivated soils.  

 

Drainage is an important soil hydrologic process for plant and soil health. Drainage occurs when 

water inputs, like precipitation and irrigation, are larger than evapotranspiration (Hillel 1998).  

Drainage is particularly important for aerating roots and preventing salinization of the root zone 

when using irrigation water containing salts (Hillel 1998).  Secondary soil salinization is a common 

irrigation problem that occurs when using irrigation water with salts like calcium, sulfate and sodium 

(Hillel 2005). If the amount of irrigation and precipitation applied equals or is less than the 

evapotranspirational demand of the plants, then salts from irrigation water will accumulate as 

plants successively take up water and not the salts (Hillel 2005). To mitigate this process, excess 

irrigation water is applied according to a desired leaching fraction (LF).  The leaching fraction is 
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defined as the ratio of drainage to precipitation and irrigation and was created to manage soil 

salinity in irrigated soils (U.S. Salinity Laboratory Staff 1954). LFs are an important aspect of 

irrigation management but when using wastewater as an irrigation source there is potential 

groundwater pollution due to solutes other than salts found in wastewater. 

 

Wastewater typically contains plant essential nutrients such as nitrogen and phosphorus. The 

nitrate ion is mobile in aqueous solution (not readily sorbed to negatively-charged clay particles) 

and susceptible to leaching but also may be transformed by microbial processes. Nitrate leaching 

to groundwater is common in agricultural settings and contaminated groundwater has detrimental 

human and environmental health effects.  In humans, severe nitrate contaminated drinking water 

can lead to methemoglobinemia in newborn infants (Addiscott et al 1991; Lee et al 1991; Wolfe 

and Patz 2002).  In surface water, nitrate may impact water quality through eutrophication, 

characterized as accelerated plant growth causing decreased dissolved oxygen levels. 

 

Phosphorus is another plant essential nutrient found in wastewater. The plant-available form of 

phosphorus is represented by phosphate and orthophosphate. In soil and water, phosphate 

typically occurs as orthophosphate. Orthophosphate forms depend strongly on pH, forming H2PO4
- 

in acidic conditions and HPO4
2- in alkaline conditions.  Orthophosphate concentrations in soil 

solution depend on the sorbed concentrations, which is affected by soil texture. Although 

orthophosphate leaching is uncommon, there have been findings in which this has occurred. 

Eghabll et al (1996) found orthophosphate leaching from long term manure applications and Olsen 

et al (2010) suggest orthophosphate leaching in calcareous soils occurs especially when the soil is 

coarse-textured. Like nitrate, orthophosphate in surface water bodies contributes to eutrophication 

and reduces surface water quality.  

 

3.2 OBJECTIVES 

 

The Canadian Forest Service (CFS) of Natural Resources Canada established a SRC plantation 

with wastewater irrigation project at Whitecourt, Alberta, in 2005. The goal of the project was to 

demonstrate the ability of SRC willow biomass systems to treat municipal wastewater and their 

feasibility as an alternative energy source in Alberta. The purpose of this research is to assess the 

water usages, and nutrient loading rates to groundwater of this system to develop water 
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management strategies that minimize environmental risk and maximize water use efficiency. The 

objectives of this research are as follows: 

I. Using an in-situ field-based sampling method and a transport model to assess 

nitrogen and phosphorus leaching to groundwater under SRC crops with wastewater 

irrigation 

II. Using a solute transport model, assess irrigation management and water useage to 

minimize soil salinization. 

III. Estimate treatment of municipal treated wastewater by SRC plantations  

IV. Make recommendations to mitigate environmental impacts and promote sustainability 

of SRC plantations with wastewater irrigation systems 

3.3   MATERIALS AND METHODS 

3.3.1 Site Description 

 

The study was conducted over the 2010 and 2011 growing seasons (May to October). The study 

site was located in the north east section of the town of Whitecourt, Alberta, adjacent to the town 

wastewater treatment plant. Whitecourt is approximately 180 km northwest of Edmonton, Alberta, 

on Highway 43 (Figure 3.1). The study site has coordinates of approximately latitude 54 09 

07.90930 dms and longitude 115 39 03.86188 dms. The study area is located in the Western 

Alberta Uplands, Clear Hills Uplands eco region of Alberta and the Lower Foothills natural sub-

region (Agroclimatic Atlas of Alberta 2009; Natural Regions Committee 2006). 

 

The climate of the study area is characterized as humid continental with warm summers and long, 

cold winters (Longley 1968). The annual mean daily temperature at Whitecourt is 2.6 ⁰C and can 

range from -41⁰C in January to 33.5 ⁰C in August. Average annual precipitation, rainfall and 

snowfall depth, respectively, are as follows: 577 mm, 440.3 mm and 178.1 cm (Environment 

Canada 2010). Snowfall occurs  primarily between November and March, with the average annual 

wind speed is 7.4 km h-1 and most frequently in the west direction.  

 

The bedrock geology of the greater area consists of two continental shale and sand geologic 

formations, the Paskapoo Formation of Paleocene-Late Cretaceous age and the Wapiti Formation 

of Late Cretaceous age (Tokarksy 1977). The study site is situated on the Wapiti Formation from 

the Upper Cretaceous.  The Upper Wapiti is characterized by grey, feldspathic, clayey sandstone; 



 
 

66 
 

 

grey bentonititc mudstone and carbonaceous shale; concretionary ironstone beds; scattered coal 

and bentonite beds of variable thickness; and minor limestone beds (AGS 2009). The upper most 

bedrock unit is consolidated gray clay at a depth of about 11 m from surface. The study site is 

located on the Athabasca river flood plain, with an elevation of about 685 masl. Topography is 

gently rolling and the dominant aspect is north facing with a slope class between 2 and 5 %.  

 

The soil in the study site area is classified as a Gleyed Dark Gray Chernozem profile of the High 

Prairie series (Wynnyk et al 1969). The soils are imperfectly drained and developed on recent 

alluvial material deposited by the nearby Athabasca River (Wynnyk et al 1969). The observed soil 

depth at the research site varies with slope position from about 50 cm on slope shoulders to 1 m on 

slope toes. Below the solumn, there is a thin layer of sand and a thick gravel layer (estimated to be 

about 7 m thick).  The observed groundwater table depth ranges from 1.5 to 3.8 m below the 

ground surface, depending on study site position and time of year. Piezometers on the site indicate 

that groundwater direction is mostly south in the spring and south east in the summer and fall. 

 

Prior to planting of SRC woody species, the study site was an agricultural field planted with canola 

for about 5 years. In 2006, five willow and two poplar clones were planted as cuttings. The five 

willow clones were Charlie (Salix miybeaba), SX64 (S. udensis), SX61 (S. udensis), SV01 (S. 

dasyclados) and Psuedo (S. alba) (Zsuffa 1995). The two poplar species were Brooks 1 and Green 

Giant, both Populus deltoides x P. petrowkyana clones.   

 

The natural vegetation in the area is typical of lower elevation species in the lower foothills natural 

sub region of Alberta.  There are mainly deciduous stands composed of Populus tremuloides 

Michx., P. balsamifera L. and Betula papyrifera Marsh (Natural Regions Committee 2006). 

Understory vegetation typically consists of Vaccinium vitis-ideae L., Alnus viridian D.C, Epilobium 

angustifolium L. and Calamagrostis canadensis Michx (Natural Regions Committee 2006).  

 

3.3.2.1  Experimental Design 

 

The site consists of four zones, two receiving wastewater through subsurface irrigation and two 

receiving no irrigation (control) (Figure 3.2). Within each zone, woody species are planted in paired 

rows and the irrigated zones have the irrigation line buried in the middle of the row. The 

dimensions are roughly 60 cm between plants within paired rows and 2.2 m between rows. There 
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are three adjacent rows of the same plant clone with 21 rows in each zone. In total there are about 

6000 plants per zone.  

 

The site is irrigated with secondary treated municipal wastewater using a subsurface irrigation 

system. The irrigation line is buried about 25 cm below ground and runs north-south on the site. 

The length of the irrigation pipe is 80 m and the inner diameter is 1.4 cm. Outlets are situated every 

60.96 cm and have a square shape with dimensions of 0.13 by 0.13 cm. 

 

The woody species were planted in the spring of 2006 and the first irrigation year began that 

summer. The first harvest was in the winter of 2009 after three growing seasons. Irrigation is 

activated based on soil moisture potential sensors located in each irrigated zone. There are two 

sensors, each in the same location in a paired row of cuttings. The sensors are located 20 cm 

below the soil surface and determine the average soil moisture potential in the rooting zone. The 

irrigation system is designed to maintain the root zone at roughly field capacity, -0.5 bars. Irrigation 

rates in the two irrigated plots within the irrigated zone are independent of each other.  

 

3.3.2.2   Soil Solution Samplers 

 

Soil solution samplers, Model 1900, from Soil Moisture Corp. (Santa Barbara, CA) were installed 

below the root zone of the study site to sample the soil solution.  The soil solution samplers 

consisted of a 4.8 cm outside diameter PVC tubes, a porous ceramic cup with a 2 bar (200kPa) air 

entry value and a Santoprene stopper. Neoprene tubing with a clamp was attached to the stopper 

to apply suction. Nests of 2 to 4 samplers with varying depths were positioned around the study 

site (Figure 3.2). Soil solution sampler depths were typically 50 cm, 90 cm and 150 cm. Samplers 

were installed by creating a borehole of the same diameter as the samplers and backfilling with 

silica flour slurry to create contact between soil and ceramic cup and prevent preferential flow. 

Sample collection in 2010 started in June and ended in October and in 2011 the sampling period 

was from April to September.  

 

A suction was applied to the samplers using a vacuum pump designed by Soil Moisture Corp. 

(Santa Barbara, CA). Vacuums of between 300 kPa and 500 kPa were applied for varying time 

periods.  In 2010, the vacuum was typically applied for up to 4 days and in 2011 up to 6 days prior 

to sampling.  Samples were collected using a vacuum pump and an extraction kit consisting of a 1 
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L flask, tubing and stopper.  Samples were transferred into bottles and put on ice while outdoors 

and frozen before transferred to an analytical laboratory. 

 

The soil solution was analysed for the following: nitrate-N (NO3 -N), nitrite-N (NO2-N), ammonium-N 

(NH4-N), ammonia-N (NH3 -N), total Kjeldahl nitrogen (TKN), total nitrogen (TN), dissolved organic 

carbon (DOC) and orthophospahtes (PO4
3- -P). Total nitrogen was determined by the sum of TKN 

and nitrate-N. Organic nitrogen was estimated by subtracting N-NH4 and N-NO3 from total nitrogen. 

Nitrate-N and nitrite-N were determined by Automated Colorimetry according to Smart Chem (EPA 

1993). Ammonium-N was determined using SmartChem (APHA 2005). DOC was determined as 

Non Purgeable Organic Carbon (NPOC) with a Shimadzu carbon and nitrogen analyzer (McGill et 

al 1986). In 2010, total nitrogen analysis was performed using the Dumas method (AOAC 2000).  

In 2011, a different lab performed soil water analysis and TKN was determined rather than total 

nitrogen. TKN was determined using the International Organization of Standards Water Quality – 

determination of nitrogen (ISO11905-2). Orthophosphate-P was analyzed using Automated 

Ascorbic Acid Reduction Method, 4500-P F and only in 2011 (APHA 2005).   

 

There are limitations with using soil solution samplers that should be noted. Soil solutions cannot 

be gathered when the soil suction is lower than the negative pressure in the soil solution sampler 

cup, which often occurs during drought and high root uptake activity (Normand et al 1997). During 

times of rainfall or high irrigation, the soil solution is more representative of water in the soil 

macroprores than in the soil aggregates (Normand et al 1997; Moutonnet et al 1993). Ions, like 

orthophosphate, may be excluded from or adsorbed to the ceramics (Cheverry 1983). This is not 

the case with nitrate due to its mobility and lack of adsorption capabilities (Litaor 1988). 

 

3.3.2.3  Wastewater Characterization 

 

In 2010 and 2011, wastewater samples from the treatment plant were collected about every two to 

four weeks. Samples were analyzed for the same ions as the soil solution sampler and chloride 

using methods previously mentioned. Chloride was determined using an Ion Chromatograph 

(Dionex 600) (Tabatabai and Basta 1991). Historical information on wastewater solutes was also 

available from previous sampling years.  
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 3.3.3 Schoups and Hopmans (2002) Model 

 

Wastewater used in SRC projects contains nutrients that are essential for plant growth but may 

contaminate groundwater under high drainage conditions. The movement of potential contaminants 

under these systems is important for the sustainability of these projects.  Solute transport models  

can be used to estimate solute loading rates to the groundwater under various hypothetical 

management scenarios. They can be used to simulate long-term relationships between land use 

decisions and contamination levels in the environment that may take a long time to measure in the 

field (Schoups and Hopmans 2002).   

 

Schoups and Hopmans (2002) created a simple, analytical model for solute transport considering 

root water and solute uptake.  The model allows for calculating one-dimensional solute transport in 

the soil in the presence of a vertically distributed root system that extracts water and solutes. This 

model was chosen because it took into account root water uptake and the spatial variability in root 

distribution. The model is based on the analytical solution of the convective transport equation. The 

model requires surface boundary conditions (precipitation, irrigation), wastewater solute 

concentrations and average soil solute concentrations as input variables.  The model is 

represented conceptually in Figure 3.3 and its mathematical derivation is presented below. 

 
The continuity equation for one dimensional vertical water flow through the root zone is as follows: 

    
  

  
 

  

  
          [3.1] 

Where 

 (   ) is volumetric water content (L3 L-3)  

q(z,t) is soil water flux (L T-1, positive downwards) 

  (   ) is a sink term for root water uptake and evaporation (L3 L-3T-1) 

t is time (T) 

z is vertical dimension (L, positive downwards) 

 

The continuity equation for one dimensional transport of a solute undergoing root uptake and 

equilibrium sorption and neglecting dispersion and diffusion is: 

 

      
 

  
(       )  

   

  
         [3.2] 

 
Where 
c is dissolved solute concentration (M L-3); mass per unit volume of soil solution 
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    is adsorbed solute concentration (M M-1), mass of sorbent per mass of dry soil 

pb  is dry bulk density (M L-3) 

rs is root solute uptake [M L-3T-1] 

 
Combining Equation [3.1] and [3.2] leads to the following:  
 
 

  
  

  
   

  

  
 

       

  
     [3.3] 

 
Where 

  (   )  
 

 
 

 

  
  is the retarded solute velocity (L T-1) 

 v(z,t) is the pore water velocity  (L T-1) 

     
    

 
  is the retardation coefficient 

 Kd is the distribution coefficient for linear sorption 
 
For constant solute concentrations in the infiltrating water and constant surface flux surface 

boundary conditions, the steady state solution to Eq. [3.3] for a semi-infinite domain is: 

 

 (   )  [
 ̂(  )

 ̂( )
]
   

  (  ) [ ( )    ( )]  [
 ̂(  )

 ̂( )
]
   

  (  ) [  ( )   ( )]  [3.4] 

 
Where, H is Heaviside function (H[x]=1 for x>0 and H[x]=0 otherwise), ci(z) is the initial solute 

concentration as a function of depth, c0(t) is the solute concentration in the irrigation (infiltrating) 

water as a function of time, and a is the root solute uptake parameter (       ). 

 

For the case of an exponential root distribution function and uniform average soil water content:  
 
 ̂( ) is the normalized soil water flux: 
 

 ̂( )         ( 
 

 
)      [3.5] 

where p is the precipitation efficiency (1-p is the leaching fraction), and   is the root 

distribution function parameter (set at 150 mm which resulted in 95% of the root mass in 

the first 50 cm of the root zone in line with observations by (Volk 2001)  

 
  ( ) is the travel time of a solute parcel moving from z0 to z : 
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Where   ̅̅ ̅ is the long-term average surface infiltration flux (i.e., precipitation plus irrigation, 

L T-1), and  ̅ is the average water content (estimated to be 0.26 cm3 cm-3 from field 

measurements) in the soil profile 

 
  ( ) is the rescaled time that accounts for deviations of the infiltration rate from its annual 
average value (T):  
 

  ( )              [3.7] 
 
Where t0 is the initial time when a solute parcel enters the soil. 

 

zs is the depth from which the solute particle that is currently at depth z originated (L): 
 

       [
(  (   )    (  ⁄ ))    [(   )  ( )  ̅̅̅̅   ̅ ⁄ ]  

   
]    

       [   (  ⁄ )  
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ts is time at which the solute particle that currently is at depth z was introduced at the boundary (T) 
          

      ( )        [3.9] 
 
More details about the solution can be found in the article by Schoups and Hopmans (2002).  The 

solution was implemented using Mathcad software assuming a constant initial solute concentration 

with depth and a temporally constant concentration in the irrigation water. 

 
Two applicable quantities can be derived from the model: 
 

   ( )  ∫  (   ) ( )  
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      [3.11] 

 
Where, 
Cwm is the solute concentration in the root zone weighted by the root distribution function (M L-3) 

Scum is the cumulative solute flux at depth z (M L-2) 
 

The solute flux, Scum , can be used to estimate loading rates to the groundwater, under varying 

irrigation conditions (drainage solute flux density in Fig. 3). 

 

To run the Schoups and Hopmans (2002) model, long term average infiltrating flux was determined 

for various leaching fractions , LF=p-1 (Table 3.1).  Even though the actual irrigation system was a 

subsurface system, for modeling purposes, it was assumed that irrigation was introduced at the soil 
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surface.  As mentioned in the results and discussion section, the purpose of the modeling exercise 

was to gain understanding about the dynamics of the system rather than accurately simulate it. The 

long-term average infiltrating flux is the sum of growing season precipitation, snow water infiltration 

and irrigation.  This was determined by using long term historical records for precipitation (1969 to 

2012). Infiltration of snow water was assumed to be 0.5*snow water equivalent of snowfall (as 

estimated by the Environment Canada data) to account for losses via sublimation and redistribution 

during the winter and evaporation and runoff during spring snow melt. The value of 0.5 was shown 

to be fairly accurate by comparing meteorological records of total snowfall with measured snow 

water equivalent in the snowpack sampled in late winter of 2010 (Section 2). 

 

The amount of irrigation added to growing season precipitation and infiltrated snowmelt was 

determined for each leaching fraction according to: 

 
   

       
              

           
 

 

           
   [3.12] 

 
Where, 
P  is growing season precipitation [L] 

SWE  is snow water equivalent of incident snowfall [L] 

I  is irrigation [L] 

D  is drainage [L] 

LF  is the leaching fraction 

 
Solving this equation for I yields: 
 

      

  
(    ) (         )   

(    )
      [3.13] 

 
Evapotranspiration was estimated using a temperature-based model from Maulé et al (2006) using 

meteorological data from a nearby Environment Canada weather station. Crop evapotranspiration 

was estimated using the reference ET and a crop coefficient value of 1.2, typical for a mature 

willow (Pistocchi et al 2009; Persson 1995).   

 

The concentration of solutes in the irrigation was assumed to be constant regardless of the amount 

of irrigation.  The concentration in the infiltrating water, however, was different for each leaching 

fraction because the amount of irrigation increased with increasing leaching fraction.  
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Using soil water concentrations predicted with the model, the following were calculated: 1) root 

zone solute concentration weighted by the root distribution function, Cwm (Eq. [10]); 2) drainage (L 

T-1); and 3) groundwater loading rates (M L-2T-1) for chloride, nitrate, orthophosphate and total 

dissolved solutes (TDS) and/or electrical conductivity (EC).  For modeling EC, the EC of the 

wastewater was converted to TDS using the following relationship from Chang et al (1983) : 

 

                           [3.14] 
 
Where 
TDS has units of mg L-1  

EC has mS cm-1 

 
Various parameters were estimated for the model (Table 3.2). Initial solute concentrations in the 

soil and wastewater concentrations were based on measured values in the field from control soils. 

For nitrate-N, the root solute uptake parameter, a, was estimated to be 1.27 based on findings by 

Shi and Zuo (2007). For orthophosphate, an a of 1.38 was used as estimated by Zhu et al 2010. 

For nitrate and orthophosphate higher a values were also used to get an idea of the model 

sensitivity to a. A distribution coefficient, kd, of 7.369 and 3.38, corresponding to a R value of 43.5 

and 20.5, were used for orthophosphate to establish a range of values (Jiao et al 2007). Initial soil 

solute concentrations were estimated using soil solution sampler data from the control soil in 2010 

and 2011. An exponential root distribution was assumed and the δ value used was 150 (Figure 

3.4).  The root-weighted root zone solute concentration for varying LF values was determined for 

steady state (SS) times. Drainage at 100 cm was determined by the product of surface infiltrating 

water and normalized water flux at that depth.  Solute flux was determined to estimate the loading 

rates to the groundwater. Loading rates were determined by the product of drainage and solute 

concentration at 100 cm.   

 

3.3.4 Wastewater Treatment Efficiency 

 
The amount of solute removed by the plants and soil system, the treatment efficiency (TE), was 

determined for the soil solution sampler (field) data and results from the Schoups and Hopmans 

(2002) model for determining root zone solute concentrations. Treatment efficiency was calculated 

as follows: 
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            [3.15] 

 
Where, 

   = treatment efficiency (%) 

     = wastewater loading rate [M L-2] 

    = drainage loading rate [M L-2] 

 
The wastewater loading rates were calculated assuming that the wastewater was discharged 

directly to the river (which would occur in the absence of the SRC system) instead of being applied 

as irrigation. The groundwater loading rates were estimated from either (i) output from the Schoups 

and Hopmans (2002) model or (ii) from direct measurement of soil solution concentrations from the 

in situ soil solution samplers.   

 

The TE for the Schoups and Hopmans (2002) model was determined using Equation [3.15]. The 

wastewater loading rates (    ) were determined as the product of the irrigation water applied for 

a particular LF and the average wastewater solute concentrations [Equation 3.13](Table 3.1). The 

amount of irrigation water applied was the difference between average total surface flux (q0) for a 

particular LF and the long term average rain and 0.5*SWE (472 mm) (Table 3.1).  The drainage 

water loading rates (    ) was calculated as the product of the solute concentration at 100 cm 

and the water flux at 100 cm, both output from Schoups and Hopmans (2002) model. The water 

flux at 100 cm was determined by multiplying the surface infiltrating flux by the normalized soil 

water flux at 100 cm (Equation [3.5]).  

 

The components for deriving the soil solution sampler TE were slightly different than the Schoups 

and Hopmans (2002) model.  The wastewater loading rates,     , were determined by 

multiplying the actual irrigation water volume applied by the average concentration of various 

solutes in the wastewater (Chapter 2, Table 2.4).  The drainage water loading rates,     , were 

determined as the product of growing season drainage and average growing season solute 

concentration. The TE for the soil solution samplers were determined using Eq. [3.15]. 

 
 



 
 

75 
 

 

 

3.4  RESULTS & DISCUSSION 

 

3.4.1 Schoups and Hopmans (2002) Model Results  

 
The limitations of the Schoups and Hopmans (2002) model should be noted. The model was used 

to gain an understanding of the solute transport through and below the root zone and to provide 

comparison to the soil solution sampler data. The goal with the model was not for accuracy but the 

relationship between irrigation management and solute leaching.  

The Schoups and Hopmans (2002) model was ran til steady state conditions were reached at 100 

cm for comparing results.  All solute concentrations at 100 cm reached steady state conditions at 

varying times (Table 3.5). For all solutes, the lower leaching fractions took longer to reach steady 

state conditions because of lower drainage. Orthophosphate-P took the longest to reach steady 

state because of its high retardation factor and chloride was the quickest. Surface infiltrating flux 

and drainage increased with LF (Table 3.1). 

 

The steady state root distribution function weighted soil solution solute concentrations (Cwm; 

Equation [3.10]) in the root zone were determined for various solutes. For nitrate-N and 

orthophosphate-P,  Cwm was greater with a lower a value. The steady state root distribution 

function weighted soil solution solute concentrations, Cwm, increased with LF for all solutes (Figure 

3.5). The steady state root distribution function weighted soil solution solute concentrations, Cwm, of 

orthophosphate-P was the same for both R values of 20.5 and 43.5, because the R values only 

affect the amount of time required to reach steady state. 

 

Loading rates were determined for various solutes (Figure 3.7). For all solutes, loading rates 

increased with LF. Lower a values had higher loading rates for nitrate-N and orthophosphate-P as 

would be expected with lower solute uptake. Loading rates were the same for both R values for 

orthophosphate-P. 

 

Steady state soil solution concentration profiles were determined for all solutes (Figure 3.8, 3.9). 

The concentration profiles in Figure 3.8 and 3.9 show abrupt changes in concentrations for the 

various solutes at depths greater than 100 cm which represent the separation between initial solute 

concentrations and new solute concentrations under the new irrigation regime.  The concentration 
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profiles show the influence of the exponential root distribution function.  The high surface flux is 

exponentially damped by the root extraction of water at each depth.  As a solute parcel moves 

down through the root zone, it is concentrated as the roots extract more and more water with 

depth. Nitrate and orthophosphate soil solution concentrations will be higher after irrigation for most 

LF. However, chloride and EC also show an increase in concentrations from irrigation but can be 

reduced by increasing the LF. 

 

3.4.2 Schoups and Hopmans (2002) Discussion 

 

Surface infiltration flux and drainage increased with LF because irrigation was increased to achieve 

the higher LF under constant long-term average precipitation and evapotranspiration.  Because 

higher LFs were associated with increased surface fluxes, the time to reach steady state conditions 

decreased with higher LFs. In this system, the majority of the solutes are contained in the irrigation 

water. Therefore, the steady state root zone distribution function weighted solute concentrations for 

all solutes increased with LF. At greater LFs there is more wastewater applied and additional 

solutes being added to the soil.  

 

Steady state soil chloride concentrations and EC at 100 cm decreased with increasing LF while 

nitrate and orthophosphate increased (Figure 3.6, 3.7), showing the influence of simulated nutrient 

(nitrate and orthophosphate) uptake by plants. Due to its mobility and lack of plant uptake, more 

chloride is leached below the root zone with higher LF. The model assumed that EC experienced 

no plant uptake or retardation, behaving similarly to chloride. Even though many solutes that make 

up the total dissolved solids in the soil solution are cations and may be subject to adsorption, at 

steady state, it is likely that charges in the soil solution are balanced (solution cations are in 

equilibrium with sorbed cations) and using EC as a conservative tracer is likely justified.  Nitrate is 

mobile like chloride but is taken up by plants. Nitrate soil solution concentrations at 100 cm 

increased with LF because larger LFs are adding more nitrogen to the soil than initially present and 

plants not taking up nitrogen at same rate as it is supplied. Orthophosphate is also taken up by 

plants but is highly non-mobile and readily binds to soil particle surfaces and forms sparingly 

soluble complexes with calcium. The soil solution orthophosphate increases with LF because the 

rate of orthophosphate additions is greater than removal, like nitrate. Aqueous orthophosphate-P 

concentrations are lower than the other solutes because, once added, it is immediately bound to 
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the soil. The model assumes that partitioning is an instantaneous linear equilibrium relationship 

between solution orthophosphate and bound soil particle orthophosphate. Loading rates for all 

solutes increase with LF. With increasing LF, more solutes are being added and, coupled with 

higher drainage, results in higher loading rates.  

 

The steady state concentration profiles determined using the Schoups and Hopmans (2002) model 

give additional insight into how the solutes are behaving in the soil and can be used to get a 

general idea of the long term impacts of the irrigation with the wastewater with respect to irrigation 

management. Chloride and EC increase with depth for most LF which indicates that solutes are 

concentrating as they move through the root zone due to plant water uptake (Figure 3.8). Figure 

3.9, nitrate-N and orthophosphate-P concentration profiles tend to be higher at shallower depths 

and this is more pronounced with higher LFs. This indicates a concentrating effect from roots which 

is more pronounced at lower LFs. The wastewater is contributing nitrate and orthophosphate to the 

soil, which is beneficial for plants.  If accumulation of solutes like chloride in the root zone is 

undesirable, then irrigation can be adjusted to leach more solutes below the root zone.  This 

practice, however, increases the additions of nitrate and orthophosphate to the soil system that 

may leach to groundwater.   

 

Secondary salinization of the root zone is a threat to long term sustainability and productivity of 

SRC plantations irrigated with wastewater. The simulations show that irrigation increases the EC in 

the soil solution of the root zone over initial soil conditions (Figure 3.6 and 3.7).  Actual soil EC 

measurements taken from various depths in the root zone have also shown an increase in soil EC 

with irrigation years (Table 3.3). However, only very low LFs (0.1) result in EC soil solution 

concentrations in the root zone close to the “fair” (2 to 4 dS/m) category under Alberta Tier 1 Salt 

Remediation Guidelines for topsoil and “good” for subsoil (Alberta Environment 2010). The topsoil 

guidelines will be applied as they are more conservative.  

 

According to these simulations, lower LFs are result in increased removal of nitrate and 

orthophosphate from the wastewater by plant uptake.  The simulations indicate that the longer 

residence time of the solutes in the root zone under lower irrigation rates increases nutrient uptake, 

or treatment efficiency.  The greater uptake by the trees has benefits for plantation productivity and 

decreased nutrient loading to groundwater.  The simulations suggest that managing irrigation such 

that LF are around 0.1 results in greater nutrient removal from the wastewater without serious 
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threat of detrimental salinization of the root zone.  However, long-term monitoring of the salinity 

levels in the root zone is still recommended. Also to note, nitrate-N soil solution concentrations did 

not exceed Health Canada potable water guidelines of 10 mg L-1 until a LF of about 0.5 (Health 

Canada 2010). 

 

The Schoups and Hopmans (2002) model provided benefits and insight into the soil system but 

there are various limitations with the model. The model is most accurate when using conservative 

solutes. Plant uptake of nutrients is simulated as a root sink but the model not does account for 

other nitrogen and phosphorus cycling processes like mineralization, immobilization, denitrification, 

fixation, etc. Also, the model assumed that the distribution coefficient followed linear sorption for 

orthophosphate. Another limitation with the Schoups and Hopmans (2002) model is that it assumes 

steady state conditions and a homogeneous soil profile. Due to the steady state assumptions, it is 

not capable of simulating year to year variability.  Furthermore, from field observations, the soil 

profile is not vertically homogenous but has a clay layer at 30 cm and gravel lense at about 1 m. 

Another assumption with the model is that water is applied at the surface but at the study site the 

irrigation water is released in the sub surface at about 20 cm. 

 

 

3.4.3  Field Measurements of Soil Water Quality Results 

 
In 2010 and 2011, soil water at various depths below the root zone of the control and wastewater 

irrigated areas were monitored for various solutes. All soil solution samplers had concentrations 

less than that of the wastewater (Table 3.4). For all solutes the variance was greater in 2011 than 

2010. This may be due to less samples collected in 2011 than 2010. 

 

In 2010 and especially in 2011, TN soil concentrations were typically higher in the wastewater 

irrigated soil (Table 3.4). In the control and wastewater irrigated soil, the highest TN concentration 

in 2010 was at 150 cm (2.08 mg L-1) and in 2011 varied between 50 cm and 90 cm (3.85 and 3.29 

mg L-1), both in the wastewater irrigated soil. In the wastewater irrigated soil, the 2011 samples had 

higher concentrations than the 2010 samples but there was more variability in the former. TN 

loading rates for 2011 were higher in the wastewater irrigated soil than the control (Table 3.5).  

 

 In 2010 and 2011, nitrate-N soil concentrations were higher in the wastewater irrigated soil than 

the control (Table 3.4). In the control, the nitrate concentrations were similar between years and 
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depths.  In the wastewater irrigated soil, the highest concentrations were found at 150 cm in 2010 

(1.53 mg L-1) and 90 cm in 2011 (2.63 mg L-1). Nitrate-N concentrations did not vary greatly over 

the growing season except at 90 cm in 2011. Nitrate-N loading rates for 2011 were greater in the 

wastewater irrigated soil than the control (Table 3.5).  

 

Ammonium-N concentrations in the control were similar for 2010 and 2011 (Table 3.4). In the 

wastewater irrigated soil, the ammonium-N concentrations and variance were greater in 2011 than 

2010.  The highest ammonium-N concentrations were typically at 50 cm (1.31 mg L-1) for the 

wastewater irrigated soil. The ammonium-N concentration may be higher at 50 cm than deeper 

depths because it is not especially mobile like nitrate. In 2010, the wastewater irrigated soil 

concentrations were similar to the control concentrations, with typical concentrations of 0.04 mg L-1 

at 50 cm. It should be noted that the majority of ammonium samples collected in 2011 were below 

detection limit, reducing the accuracy.  Concentrations of ammonium-N in the control were similar 

in 2010 and 2011. Ammonium-N loading rates for 2011 were greater in the wastewater irrigated 

soil than the control (Table 3.5).  

 

 In 2011, orthophosphate-P concentrations were similar between treatments (Table 3.4).  The 

highest orthophosphate-P concentrations were at 50 cm (0.35 mgL-1)  in the wastewater irrigated 

soil but had high variance.  Loading rates for orthophosphate-P were greater in the wastewater 

irrigated soil than the control for 2011 (Table 3.5). 

 

DOC concentrations were greater in 2011 than in 2010 (Table 3.4). In 2010, DOC concentrations in 

the control and wastewater irrigated soil were similar and concentrations were similar between 

depths.  In 2011, the DOC concentrations were higher in the control than the wastewater irrigated 

soil and the shallow depths had greatest concentrations. The greatest concentrations were in the 

control at 50 cm.  The higher variance for 2011 is also due to the variability in concentrations over 

the growing season (Figure 3.10). DOC loading rates for 2011 were greater in the wastewater 

irrigated soil than the control (Table 3.5).  

 

3.4.4 Field Measurements of Soil Water Quality Discussion 

Soil solution concentrations found in 2010 and 2011 were similar to a few other related studies 

involving wastewater irrigation. The concentrations of TN in the soil below the wastewater irrigated 

zone were similar to a study by Hasselgren (1997). Nitrate concentrations at 150 cm were similar 
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to a study by Sopper (1970) where hardwoods were irrigated with municipal treated wastewater. 

Nitrate-N concentrations at all depths and for 2010 and 2011 did not exceed Health Canada 

potable water guidelines of 10 mg L-1 (Health Canada 2010) or Alberta Environment Tier 1 

Groundwater Remediation Guidelines of 13 mg L-1 (Alberta Environment 2010). 

 

There is high variance for many of the solutes sampled in the soil solution samplers. Variability of 

solute concentrations within treatments may be due to various factors.  Within the wastewater 

irrigated zones, variability may be due to position of samplers in reference to the irrigation line 

outlet points. For example, the soil solution sampler at location T6 was situated near an outlet point 

along the irrigation line, as you could hear the water exiting during irrigation. Samples collected at 

T6 typically had higher concentrations than the other samplers in the treatment. Variability between 

samplers may also be due to plant health.  Plants near soil solution samplers T1 and T2 in the 

control had minimal foliage and growth for most of 2010 compared to the other locations in the 

control, which may have resulted in elevated concentrations in the control because of reduced 

plant uptake of nutrients. Dimitriou and Aronsson (2010) noted that more established root systems, 

found in healthier plants, have greater nutrient uptake and lower nutrient concentrations in soil 

solution. Within the control zone, the variability in soil concentrations may also be due to moisture 

content. Locations T1 and T2 have higher moisture contents than T3 and T4, mostly due to 

topographic position. As mentioned earlier, variability within both treatments may be due to 

temporal variation in concentrations. For example, DOC and ammonium varied over the growing 

season, increasing the variance (Table 3.4). Solute concentration in the wastewater also had 

temporal variability in concentrations (Table 3.6).  

 

Concentrations of various solutes tend to be higher in shallower depths, except for nitrate-N at 90 

cm in the wastewater irrigated soil. In the wastewater irrigated soil, the irrigation water is released 

at about 25 cm, a source of solutes at a shallow depth. Nitrate’s mobility may be responsible for the 

elevated concentrations at 90 cm. In the control, the higher concentrations at lower depths maybe 

attributed to increased organic matter additions at shallower depths. 

 

In general, the nitrogen species had higher concentrations in the wastewater irrigated soil than the 

control whereas DOC are greater in the control. This is especially pronounced in 2011 data while 

the 2010 data shows similar concentrations between treatments. Livesley et al (2007) also found 

higher nitrate and ammonium concentrations in the root zone when wastewater was applied. The 
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leaching of nitrate during irrigation period may be due to increased moisture content. Studies by 

Silva et al (2000) have suggested that leaching losses are due to the dominant macropore flow that 

occurs at higher moisture contents. The DOC concentrations were lower in the wastewater 

irrigated soil but the overall loading rates were higher in the wastewater irrigated soil.   The 

orthophosphate concentrations had high variance and the wastewater irrigated soil having slightly 

higher concentrations at lower depths. 

 

In 2010, ammonium-N concentrations decreased over the growing season while in 2011 they 

increased. This variation may be due to limited data collected in 2011. Most of the 2011 ammonium 

data was below the detection limit, so a more precise trend may not be apparent. Also the high 

variance may be due to a few high concentrations measured toward the end of the growing season 

but no overall pattern was observed. When considering just the 2010 data an explanation for the 

decrease in ammonium-N levels may be due to nitrification. Nitrification is the conversion from 

ammonium to nitrate by bacteria. Nitrification is temperature sensitive, hence, increasing in the 

summer months (Brady and Weil 2004). In a study by Livesley et at (2007) where a eucalyptus 

plantation was irrigated with sewage effluent, ammonium-N concentrations increased in the spring 

and then decreased for the remaining growing season for both the effluent irrigated and just regular 

water irrigated soils due to nitrification. Nitrification of ammonium may explain the increase in 

nitrate concentrations later in the growing season of both 2010 and 2011. In a study by Hermann et 

al (2005), they also found a decrease in ammonium concentrations due to leaching below the root 

zone of a forested soil in the summer months. 

 

DOC in soil water of both the control and wastewater irrigated soil decreased over the growing 

season for both years.  Martin-Olmedo and Reeves (1999) found a decrease in DOC after manure 

application. Decrease in DOC  in the control with time may be due to lack of organic matter 

contributing to DOC. Moore et al (2008) found a decrease in DOC in mineral soils due to lack of 

organic matter additions. Peichl et al (2007) had decreasing DOC levels in the soil solution of an 

Ah soil horizon from a 15 year old white pine (Pinus strobus L.) stand from June to September. 

DOC concentrations remain low in fall, even though there are organic matter contributions, due to 

cold temperatures limiting microorganisms.  Various studies show that temperature is a major 

control on DOC, with higher temperatures associated with greater DOC release (Peichl et al 2007; 

Dalva and Moore 1991; Guggenberger et al 1998; Kalbitz et al 2000). Soil solution DOC decreases 

over the growing season may also be due to reduced precipitation.  A study by Peichl et al (2007) 
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found that DOC concentrations in forest floor soil solutions had a negative expontential relationship 

with soil moisture.  Decreases in DOC in soil solution may also be attributed to adsorption 

processes (Dosskey and Bertsch 1997; Kalbitz et al 2000; Michalzik et al 2001).  DOC 

concentrations also varied from year to year. The soil solution DOC concentrations were greater for 

both treatments in 2011 which is mostly likely due to increased age of trees and biomass 

contributing to soil.  

 

3.4.5 Wastewater Quality and Treatment Efficiency Results 

 

Wastewater samples were monitored over the 2010 growing season and historical data was 

available for DOC, nitrate-N, orthophosphate-P, ammonium-N, chloride and TN (Table 3.6). In 

2010, wastewater concentrations ranged from 9.1 to 42.5 mg L-1 for DOC, 20.9 to 29.3 mg L-1 for 

TN , 9.4 to 23.5 mg L-1 for nitrate-N, 0.1 (detection limit) to 1.43 mg L-1  for ammonium-N and 0.05 

to 4.63 mg L-1 for organic nitrogen. In 2011, wastewater concentrations ranges were 11.3 to 14.1 

mg L-1 for DOC, 15.2 to 21.7 mg L-1 for TN, 13.4 to 20 mg L-1 for nitrate-N, below detection limit 

(0.05 mg L-1) for ammonium-N and 0.37 to 1.44 mg L-1 for orthophosphate-P. In 2010 and 2011, 

DOC concentrations in the wastewater decreased over the growing season while the remaining 

solutes were variable. DOC concentrations in the wastewater were greater in 2010 than 2011.  The 

remaining solutes were similar between years. 

 

To get an estimate of irrigation water solute removal by plants and soil system, treatment 

efficiencies were determined for both model and soil solution sampler methods of estimating 

leaching to groundwater. From the Schoups and Hopmans (2002) model findings, the highest TE 

was consistently greater for orthophosphate and nitrate (Figure 3.11). Also, with orthophosphate-P 

and nitrate-N, higher TEs are associated with lower LF. The TE for chloride and TDS were typically 

negative or near zero because these do not get taken up my plabts.  The year with the highest 

Schoups and Hopmans (2002) TE was 2006.  

 

TE was calculated using the soil solution sampler data as well (Figure 3.11). The highest TE was 

for nitrate-N in 2011. The control had higher TEs than the wastewater irrigation soil for nitrate-N, 

TN and orthophosphate-P. This is similar to the Schoups and Hopmans (2002) TE results in that 

lower LF have higher TE.  
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3.4.5 Wastewater Quality and Treatment Efficiency Discussion 

 

The soil solution sampler TE’s were positive for both years. Similarly to the Schoups and Hopmans 

(2002) results, the soil solution sampler TE were higher under lower LF environments. A lower LF 

increases the solute residence time in the soil and therefore increases the possibility of plant 

uptake. A study by Livesley et al (2007) found with longer residence times ammonium was more 

exposed to transformations and immobilizations resulting in reduced soil solution concentration of 

the nutrient. It should be noted that there are limitations in the derivation of the TE.  For example, 

the growing season average solute concentration was used so the TE for each solute is 

generalized. 

 

Findings from a 15 year study in Sweden also have high nitrate and ammonium removal rates for 

landfill leachate and municipal treated wastewater applied to SRC systems. Hasselgren (1998) 

found reductions of 85 to 95% and 95 to 96% for total N and total P, respectively, from municipal 

treated wastewater irrigation. The study also found reductions in ammonia from 96.8 to 99.9% and 

total nitrogen from 43.4 to 93.3 % in landfill leachate applied to SRC plantations. Dimitrou and 

Aronson (2010) found similar results with efficiency for landfill leachate with willow and poplar. 

Retention of total N ranged from 82 to 94 %, for total P was between 56 and 80% and TOC was 

between 72 and 86% (Dimitrou and Aronson 2010). 

 

3.5. CONCLUSIONS AND RECOMMENDATIONS 

 
Renewable forms of energy are important in mitigating global warming. SRC crops with wastewater 

irrigation are a form of renewable energy with low greenhouse gas emissions that utilizes plant 

material for energy. SRC plantations involve the management of woody species like willow 

harvested in short time intervals for energy purposes. By irrigating with municipal treated 

wastewater the plant and water needs of the plants are addressed in a relatively low cost 

approach. There are groundwater and drinking water contamination concerns when using 

wastewater as an irrigation source. This research focused on the quality of nutrient leaching using 

a field based method and a transport model. 
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From this research, it was found that land application of municipal treated wastewater is effective at 

removing various solutes including nitrate and orthophosphate. The loading rates of nutrients to 

groundwater under SRC with wastewater irrigation crops are less than the loading rates of solutes 

discharged directly to the river, which is the common practice. The field collected nitrate-N soil 

solution concentrations above the groundwater table (at 150 cm) in 2010 and 2011 never 

exceeded the Alberta Tier 1 Guidelines for Groundwater Remediation limit of 13 mg L-1 or the 

potable water limit for nitrate-N of 10 mg L-1 (Figure 3.12) (Alberta Environment 2010; Health 

Canada 2010).  These years were lower than usual LF and the previous irrigation years may have 

higher concentrations due to higher LF. However, from the Schoups and Hopmans model 

predictions, LF > 0.6 results in solution nitrate-N concentrations in exceedance of potable water 

guidelines (Figure 3.8). As there is not field collected soil solution samples from years with high 

LFs (>0.25) and the Schoups model predicts a LF>0.6 resulting in soil solution nitrate-N above 

potable water guidelines, to protect drinking water quality it is recommended to not exceed a LF of 

about 0.5. The historical TE from Schoups and Hopmans model were relatively high for nitrate and 

orthophosphate for the study site (Figure 3.11).  

 

Over the last six years the nutrient application rates at the Whitecourt study site varied and, on 

average, were 2.21 kg P ha-1 yr-1 and 94.49 kg N ha-1 yr-1(Table 3.7). A study by Brown and Van 

den Driesche (2005) found that applications of 100 to 200 kg P ha-1 yr-1 and 500 kg N ha-1 yr-1 gave 

substantial growth for poplar hybrids.  With findings from Dimitriou and Aronsson (2010) work in 

Sweden, they recommend applying about 126 kg N ha-1 yr-1. From their study in Finland, Hytönen 

and Sarrsalmi (2009) found increases in willow growth when applying 100 kg N ha-1 yr-1 and 40 kg 

P ha-1 yr-1, especially in the first ten years of a SRC plantation.  Ledin (1986) recommended an 

application of 60 kg N ha-1 yr-1 in the establishment year followed by 80 to 120 kg N ha-1 yr-1 and 30 

kg P ha-1 yr-1 in subsequent years, from his study in Sweden.  In Sweden the current production 

recommendations are 45, 100 to 150 and 90 to 120 kg N ha-1 yr-1 for the second, third and fourth 

years, respectively, of a four year rotation coppice crop (Danfors et al 1998). A LF of at most 0.8 

will result in a TN application rate close to these recommendations. However total phosphorus will 

be lower than recommendations and fertilizer may be required. A site specific phosphorus test 

would be beneficial.  Also, variable application rates for each growing season would be beneficial 

as plant size varies greatly on SRC plantations, especially post-coppice. 
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For SRC plantations with wastewater irrigation systems similar to the research site, root zone 

salinization could become an issue. From the Schoups and Hopmans (2002) model, the EC of the 

soil solution varied with LF but mostly remained “fair” quality (Alberta Environment 2010). As 

mentioned earlier, the greatest treatment of nitrate and orthophosphate are at lower LF but this 

may cause soil salinization. Long term monitoring of root zone salinity is recommended. Actual LFs 

on the study site have varied greatly over the operating years (Table 3.7). This is mainly due to the 

variation in tree biomass due to age. Based on the findings from this research, the SRC with 

wastewater irrigation systems similar to the research site at Whitecourt, Alberta, present a low 

threat to soil salinization and groundwater contamination by nitrate or orthophosphate when 

following recommendations made from authors. 

 

As mentioned earlier, the nitrate soil solution concentrations deep in the soil for 2010 and 2011 are 

below the Health Canada Drinking Water Quality Guidelines and Alberta Environment Guidelines 

and, thus, groundwater contamination is a low threat. However, in the past there have been years 

with high LFs (0.55) but field soil solution samples are not available to determine if concentrations 

are above guidelines. From the Schoups and Hopmans (2002) model, soil solution nitrate-N 

concentration exceeds potable water limits at LF of between 0.5 and 0.6.  Also, a too small  LF 

may have higher TE but the amount of nitrogen being added via wastewater irrigation may be not 

meeting plant requirements and root zone salinization will most likely occur. Using the field data as 

well as the model, it is recommended to use a LF in the range of 0.2 to 0.5.  By applying this range 

of L, plants are receiving nutrients and water, groundwater contamination is minimized and 

municipal wastewater is utilized. 
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3.6  TABLES 

Table 3.1. Average total surface flux (q0), based on historical climate data from 1970 to 2010 

and hypothetical irrigation amounts to determine leaching fractions for Schoups and 

Hopmans (2002) model.  Solute concentrations in infiltrating water (c0) for varying leaching 

fraction (LF) values for the study site at Whitecourt, Alberta. 

 

     
c0 (mg L-3) 

LF p q0 (mm yr-1) Irrigation (mm) 
Drainage 

(mm) 
Cl- NO3

--N PO4
3--P TDS 

0.1 0.9 636.2 164.2 64.4 0.023 0.005 1.35E-04 0.155 

0.25 0.75 760.2 288.2 190.8 0.033 0.007 1.98E-04 0.227 

0.4 0.6 950.3 478.3 380.8 0.044 0.010 2.63E-04 0.302 

0.5 0.5 1140.0 668.0 570.7 0.051 0.011 3.06E-04 0.351 

0.6 0.4 1425.0 953.0 855.9 0.058 0.013 3.49E-04 0.401 

0.75 0.25 2281.0 1809.0 1711.5 0.069 0.016 4.14E-04 0.475 

0.9 0.1 5702.0 5230.0 5131.8 0.080 0.018 4.79E-04 0.549 

*determined as difference between q0 and long term average rain and 0.5*SWE (472 mm) 

Table 3.2. Parameters for the Schoups and Hopmans (2002) model based on data from the 

study site in Whitecourt, Alberta and scientific literature. 

Parameter Unit Chloride Nitrate-N Phosphate-P Total Dissolved Solids 

Ci mg L-1 0.087 0.30 0.13 193.9 

a 

 

0 1.27 1.38 
 0 

R   1 1 43.5 20.5 1 

 

Table 3.3.  Historical average root zone EC (mS cm-1) and coefficient of variation (%) of the 

wastewater irrigated soil at various root zone depths at the study site in Whitecourt, Alberta.  

Note this data did not meet the assumptions of normality but normal distribution was 

assumed for this general analysis.   

 

 Mean EC (mS cm-1) (CV (%)) 

 
Depth (cm) 

 Date 5 20 50 

10/10/2006 0.24 (51) 0.17 (50) 0.16 (29) 

10/1/2007 na na 0.37 (51) 

10/1/2009 0.31 (20) 0.22 (19) 0.20 (22) 

5/21/2010 0.92 (25) na 0.51 (23) 

7/14/2011 0.31 (37) 0.24 (12) 0.26 (36) 

CV=Coefficient of Variance (%) 
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Table  3.4.  Arithmetic mean and coefficient of variation for soil solution solutes at various 

depths over the 2010 and 2011 growing season at the study site in Whitecourt, AB. Note this 

data did not meet the assumptions of normality but normal distribution was assumed for 

this general analysis.   

  
Arithmetic Mean (CV) (mg L-1) 

  
2010 2010 2011 2011 

Solute  Depth (cm) Control WW Control WW 

TN 50 1.23 (66) 1.0 (54) 1.36 (6) 3.85 (317) 

 
90 1.2 (92) 1.61 (69) 1.67 (151) 3.29 (156) 

 
150 2.05 (44) 2.08 (56) 1.16 (91) 1.11 (89) 

NO3
--N 50 0.29 (171) 0.27 ( 15) 0.19 (329) 0.17 (368) 

 
90 0.25 (85) 1.00 (136) 0.32 (263) 2.63 (182) 

 
150 1.33 (92) 1.53 (93) 0.48 (210) 0.37 (241) 

NH4
+-N  50 0.05 (121) 0.04 (151) 0.03  (0.00) 1.31 (392) 

 
90 0.029 (66) 0.033 (124) 0.029 (54) 0.052 (185) 

 
150 0.095 (97) 0.06 (221) 0.03 (63) 0.03 (0.00) 

DOC 50 29.97 (44) 28.62 (56) 367.8 (237) 121.15 (148) 

 
90 32.02 (4) 20.81 (65) 92.38 (171) 99.85 (249) 

 
150 18.66 (91) 15.37 (71) 206.68 (149) 302.98 (135) 

PO4
3--P 50 na na 0.13 (48) 0.35 (285) 

 
90 na na 0.122 (56) 0.088 (63) 

  150 na na 0.1 (74) 0.12 (65) 

na- data not available for this year 
CV- coefficient of variance(%) 

 

Table 3.5.  Loading rates of various solutes to groundwater for 2010 and 2011 growing 

season at the study site in Whitecourt, Alberta, determined using soil solution sampler data 

at 150 cm. 

 

  Groundwater Loading Rates (kg ha-1) and Year 

  WW C WW 

Solute 2010 2011 

TN 1.47 0.51 2.52 

Nitrate-N 1.55 0.21 1.56 

DOC 13.60 139.29 872.69 

Ammonium-N 0.07 0.01 0.05 

Orthophosphate-P 0.26 0.04 0.26 

ON 1.43 0.28 1.43 
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Table 3.6.  Wastewater solute concentrations for various solutes for the study site at 

Whitecourt, Alberta Note this data did not meet the assumptions of normality but normal 

distribution was assumed for this general analysis.   

 

Solute Temporal Range N Mean (mg L-1) CV (%) 

TN 2006-2011 23 18.9 25.8 

NO3
--N 2006-2011 32 18.3 18.1 

NH4
+-N 2006-2011 26 0.1 204.3 

DOC 2010-2011 20 17.7 51.0 

PO4
3--P 2006-2011 19 1.2 49.3 

Cl- 2006-2011 11 73.0 26.2 

 
 
 
 
Table 3.7. Actual leaching fractions (LF) and solute application rates over the years of 

operation at the study site in Whitecourt, AB based on the soil water balance.  

 

    Application Rate (kg ha-1 yr-1) 

Year LF TN PO4-P 

2006 0.281 9.97 0.23 

2007 0.594 199.53 4.62 

2008 0.520 220.14 5.10 

2009 0.506 110.50 2.56 

2010 0.050 23.81 0.55 

2011 0.225 26.43 0.61 
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3.7.  FIGURES 

 

 

Figure 3.1. Map displaying the SRC with wastewater irrigation study site at Whitecourt, 

Alberta, Canada, in proximity to  Edmonton 

 

 



 
 

90 
 

 

 

Figure 3.2. Experimental plot layout and soil solution sampler locations at the study site in 

Whitecourt, Alberta. 
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Figure 3.3. Basic schematic summarizing Schoups and Hopmans (2002) analytical solute 

transport model with root water and solute uptake. 

Surface water flux density (L T-1): 𝑞 ̅̅ ̅   

Surface solute flux density (M L-2 T-1): 

𝑞 ̅̅ ̅  𝑐   

Drainage flux density (L T-1): 

(𝑞 ̅̅ ̅  �̂�(𝑧) ) 
 
Drainage solute flux density 
(M L-2 T-1): 𝑞 ̅̅ ̅  �̂�(𝑧)  
𝑐(𝑧 𝑡)  

𝑎   𝑞 ̅̅ ̅   𝑐(𝑧 𝑡)  𝑒𝑥𝑝 (
 𝑧

𝛿
)

𝑧𝑟

 

𝑑𝑧  

Root water extraction flux density  (L T-1): 

 𝑞 ̅̅ ̅  ∫ 𝑒𝑥𝑝 (
 𝑧

𝛿
)

𝑧𝑟
 

𝑑𝑧 

Root solute extraction flux density (M L-2 

T-1): 
z=0 

z = zr (bottom of 

root zone 

z  ∞ 
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Figure 3.4. The root zone distribution function with depth used in the Schoups and 

Hopmans (2002) model  for the study site at Whitecourt, AB. 
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Figure 3.5. The time for steady state (SS) solute concentrations at 100 cm depth to be 

reached as a function of leaching fraction (LF) from the Schoups and Hopmans (2002) 

model for the study site at Whitecourt, AB.  
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Figure  3.6. The steady state root distribution function weighted soil solution solute 

concentrations (Cwm; Eq. [10]) as predicted by the Schoups and Hopmans model for (a) 

chloride, (b) EC, (c) nitrate-N and (d) orthophosphate-P at study site for a root zone depth of 

100 cm and various a values. 
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Figure 3.7. Steady state loading rates to groundwater calculated with results from the 

Schoups and Hopmans model steady state concentrations at 100 cm for (a) chloride, (b) 

TDS, (c) nitrate-N and (d) orthophosphate-P with various a values at the study site.  Note the 

loading rates for orthophosphate-P were the same for both R values.  
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Figure 3.8. Soil solution (a) chloride concentrations, (b) EC profile and (c) nitrate-N 

concentrations for various leaching fractions determined by the Schoups and Hopmans 

(2002) models for the study site at Whitecourt, Alberta.  The a used for nitrate was 1.27. The 

reference line indicates the depth to steady state, 1000 mm. Below this reference line is pre 

steady state conditions and the solute front. 
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Figure 3.9. Soil solution orthophosphate-P concentration for various leaching fractions 

determined by the Schoups and Hopmans (2002)  models for the study site at Whitecourt, 

Alberta, determined using Schoups model.  The a used for orthophosphate was 1.38 and 

both R values resulted in the same concentration profiles. The reference line indicates the 

depth to steady state, 1000 mm. Below this reference line is pre steady state conditions and 

the solute front. 
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Figure 3.10. Soil concentration for DOC at various depths over the growing season in the (a) 

control and (b) wastewater irrigated soil for (I) 2010 and (II) 2011 at the study site in 

Whitecourt, Alberta. Error bars indicate standard error. Note change in y axis scale for (a) 

and (b) is different than (c) and (d). 
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Figure 3.11. Estimated treatment efficiency (%) of wastewater by system based on Schoups 

and Hopmans (2002) and soil solution sampler gathered soil solution quality data at 

observed leaching fractions for nitrate-N (NO3-N) and orthophosphate-P (PO4-P) for the 

study site in Whitecourt, AB. 
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Figure 3.12. Histogram of nitrate-nitrogen concentrations in soil solution at 150 cm under 

the wastewater irrigated soil in 2010 and 2011 at the study site in Whitecourt, Alberta. Note 

that the soil solution nitrate-nitrogen concentrations are below the Alberta Tier 1 

Groundwater Remediation Guideline for an Industrial Site with fine texture (13 mg L-1) and 

potable water (10 mg L-1) levels (Alberta Environment 2010).  
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4. CHAPTER 4:  SYNTHESIS AND FUTURE RESEARCH  

 

4.1 SUMMARY AND CONTRIBUTIONS 

 

The general goal of the project was to determine the ability of a SRC crop to remove plant 

macronutrients, nitrogen and phosphorus, in municipal treated wastewater and the environmental 

implications of these systems on soil and groundwater. The specific objectives of this research 

were to quantify and qualify the drainage below the root zone of SRC plantations with wastewater 

irrigation and make recommendations to improve efficiency and management.  Root zone salinity 

and leaching fraction (LF) requirements were also assessed. The major findings from this research 

were as follows: 

I. Drainage varied greatly over the irrigation operating years of the study site mainly due 

technical problems limiting the amount of irrigation water applied.  From running the Rose 

et al (1979) model, it was foreseen that irrigation years similar to 2010, with low LFs, 

would most likely have salt accumulation in the root zone.  

II.  Plant nutrient and solute of concern, nitrate, in the soil solution at 150 cm in 2010 and 

2011 depths never exceeded the Alberta Tier 1 Groundwater Remediation Guideline for 

an Industrial Site with fine textured material  (13 mg L-1) and potable water (45 mg L-1) 

guidelines (Alberta Environment 2010;  Health Canada 2010). However, these years do 

not reflect high irrigation years so concentrations may have exceeded guidelines in the 

past. The Schoups and Hopmans (2002) model predicted soil solution nitrate-N 

concentration in exceedance of potable water guidelines at LFs above about 0.55.  

III. There was not a great difference between control and wastewater irrigated soil solution 

concentration of orthophosphate and ammonium for both study years. However, solute 

loading rates were consistently higher in the wastewater irrigated soil than the control.  

IV. Based on average application rates in the last five years, nitrogen and phosphorus 

additions to the SRC crop via wastewater irrigation are below recommended application 

rates by various authors (Dimitriou and Aronsson, 2010; Brown and Van den Driescche, 

2005; Hytönen and Sarrsalmi, 2009; Ledin, 1986). Additional research and work into plant 

nutrient solute uptake and requirement is recommended.  

V. From the Schoups and Hopmans (2002) model and historical soil samples, the electrical 

conductivity (EC) of the root zone is rising but  not to detrimental values. From soil 
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samples gathered in 2010, the root zone of the wastewater irrigated soil is classified as 

slightly saline, below 2.5 mS cm-1 (Brady 1990).  

VI. The treatment efficiency (TE) is the amount of solute removed by the root zone as a 

fraction of the applied solute amount through wastewater.  The TE was high (>50 %) for 

both the methods of determining soil solute concentrations for nitrate and orthophosphate.  

It was also observed that TE was higher at lower LFs, likely due to longer residence times 

when less water is applied.  

 

4.2 RECOMMENDTIONS 

 

Results from this study indicate that drainage is higher under irrigated soil than un-irrigated soil. It 

was also found that the SRC system was effective at removing many of the plant essential 

nutrients, like nitrate and phosphate, from the wastewater.  However, the nutrients supplied by the 

wastewater may not be meeting the nutrients demands of the plants and additional fertilizer may be 

required. Drainage on site is variable, mainly depending on infiltrating water.  If additional fertilizer 

is applied it recommended to use caution, with attention mainly on timing in relation to precipitation 

events. 

 

It is recommended that the SRC with wastewater irrigation system at Whitecourt  to slightly change 

its present regime of a growing season typically between May and August with the irrigation 

programmed to field capacity at 20 cm soil depth. For the majority of the irrigation years at the 

study site, except 2010  due to technical errors, drainage and LFs have been high (>0.5). However, 

field samples of the soil solution from 2006 to 2009 are not available to comment on the actual 

quality of the soil water.  From the Schoups and Hopmans (2002)  model, at higher LF (>0.6), the 

nitrate soil solution concentration exceeded the Alberta Tier 1 Guidelines for Groundwater 

Remediation and potable water guideline (Alberta Environment 2010;  Health Canada 2010). It is 

recommended to use a LF between 0.25 and 0.55 to minimize groundwater contamination while 

supplying SRC plants with adequate macronutrients like nitrate and utilizing the large wastewater 

supply.  A value less than 0.1 could possibly  lead to salt accumulation and  a change in the soil 

salinity category rating under the Alberta Tier 1 Salt Remediation Guidelines.  It is recommended to 

change the irrigation system to be triggered by a soil moisture content slightly less than field 

capacity at 20 cm.  Assuming that during years with no technical errors the LF would be higher 

(similar to that of 2007 to 2009) by slightly lowering the soil moisture content at which irrigation is 
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triggered, the LF will be lowered.  Also, care must be taken when irrigating during regeneration 

years due to the small plant size and low evapotranspiration. Long term soil salinity monitoring of 

the root zone and soil phosphorus testing is also recommended.  Implementation of findings from 

this research into similar programs in Alberta and Canada will be important for the future of SRC 

with wastewater irrigation systems and global greenhouse gas reductions. 

 

4.2.2 Future Research 

 

Knowledge of the impacts of wastewater irrigation of SRC systems on the environment is crucial 

for creating an efficient and environmentally sound energy form. This research has contributed to 

the understanding of SRC plantations with wastewater irrigation systems in western Canada. The 

study addressed the potential for soil salinity and groundwater contamination from wastewater 

irrigation of SRC crops in Alberta but more information is needed on many other possible 

environmental threats. To build on this research and its findings more knowledge on SRC with 

wastewater systems in Canada is essential. Areas for future research may include the following: 

I. fate and transport of other solutes found in wastewater like heavy metals, trace elements 

or plant micronutrients like sulphur or potassium; 

II. monitoring of  drainage and soil solution quality during the establishment year of a SRC 

with wastewater irrigation system; 

III. plant response to varying nutrient applications through wastewater irrigation and 

assessment of plant nutrient requirements over the life cycle of a SRC; 

IV. fate and transport of solutes found in wastewater on varying soil types and climates in 

Canada; and 

V. detailed investigation of the potential for salinity and sodicity issues in the short and long 

term. 
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APPENDIX A: Sample Calculations 
 
A.1 Solute concentration in infiltrating water for Schoups model for chloride 
Cq0= CI*I + CRain*Rain +CSnow*Snow/ (I +Rain +Snow) 
 
Where 
Cq0 =solute concentration in infiltrating water [M L-3] 
CI=solute concentration in irrigation water (wastewater) [M L-3] 

I=amount of irrigation water applied [L] 
Rain=amount of rain fall [L] 
Snow=amount of snowfall as 0.5* SWE (snow water equivalent) [L] 
 
=((0.087 ug mm-3*164 mm)+(4.1 x 10-5 ug mm-3 * 391 mm)+(8.86 x 10-7 ug mm-3+79.97 
mm))/(164.98 mm+79.95 mm+391.58mm)=0.02255 ug mm-3 

 

A.2 Converting mass concentration to solution concentration 
Assume bulk density is 1.5 g cm-3 and moisture content is 0.22. Conversion form mg L-1 to ug mm-

3. 
 mg kg-1 soil *1.5 g cm-3 * (1 kg/1000 g)*(1 cm3 soil/0.22 cm3 water)*( 1000 ug/mg) *(1 
cm3/1000mm3) = ug mm-3  

 

A.3 Determining drainage from Schoups model. 
D= q0 * qz 

 
Where 
D=Drainage [L] 

q0=infiltrating water [L2 T-1] 
qz= flux as a specific depth, z [L2 T-1] 
 
A.4 Treatment efficiency of WW by SRC system 

     
         

    
           

 
Where, 
TE= treatment efficiency (%) 

     = wastewater loading rate [M L-2] 
    = drainage loading rate [M L-2] 
 
A.5 Determining groundwater loading rates for Schoups and Hopmans (2002) model 
    =  D *Cz 

 
Where 
    = = Loading rate [M L-2] 
D= Drainage at 1000 mm from model[L] 

Cz= soil concentration at depth z, 1000 mm, from model  [M L-3] 
 
A.6 Determining wastewater loading rates for Schoups and Hopmans (2002) model 
     =   I *CI 

where 
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I = irrigation water applied for a specific leaching fraction 

CI =concentration of solute in irrigation water  
 
A.7 Determining wastewater loading rates for soil solution samplers 

     =  = I *CI 

 
where 
I = irrigation water applied for a specific year [L] 

CI =concentration of solute in irrigation water {m L-3] 
 
 
A.8 Determining groundwater  loading rates for soil solution samplers 
      = D * Css 

 
where 
     = loading rate for soil solution sampler [M L-2T-1] 

  = drainage below the root zone [L] 
    = soil solution concentration [M L-3] 
 
 
A.9 Soil mass concentration calculation 
     =     *   *      

where 
     = soil mass concentration [M L-2] 
    = soil solution concentration [M L-3] 

    = volumetric moisture content 
     = Length of ceramic cup used for sampling soil solution (5 cm for this study) [L] 

 
A.10  Snow density determination 
 

      
     

     
 

Where 
      = density of snow [M L-3] 
      = mass of snow [M] 

       = volume of snow [L3] =     
 Where 

  = depth of snow sample [L] 
   = radios of snow sample 
 
A.11 Snow water equivalent (SWE)  

     
     

      
 

Where 

      = density of water [M L-3] 
h= snow height [L] 
 



 
 

111 
 

 

APPENDIX B. Derivation of the Convective Transport Equation Without Dispersion or 
Diffusion from Schoups and Hopmans (2002) 
 
Recall, the continuity equation for one dimensional vertical flow through the root zone, 

    
  

  
 

  

  
          [B1] 

Where 
 (   ) is volumetric water content  

q(z,t) is soil water flux (L/T, positive downwards) 
  (   ) is a sink term for root water uptake and evaporation (1/T) 

t is time (T) 

z is vertical component (L, positive downwards) 
 
The continuity equation for one dimensional transport of a solute undergoing root uptake and 
equilibrium sorption and neglecting dispersion and diffusion is: 
 

      
 

  
(       )  

   

  
         [B2] 

 
Where 
c is dissolved solute concentration (M L-3); mass per unit volume of soil solution 
    is adsorbed solute concentration (M M-1), mass of sorbent per mass of dry soil 

pb  is dry bulk density (M L-3) 
rs is root solute uptake [M L-3T-1] 
 
 
To combine equation [B1] and [B2], the derivatives from equation [B2] are expanded: 
 

 
  

  
  

  

  
   

   

  
   

   

  
  

  

  
  

  

  
          [B3] 

 
Assuming    (bulk density) to be constant with time and inserting equation [B1] in [B3] will give the 
following: 

      
  

  
   

   

  
  

  

  
            [B4] 

 
And letting, 

    ( )  and 
   

  
           [B5] 

Where, 
 ( ) is the sorption isotherm with slope    
 
Combining [B4] and [B5] yields, 

      
  

  
     

  

  
  

  

  
            [B6] 

 
Rearranging [B6] gives, 

(     
 )

  

  
  

  

  
              [B7] 

 
Defining the retardation factor ( ) as 

    
    

 
          [B8] 
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The convective transport equation is obtained. 
 
  

       
  

  
   

  

  
 

   

  
   [B9] 

Where 

  (   )   
 

 
  

 

  
  is the retarded solute velocity (L T-1) 

 (   ) = is the pore water velocity (L T-1) 
 
 
 
 


