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ABSTRACT 

 

Water is essential for any functioning society, but drinking water supplies are becoming 

increasingly insufficient for current and future demands. To alleviate stress on diminishing 

potable water resources, reclaimed water can be a viable option for replacement in many 

different schemes, like turfgrass irrigation. Irrigating turfgrass with reclaimed water can reduce 

demand on potable water supplies and provide essential nutrients for turfgrass health and 

aesthetic appeal, but can also be associated with nitrate leaching to groundwater and salt 

accumulation in the rootzone. The purpose of this study was to address concerns surrounding the 

use of tailored reclaimed water for turfgrass irrigation by measuring turfgrass visual quality, 

rootzone salinity, nitrogen leaching, and the abundance of denitrifying microorganisms in the 

vadose zone during irrigation with reclaimed water. In this study, tailored reclaimed water from 

the Mines Park sequencing batch membrane bioreactor was utilized in a semi-arid environment 

to irrigate 67% of a turfgrass area, consisting of buffalograss and Kentucky bluegrass, while the 

remaining 33% was fertilized with granular fertilizer and irrigated with potable water from the 

City of Golden drinking water treatment plant. For the second study year, all turfgrass plots 

receiving reclaimed water were tailored with calcium nitrate-nitrogen to achieve 15 mg L-1 of 

nitrate (NO3
--N), while for the third year 50% of the reclaimed water plots were dosed with 

calcium nitrate to achieve 8 mg L-1 of NO3
--N (a more representative concentration in the 

reclaimed water industry) and the remaining were dosed at 15 mg L-1 NO3
--N.  The turfgrass 

plant health was monitored on a weekly basis, with both a qualitative visual assessment and 

quantitative digital imaging analysis. The accumulation of salts and the fate and transport of 

NO3
- throughout the vadose zone were monitored both from monthly soil pore water samples and 

soil samples taken before, during, and after the growing season. The abundance of denitrifying 

microbial communities was also analyzed from soil samples. Throughout this study, 198 x 103 L 

of potable water and 27 kg of 20-10-5 granular fertilizer were saved by irrigating turfgrass with 

tailored reclaimed water rather than irrigating with potable water supplemented with granular 

fertilizer. This study also found no aesthetic differences between using tailored reclaimed water 

or potable water for turfgrass irrigation, though sodium adsorption ratio values were higher in 

plots irrigated with reclaimed water (particularly Kentucky bluegrass plots). Nitrate 

concentrations for both irrigation water types in the soil pore water and soil were higher 
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throughout the spring and fall months, nirK denitrifying genes for both irrigation water types 

(potable and reclaimed) were seasonally lower in the spring and fall months, and nirK genes 

were more abundant than nirS genes; nosZ denitrifying genes were not detected.   
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CHAPTER 1 

INTRODUCTION 

This chapter provides a brief introduction to the importance of water reuse and 

specifically the advantages and disadvantages of using reclaimed water for turfgrass irrigation. 

Following the brief introduction, the purpose and goals for conducting this study are identified. 

Lastly, the scope of the study pertaining to where and how the study was performed is presented. 

1.1 Introduction 

 

Worldwide, drinking water supplies are under stress from increasing populations, global 

climate change, and rising agricultural irrigation needs. To continue to develop and thrive in 

water-stressed regions, future water use must focus on conservation and reuse (Anderson 2003). 

Reclaimed water is purified wastewater and can provide cities and urban centers with a reliable 

and economically beneficial water source. According to Chen et al. (2013), when capital 

investment in treatment plants, distribution networks, operations and maintenance, revenues, 

fertilizer savings, environmental improvements, public health impacts, and groundwater recharge 

and pollution were taken into account, the net annual benefit of using reclaimed water for Beijing 

(when compared to importing water or desalination) could be 712 million Chinese yuan 

(approximately 116 million US dollars). Specifically, use of reclaimed water for landscape and 

agricultural irrigation needs can reduce demand on valuable potable water supplies, ameliorate 

soil health conditions, reduce the need for producing and buying fertilizers, and provide cities 

with a reliable and economically beneficial water source for future sustainable growth (Chen et 

al. 2013).  

  Although reclaimed water can help augment existing water supplies, communities in 

water-stressed regions have historically been resistant to its implementation. Both the lack of 

public knowledge about water treatment (for drinking water, wastewater, and water reclamation) 

and concerns about the negative impacts of using reclaimed water contribute to the resistance of 

communities to its widespread implementation (Dolnicar et al. 2010). Specifically, lack of public 

knowledge about wastewater treatment can derive from the centralized wastewater treatment 

scheme, currently used in most developed nations, where wastewater treatment facilities are 

constructed miles away from cities and communities, which perpetuates a negative public 
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perception that wastewater is a problem rather than a resource (Massoud, Tarhini and Nasr 

2009). Concerns about the negative impacts of using reclaimed water for turfgrass irrigation can 

be traced to instances where nitrates leached through the vadose zone and when salts 

accumulated in the rhizosphere, resulting in poor turfgrass health and contamination of 

underlying aquifers (Chen et al. 2013).      

1.2 Purpose 

The purpose of this study is to address concerns such as nitrate leaching, salt 

accumulation, and poor turfgrass health associated with the use of tailored reclaimed water for 

turfgrass irrigation, where tailored reclaimed water refers to adjusting nitrate concentrations 

during the growing season for seasonal turfgrass nutrient requirements. The findings of these 

efforts are intended for dissemination in journals, conferences and public outreach, to increase 

awareness of the benefits associated with use of reclaimed water and the operations and 

management strategies that can be used to mitigate concerns regarding reclaimed water use. Such 

increased public awareness may help change the public’s perception of reclaimed water for 

turfgrass irrigation from one of resistance to one of acceptance. As described in this thesis, the 

effects of reclaimed water were investigated by measuring turfgrass visual quality, rootzone 

salinity, nitrogen leaching in the subsurface, and the abundance of denitrifying microorganisms 

in the vadose zone during subsurface drip irrigation of turfgrass with reclaimed water. 

1.3 Scope and Approach  

 This study was conducted from late summer 2012 to early fall 2014 at the Mines Park 

Water Reclamation Test Site established at the Colorado School of Mines in Golden, CO. 

Establishment of the test site included installation of (1) subsurface drip irrigation lines, 

connected to reclaimed water and potable water supply lines, within a 9 m x18 m mechanically 

tilled area, (2) both Kentucky bluegrass (KBG) and buffalograss (BG) from sod, and (3) soil 

suction lysimeters (for soil pore water collection) and soil moisture sensors to monitor for 

moisture and salinity in the subsurface. Reclaimed water was applied to twelve of the eighteen 3 

m x 3 m turfgrass test plots, while potable water was applied to the remaining six turfgrass test 

plots and supplemented with granular fertilizer. Analysis of turfgrass health and aesthetic appeal 

was conducted weekly or bi-weekly with a visual assessment method and a digital image 

analysis with SigmaScan Pro imaging software. Soil pore water samples were extracted on a 
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monthly basis throughout the turfgrass growing season from the subsurface via soil suction 

lysimeters located at 10, 20, and 60 cm deep and analyzed for nitrogen speciation and anions. 

Soil samples were collected from each test plot at 10, 20, and 60 cm deep three times per 

growing season (June, September, December) and analyzed for nitrogen speciation, anions, salts, 

and denitrifying gene abundance with respect to nirS, nirK, and nosZ functional genes.            
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CHAPTER 2 

 BACKGROUND AND LITERATURE REVIEW 

This background and literature review chapter provides a comprehensive survey of the 

published literature relevant to the rest of this thesis. Specifically, the background and literature 

review focuses on the following topics: turfgrass irrigation with reclaimed water, salinity and 

how it relates to plant health and how it can be mitigated, nitrogen and how it relates to plant 

health and how can it be hazardous to humans and the environment, biological denitrification, 

municipal wastewater treatment techniques, reclaimed water, and turfgrass.  

2.1 Irrigation with Reclaimed Water 

 

Water reuse can supply arid and semi-arid regions with an effective and reliable water 

resource for both landscape and agricultural irrigation needs. Reclaimed water can reduce use of 

potable water, recharge underlying aquifers, improve soil health, and provide communities with 

a reliable water source when local water resources are inadequate (Chen et al. 2013). In the Dan 

Region of Israel, total agricultural water needs exceed local water resource supplies. Fortunately, 

approximately 60% of purified wastewater from Tel Aviv is reused for aquifer recharge, which is 

then subsequently pumped through the Dan Region pipeline and used to irrigate agricultural 

fields (Anderson 2003).   

Additionally, reclaimed water can contain macronutrients, micronutrients, organic matter, 

and favorable microorganisms for both crop health and soil health (Akponikpè et al. 2011). In 

fact, Chen et al. (2008) found soils that were irrigated with reclaimed water observed a 2.2- to 

3.1-fold increase in soil enzyme activity associated with the carbon (C), nitrogen (N), 

phosphorus (P), and sulfur (S) cycles, when compared to soils irrigated with non-wastewater 

origins.  

Reclaimed water from primary and secondary wastewater treatment operations can have 

effluents ranging from 10 to 20 mg L-1 of total N, and approximately 1 mg L-1 of P (Akponikpè 

et al. 2011). When reclaimed water is used for landscape or agricultural irrigation, both the N 

and P present can provide turfgrass or crops with essential nutrients. In 2010, approximately 30.6 

*109 liters of reclaimed water were used to irrigate agricultural fields in Beijing, which 
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accounted for 4,000,000 kg of N and 500,000 kg of P, resulting in a reduction of external 

fertilizer applications of 10 to 50 % (Chen et al. 2013).    

Although reclaimed water can have many positive benefits for society and the 

environment, risks can also be associated with use of reclaimed water for turfgrass irrigation. 

Notably, the accumulation of salts, heavy metals, nutrients, emerging contaminants, and 

exposure to pathogens can be the most prevalent risks (Chen et al. 2013). For the present study, 

the risks of salt accumulation, nutrient leaching, and exposure to pathogens were of primary 

concerns and will be described further.     

Salt accumulation in the turfgrass root zone can be derived from soluble ions like sodium 

(Na+) or chloride (Cl-), prevalent in reclaimed water, and can impair plant growth and aesthetic 

appeal. Turfgrass impairment can occur by physiological or osmotic drought, where ion toxicity 

or ion imbalances can either be toxic to root tissues or induce nutrient imbalances and 

deficiencies of N, P, calcium (Ca2+), potassium (K), magnesium (Mg2+
), and manganese. Water 

deficiencies can reduce cell turgor, leaf size, photosynthesis, carbohydrate storage, and root 

growth. (Evanylo et al. 2010) 

Nutrient leaching of nitrate (NO3
-) and/or P is another issue that may result from use of 

reclaimed water for turfgrass irrigation. However, it should also be noted that leaching of NO3
- 

and P are also prevalent risks associated with current traditional landscape and agricultural 

fertilization methods (Chen et al. 2013). Because the risks associated with NO3
- leaching are 

complex, this literature review will elaborate further on this subject in section 2.3 Nitrogen.      

The potential for exposure to pathogens can be the greatest health risk when using 

reclaimed water for turfgrass irrigation. Exposure to pathogens can occur from directly ingesting 

contaminated reclaimed water or from ingesting water from contaminated underlying aquifers. 

Consumption of grasses or other vegetation that have been surface-irrigated with contaminated 

reclaimed water can also be another pathogen exposure pathway. (Chen et al. 2013).  

Many of the risks associated with use of reclaimed water for turfgrass irrigation can be 

mitigated if proper operation and management (O&M) strategies are implemented. For salt 

accumulation, the following O&M strategies can be considered: occasionally irrigating above the 

evapotranspiration rate to leach accumulated salts from the root zone, improving subsurface 
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drainage by adding more porous materials in the vadose zone, using turfgrass with higher salt 

tolerances, using irrigation methods (like subsurface drip irrigation) to avoid direct contact 

between turfgrass leaves and reclaimed water, and/or blending reclaimed water with lower 

salinity water. To avoid the risks from excessive nutrients, nutrient and water inputs should be 

matched to the specific turfgrass requirements as determined from climatic conditions (reference 

evapotranspiration) and other factors (e.g. intensity of usage and aesthetic expectations). To 

reduce the risk of pathogens, proper disinfection techniques can be utilized to inactivate 

pathogens, and direct exposure between humans and reclaimed water can be reduced or 

eliminated. Reducing the direct exposure between humans and reclaimed water can be 

accomplished by setting proper distances between reuse sites and potable water supplies, while 

proper irrigation techniques like subsurface drip irrigation can also reduce the possibility of 

exposure between humans and reclaimed water. (Chen et al. 2013)   

2.2 Salinity  

Although use of reclaimed water for turfgrass irrigation has many benefits, salt 

accumulation in the turfgrass root zone can cause problems. Ions prevalent in reclaimed water 

such as Na+, Cl-, K+, Ca2+, and Mg2+ can accumulate as salts in the subsurface and may impair 

plant growth and aesthetic appeal (Evanylo et al. 2010). Salinity can be characterized by total 

dissolved solids (TDS), electrical conductivity (EC), or sodium adsorption ratio (SAR) 

measurements of the soil pore water or soil. Soil pore water or soil samples can be classified as 

either low (less than 250 µS cm-1 EC), medium (250 – 750 µS cm-1 EC), high (750 – 2250 µS 

cm-1 EC), or very high (greater than 2250 µS cm-1 EC) salinity (Marcum 2006).  

Saline waters are often latent with Na ions, which can negatively influence soils 

underlying turfgrass irrigated with reclaimed water. Sodium ions can disperse soil colloids, 

which can inhibit proper soil structure formation, and result in anaerobic soil conditions and the 

death of turfgrass roots (Marcum 2006). To predict the potential for soil colloid dispersion in 

soils irrigated with reclaimed water, a SAR based on a saturated paste test (Equation 2.1) can be 

used, with low, medium, and high SARs ranging from 0-10, 10-18, and 18-24 meq L-1 

respectively (Duncan et al. 2000).  
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𝑆𝐴𝑅 =
[𝑁𝑎+]

√
1

2
[𝐶𝑎2+]+[𝑀𝑔2+]

                                                                                                               (2.1)     

Fortuitously, salinity problems from use of reclaimed water for turfgrass irrigation can be 

mitigated if the percent leaching fraction (%LF) is added to the irrigation requirement to 

transport salts from the rootzone. The %LF (Equation 2.2) accounts for both the salinity of the 

reclaimed water and the salinity tolerance of the turfgrass that is necessary to leach salts from the 

rootzone.                                                                              

%𝐿𝐹 =  (
𝐸𝐶𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 𝐻2𝑂

𝐸𝐶𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝐻2𝑂
) 100                                              (2.2) 

where 

%LF = percent leaching fraction; 

ECirrigation H2O = average salinity of the irrigation water; and 

ECdrainage H2O = average salinity of the rootzone or salinity tolerance of turfgrass.  

 

 To ameliorate soils that have been irrigated with high SAR waters, gypsum (CaSO4) can 

be used as a chemical remediation technique. Aqueous CaSO4 can be dosed into the irrigation 

line or solid CaSO4 can be tilled in with soils before turfgrass establishment. Gypsum can amend 

saline soils by removing Na+ from soil particles via formation of Na2SO4 (Equation 2.3) 

(Marcum 2006).   

2𝑁𝑎+𝐴∗ + 𝐶𝑎𝑆𝑂4 → 𝐶𝑎𝐴2
∗ + 𝑁𝑎2𝑆𝑂4                                                                                      (2.3) 

where A* = soil colloid.  

In a study conducted by Gharaibeh et al. (2009), CaSO4 was used as a soil amendment 

technique for soils irrigated with moderately saline and moderate SAR (SAR = 4.8) water. 

Saline-sodic soils, obtained from the topsoil (0-20 cm) of agricultural fields located 

approximately 20 km from the Dead Sea, were mixed with 0, 5, 10, 15, 20, 25, and 3.2 kg m-2 of 

CaSO4 and packed into plexi-glas cylinders. The soils were irrigated with moderately saline and 

SAR water and effluent was collected in 30 mL aliquots to be analyzed for pH, soluble Na and 

Ca. Gharaibeh et al. (2009) found that the highest application rate of CaSO4 (3.2 kg m-2 of 

CaSO4) resulted in a 96% reduction of total Na in the soil, and an increase in hydraulic 

conductivity of 2.6 mm h-1, which could allow for leaching of salts as well. 
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2.3 Nitrogen  

 Nitrogen is a fundamental element needed by all living organisms on planet Earth. Plants 

and animals require that N be in a reactive form, where N is bonded to either hydrogen (H), 

oxygen (O), or carbon (C) to form, in most situations, ammonium (NH4
+), nitrate (NO3

-) or 

organic N compounds like amino acids (Fields 2004). Plants get these reactive N species from 

the soil or water, and animals get their reactive N from eating the plants or other animals that 

have consumed these reactive species. Because the relationship between turfgrass and N is a 

central focus of this study, this relationship will be detailed further in section 2.7.1 Turfgrass 

Water and Nutrient Requirements.  

 Although the reactive forms of N are required by plants and animals, the majority of N 

on the Earth is fixed in the atmosphere as dinitrogen gas (N2), which accounts for roughly 78% 

of Earth’s atmosphere (Fields 2004). The majority of organisms cannot utilize the N2, because 

they are unable to break the triple bond between the two N atoms (Fields 2004). The inability of 

most organisms to break the N2 triple bond limits the growth of organisms in the biosphere and 

has been an important mechanism in controlling populations (Gruber and Galloway 2008). 

Although the N2 triple bond has limited the growth of organisms for millennia, in the early 20th 

century German scientists Fritz Haber and Carl Bosch developed a process known as the Haber-

Bosch process, where N2 could be converted to the reactive N species NH4
+ (Gruber and 

Galloway 2008). Albeit the Haber-Bosh process has indirectly increased human populations by 

increasing food production from the application of N fertilizers, hazards are also associated with 

these reduced forms of N, and in particular the nitrate ion.  

If ingested, nitrate can be a health hazard for both pregnant women and infants (Shrimali 

and Singh 2001). When NO3
- is ingested it readily reduces to nitrite (NO2

-) in the host’s body. 

The NO2
- then binds with the hemoglobin of the host, reducing the exchange of oxygen to the 

host’s cells. This shortage of oxygen to the cells gives the host a bluish skin color, which is 

termed methemoglobinemia or blue baby syndrome and if left untreated can lead to death 

(Shrimali and Singh 2001).    

While preventing methemoglobinemia is of primary concern, preventing the 

eutrophication of waters is also essential for both the health and safety of humans and the 

environment. The eutrophication of waters occurs when limiting plant nutrients, notably nitrogen 
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and phosphorus, are introduced into the water cycle. Although nitrogen and phosphorous can 

promote plant growth in aquatic ecosystems, eutrophic waters can also facilitate excessive 

growth of cyanobacteria. Cyanobacteria can excrete substances that are toxic to animals, promote 

anaerobic conditions in the hypolimnion zone, and produce undesirable tastes and odors in 

drinking water. Control of anthropogenic nutrient inputs, particularly agricultural runoff and 

municipal wastewater effluent, can mitigate excessive growth of cyanobacteria. (Pitois et al. 

2001)   

2.4 Biological Denitrification  

 

To prevent methemoglobinemia and the eutrophication of waters from municipal 

wastewater discharge, wastewater treatment facilities use ion exchange, reverse osmosis, 

electrodialysis or biological nitrification and denitrification, with the latter conventionally used 

(Shrimali and Singh 2001). Conventional biological nitrogen removal is a two-step process 

consisting of nitrification and denitrification. First, influent wastewater NH4
+ is oxidized to NO3

-

by chemolithoautotrophic microorganisms in a two-step nitrification process, which takes place 

under aerobic conditions. Then, NO3
- is reduced to N2 by heterotrophic microorganisms in the 

denitrification process, which takes place under anoxic conditions. Because reclaimed water has 

already been nitrified, the mechanisms of denitrification will be detailed further to provide 

background for the current study.  

Denitrifying microbial communities exist throughout the environment and can be found 

in soils, sediments, surface waters, and ground waters. Denitrifying bacteria are most commonly 

found among the Gram-negative proteobacteria but also include some Gram-positive bacteria 

and halophilic archaea. Common denitrifiers in wastewater treatment facilities are chemotrophs, 

which include heterotrophs and autotrophs. Heterotrophic denitrifiers use organic electron 

donors, while autotrophic denitrifiers use inorganic electron donors, and both can reduce 

oxidized nitrogen compounds with an electron acceptor and a carbon source. (Rittmann and 

McCarty 2001) 

Denitrification occurs in a four-reaction stepwise fashion, in which oxidized nitrogen 

compounds are used as an electron acceptor for cell energy production. As shown in the 

equations below, NO3
- is first reduced to NO2

- by enzymes encoded with Nar genes (Equation 
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2.4), then to nitric oxide (NO) by enzymes encoded with Nir genes (Equation 2.5), to nitrous 

oxide (N2O) by enzymes encoded with Nor genes (Equation 2.6), and finally to N2 gas by 

enzymes encoded with the Nos gene (Equation 2.7). (Philippot 2002, Rittmann and McCarty 

2001)   

                             Nar 

NO3
- + 2e- + 2H+  →   NO2

- + H2O                                                                                            (2.4) 

 

                             Nir 

NO2
- + e- + 2H+      →   NO + H2O                                                                                          (2.5) 

 

                             Nor 

2NO + 2e- + 2H+   →   N2O + H2O                                                                                          (2.6) 

 

                             Nos 

N2O + 2e- + 2H+    →   N2(g) + H2O                                                                                           (2.7) 

         

2.4.1 Biological Denitrification Requirements  

Although denitrifying microbial communities can exist in a wide range of environments, 

the requirements for denitrification to occur are specific. All denitrifying microbial communities 

are facultative aerobes, meaning when oxygen gas (O2) becomes limited they can shift to NO3
- or 

NO2
- respiration (Rittmann and McCarty 2001). In soils, O2 concentrations can depend on 1) the 

O2 consumption rate, 2) the O2 diffusion rate, and 3) the geometry of the diffusion path. Dry soils 

irrigated at the evapotranspiration rate can promote denitrification in confined anoxic zones, 

approximately 200 µm in diameter, while in saturated soils an O2 gradient exists in the 

uppermost millimeters of the soil, meaning O2 concentrations decrease with depth (Knowles 

1982). Because facultative aerobes respire O2, high concentrations of dissolved oxygen can 

interrupt the denitrification stepwise reaction, where NO2
-, NO, and N2O are produced instead of 

N2 gas (Rittmann and McCarty 2001).  

Denitrification can also be interrupted when heterotrophs are limited by the availability of 

organic electron donors (Narkis et al. 1979). Because carbon is an essential energy source for 

both the metabolism and cell maintenance of heterotrophic bacteria, denitrification can be 

interrupted when limited organic carbon is available (United States Environmental Protection 

Agency 2013). In a study conducted by Narkis et al. (1979), 100% denitrification was observed 
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in a laboratory environment when the ratio of organic matter, expressed as biochemical oxygen 

demand (BOD), to NO3
- was greater than or equal to 2.3.  

Studies have concluded that emissions of N2O, NO, and N2 can decrease in acidic soils 

compared to neutral or slightly alkaline soils (Simek and Cooper 2002). In acidic soils, the 

availability of organic carbon and nitrogen is limited and can hinder denitrification (Simek and 

Cooper 2002). Consequently, the influence of soil pH on denitrification can be attributed to other 

limiting substrates, and not the pH of the soil directly. However, the direct effect of low soil pH 

on denitrifying microbial communities remains unclear.    

In soils and sediments, denitrification can also be hindered by temperature. In systems 

with temperatures of 0 to 35°C or above 75°C, denitrification occurs slowly and can produce 

more N2O and NO than N2 emissions (Knowles 1982). In fact, Sharma et al. (2006) observed an 

increase in N2O and CO2 emissions from soil core samples subjected to freeze-thaw conditions. 

To circumvent these N2O emissions, Knowles et al. (1982) concluded that the optimal 

temperature range for denitrification to occur can be from 60 to 75°C. 

2.4.2 Tertiary Denitrification  

When high NO3
- or NO2

- concentrations and insufficient electron donors are present in a 

system, the denitrification stepwise process can be interrupted. This situation is common in 

nonpoint source agricultural runoff, treated wastewater effluent, and reclaimed water. In 

wastewater effluent that has undergone secondary treatment, the original electron donors have 

been fully oxidized, and the reduced carbon has been mineralized. Thus, secondary treatment 

effectively converts influent N to NO3
- and eliminates influent electron donors. For 

denitrification to proceed, an exogenous electron donor, such as methanol, must be added in a 

process known as tertiary denitrification. (Rittmann and McCarty 2001) 

Tertiary denitrification is conventionally used to treat drinking water contaminated with 

NO3
- (Shrimali and Singh 2001), but can also be used in systems where high NO3

- or NO2
- 

concentrations and insufficient electron donors are present, like reclaimed water. Aqueous 

carbon sources like ethanol, acetate, acetic acid, glycerol, molasses, sugar water, MicroCTM or 

methanol can be used as the exogenous electron donor, with the last conventionally used (United 

States Environmental Protection Agency 2013). In a study conducted by Hamazah and Ghararah 
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(1996), exogenous electron donors were tested for their efficiency of removing NO3
- from a 

contaminated drinking water supply. The treatment system consisted of an anoxic static bed 

column, which received a nitrate loading rate of 240-1300 mg L-1 NO3
- per day and either 

methanol, ethanol, or acetic acid as the substrate. The stoichiometric carbon to nitrogen ratios (C: 

N) for the added substrates to influent NO3
- concentrations were 0.93 for methanol, 0.87 for 

ethanol, and 2.24 for acetic acid. Hamazah and Ghararah (1996) observed up to 97% removal of 

NO3
- with methanol, 92% removal with ethanol, and 37% with acetic acid. 

2.4.3 Quantifying Denitrifying Microbial Communities          

 Quantifying denitrifying microbial communities can be an effective measure for 

determining whether conditions, like irrigating turfgrass with reclaimed water, are conducive to 

biological denitrification. Quantitative polymerase chain reaction (qPCR) is a laboratory 

technique used in microbial ecology to quantify microbial gene abundance and/or transcript 

numbers (Smith and Osborn 2009). Specifically, qPCR can quantify taxonomic or functional 

gene markers within a microbial community, from the microbial domain of the organism down 

to the quantification of specific species or phylotypes. The qPCR process is controlled by 

repeatedly cycling between hot and cooler temperatures to amplify a specific region of DNA. 

First, genomic deoxyribonucleic acid (DNA) is denatured under hot, ~95° C, temperatures into 

single stranded DNA. Next, the temperature is decreased to ~55° C, so that oligonucleotide 

primers anneal, or bind, to the specific DNA sequence of interest. Finally, the temperature is 

raised to ~75° C, and the annealed primer is extended by a thermo-stable DNA polymerase, to 

produce the second strand of DNA. The process of denaturing, annealing, and extending is 

repeated, or cycled, until the target DNA sequence can be readily quantified.  

 Target DNA sequences, like the denitrification gene, can be quantified via the detection 

of newly developed amplicons in real-time during the PCR cycling via a fluorescent marker 

(Smith and Osborn 2009). One fluorescent marker, SYBR green, intercalates double stranded 

DNA, and thus as the number of amplicons increases after each PCR cycle, so does the 

detectable fluorescence. The detectable fluorescence can then be readily quantified and 

compared with known gene concentrations (standards) to determine microbial gene abundance 

and/or transcript numbers from a multitude of samples.    
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2.5 Wastewater Treatment 

To restore and maintain the chemical, physical and biological integrity of receiving 

waters, wastewater treatment processes remove pollutants from wastewater before discharge to 

receiving waters (United States Environmental Protection Agency 2004). Additionally, the 

processes involved in wastewater treatment dictate the overall treated effluent quality for reuse 

activities, like irrigating turfgrass, and will thus be presented in the background for this current 

study.  

In the United States, municipal wastewater treatment came into large-scale 

implementation in 1972 with the establishment of the Federal Water Pollution Control Act 

(Public Law 92-500), which is also known as the Clean Water Act (CWA) (United States 

Environmental Protection Agency 2004). To protect receiving waters, the CWA states that 

wastewater treatment systems must target five primary pollutants: 1) oxygen-demanding 

substances, 2) pathogens, 3) nutrients, 4) inorganic and synthetic organic chemicals, and 5) 

thermal inputs.  

Oxygen-demanding pollutants are primarily derived from organic matter and ammonia 

(NH3) present in wastewater, and if not treated can be destroyed or converted by microorganisms 

in receiving waters at the expense of dissolved oxygen, which can deplete oxygen in the 

receiving waters that fish and other aquatic organisms require for life (United States 

Environmental Protection Agency 2004). Pathogens in wastewater can introduce waterborne 

diseases like typhoid fever, cholera, and dysentery into receiving waters if they are not 

inactivated or removed from wastewater. Nutrients like C, N, and P are present in large 

quantities in wastewater and if left untreated can cause eutrophication of waters, as was 

discussed in Section 2.3. Inorganic and synthetic organic chemicals are also present in 

wastewater and can be derived from detergents, household cleaning agents, heavy metals, 

pharmaceuticals, pesticides, and other industrial chemicals (United States Environmental 

Protection Agency 2004). Synthetic organic and inorganic chemicals can be toxic at low 

concentrations, and can cause taste and odor problems in subsequent drinking water treatment 

operations. Thermal inputs (heat) to receiving waters from wastewater treatment plants can 

reduce the water’s capacity to retain oxygen, and influence or kill aquatic life that is sensitive to 

thermal changes (United States Environmental Protection Agency 2004).  
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 Thus, wastewater treatment plants target the removal, conversion or inactivation of such 

pollutants by using physical, biological or chemical treatment processes (United States 

Environmental Protection Agency 2004). Physical treatment processes remove pollutants from 

the wastewater by screening to remove large debris, and by settling solids that are more dense 

than the water itself via gravity, or by floating pollutants like fats, oils, and greases (FOG) from 

the system. Biological treatment targets organics and nutrients that cannot be removed from 

physical processes alone. For biological treatment, aerobic and anoxic conditions are supplied in 

a wastewater treatment plant to provide a conducive environment for nitrifying and denitrifying 

microorganisms to convert nutrients and organics to less hazardous species (United States 

Environmental Protection Agency 2004). Before purified wastewater is discharged to receiving 

waters, it is often disinfected with chlorine or ultraviolet light (UV) to remove any remaining 

pathogens and also allowed to equilibrate with ambient temperatures to reduce the wastewater 

temperature (United States Environmental Protection Agency 2004). In developed nations, the 

removal, conversion, and inactivation of pollutants from wastewater via the treatment schemes 

described above typically occur in a centralized wastewater treatment facility.   

2.5.1 Implementation of Centralized and Decentralized Wastewater Treatment Schemes 

Throughout the 20th century the United States and other industrialized nations invested 

heavily in providing water sanitation services and access to safe drinking water for their citizens. 

Providing water and sanitation services entailed the development and construction of miles of 

pipeline to connect residences and business with large centralized treatment facilities. Although 

the water and sanitation systems of the 20th century drastically reduced deaths from unsafe 

drinking water and unsanitary conditions, problems and limitations with the centralized approach 

have become increasingly apparent (Siegrist et al. 2007). One fundamental flaw is that 

centralized systems are constructed far away from cities and communities, perpetuating a 

negative public perception that wastewater is a problem rather than a resource (Massoud et al. 

2009). Aside from negative public perceptions, the construction of centralized water treatment 

systems on the outskirts of cities and communities requires a vast energy-intensive distribution 

network.  A study supported by the Electric Power Research Institute found that in 2002 roughly 

4% of electricity throughout the United States was dedicated to the treatment and conveyance of 
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water and wastewater, of which 80% of the energy was used for conveyance and only 20% was 

used for actual treatment (Guo et al. 2014).         

Decentralized wastewater treatment systems can address many of the problems associated 

with centralized wastewater treatment systems. First, decentralized treatment systems are not 

restricted to locations outside of communities, but rather can exist in rural areas, peri-urban 

developments, urban centers or any community where they are economically feasible (Siegrist et 

al. 2007). Having decentralized treatment systems in close proximity to the community can 

create greater awareness of where wastewater goes and how it is treated, while concurrently 

eliminating vast distribution systems (Guo et al. 2014). Greater public awareness of wastewater 

can in turn create greater public acceptance of water reuse schemes (Gikas and Tchobanoglous 

2009).  

2.5.2 Decentralized Wastewater Treatment: Membrane bioreactor  

Among many decentralized wastewater treatment systems, one decentralized wastewater 

treatment is particularly conducive for producing reclaimed water that can be used for turfgrass 

irrigation. The membrane bioreactor (MBR) is a compact wastewater treatment system that uses 

a combination of biodegradation, via activated sludge, and liquid/solid physical separation, via 

membrane technologies, to produce high quality effluent.  MBRs have several advantages over 

conventional activated sludge wastewater treatment systems.  First, MBRs do not need clarifiers 

or large filter boxes. Thus, the overall area required for a MBR system is considerably lower than 

that of a conventional wastewater treatment system. This makes MBRs particularly appropriate 

for communities with limited area for large conventional treatment schemes, or communities in 

remote locations where decentralized wastewater treatment schemes are most appropriate. 

Separation processes, via membrane filtration, in MBRs can also provide, on average, log 7 

removal of total coliforms, resulting in higher effluent quality than other conventional 

wastewater treatment schemes for water reuse applications, like turfgrass irrigation. MBRs also 

allow for high concentrations of mixed liquor suspended solids (MLSS) and longer solids 

retention time (SRT). High MLSS concentrations can allow for a smaller bioreactor, while 

longer SRT can allow slow-growing microbes, like those appropriate for nitrogen degradation, 

time to grow and produce a robust microbial community, while also minimizing the formation of 

excess sludge. (Le-Clech 2010)   
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2.5.3 Sequencing Batch Membrane Bioreactor (SBMBR)  

SBMBRs use prescribed filling and discharging sequences in a MBR unit to improve 

denitrification performance and sludge quality, and provide variable effluent control over typical 

MBR operations (Krampe 2013, Vuono 2014). In a SBMBR, two parallel bioreactor and 

filtration tanks work intermittently to provide continuous wastewater treatment by cycling 

between three phases: fill, react, and draw. Phase one consists of an anoxic fill period where raw 

wastewater is pumped into the first bioreactor tank and mixed with existing sludge in the 

bioreactor; resting of the membrane elements, for the first membrane tank, under aerobic 

conditions also takes place in this phase. After the fill phase, a react phase begins where the first 

bioreactor tank initiates timed aerobic and anoxic biological treatment. The exact aerobic and 

anoxic times in the react phase depend on the desired effluent quality, with aerobic conditions 

promoting nitrification, anoxic conditions promoting denitrification, and aerobic/anoxic cycles 

promoting phosphate uptake (Chou et al. 2010). After the react phase, the final draw phase is 

initiated where contents of the bioreactor tank, which have been biologically treated, begin to be 

drawn through the membrane elements, producing high quality permeate.  Concurrently, return 

activated sludge (RAS) is pumped back into the bioreactor tank and waste activated sludge 

(WAS) can be removed from the SBMBR system.  After the fill, react, and draw phases are 

complete, the SBMBR cycle can repeat itself, where the next batch of raw wastewater is pumped 

into the tank and phase one begins again.  

2.5.4 Onsite Wastewater Treatment  

 

           From pit privies to modern septic tanks, onsite wastewater treatment systems (OWTSs) 

have been used for millennia to protect public health, ground water, and surface waters from 

potentially harmful pathogens and environmentally degrading nutrients. Although effluent 

quality is different in an OWTS than reclaimed water effluent, the nitrogen activity has been 

studied extensively throughout the subsurface and is thus relevant to turfgrass irrigation with 

reclaimed water. Today, conventional OWTSs consist of a septic tank and a soil absorption field 

or subsurface wastewater infiltration system (SWIS) (Wayland III and Oppelt 2002). In a 

conventional OWTS the first line of treatment occurs in the septic tank, where settable solids and 

floatable grease/scum are captured, while simultaneously organic matter undergoes partial 

anaerobic digestion. The effluent from the septic tank, still high in concentrations of pathogens, 
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nutrients and organics, is then diverted to the SWIS, where additional treatment of these 

constituents occurs through biological processes, sorption, and filtration (Wayland III and Oppelt 

2002). The SWIS can be effective in reducing influent wastewater chemical oxygen demand 

(COD), biological oxygen demand (BOD5), and total phosphorus (TP) concentrations to 

acceptable levels, but can also be inadequate for treating high influent NO3
- concentrations (80 

mg L-1) to maximum contaminant levels (Pei-zhen et al. 2014).    

In a SWIS, the mechanism for nitrogen removal can depend on soil fixation, ammonia 

volatilization, plant uptake, and nitrification and denitrification, of which the nitrification and 

denitrification process can be the main mechanism for the conversion of ammonia nitrogen to 

nitrogen gas (Wang et al. 2010). Specifically, for denitrification to occur both anoxic conditions 

and a sufficient carbon source must exist, where a redox potential lower than 300 mV and a 

carbon to nitrogen ratio greater than three have been found to be sufficient conditions for 

denitrification to occur (Pei-zhen et al. 2014, Wang et al. 2010). Thus, denitrification can be 

limited at depths greater than 50 cm, where carbon sources can be inadequate (Pei-zhen et al. 

2014).  

When external organic carbon sources like waste cellulose solids have been added to the 

SWIS, enhanced denitrification has been observed. Robertson et al. (2000) observed enhanced 

denitrification when reactive porous barriers containing waste cellulose solids were spread 

beneath a SWIS. Septic tank effluent ranged from 4.8 mg N L-1 to 57 mg N L-1, with 

corresponding nitrate consumption rates throughout the reactive porous barrier averaging 0.7 to 

32 mg N L-1 day-1. Additionally, consumption of waste cellulose solids throughout the barrier 

was slow, and carbon replacement would not be needed for a decade or longer. (Robertson et al. 

2000)    

2.5.5 Land Treatment Systems  

 

A land treatment system is another passive wastewater treatment system, but unlike 

OWTSs that are designed to treat septic tank effluent (high in NH4
+), land treatment systems are 

designed to further treat effluent from a wastewater treatment plant (low in NH4
+ and higher in 

NO3
-) (Crites et al. 2000). Because the processes used in land treatment systems to treat nitrate, 

chemical constituents, and pathogens are similar to the treatment mechanisms in the plant-soil-
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water matrix for turfgrass irrigated with reclaimed water, the treatment mechanisms in land 

treatment systems will be described further.   

Land treatment systems apply wastewater effluent onto permeable land surfaces to 

achieve additional treatment within the plant-soil-water matrix through a combination of 

physical, chemical, and biological processes. Additional treatment from natural systems can 

provide wastewater utilities the flexibility to lower the quality of their wastewater effluent, 

resulting in a reduction of energy, chemicals, and overall treatment costs. Land treatment 

systems can also provide communities with a sustainable water source appropriate for local 

water reuse options, like aquifer recharge or agricultural irrigation. The level of treatment within 

the plant-soil-water matrix depends on the velocity and flow path of the wastewater effluent 

throughout the subsurface. The desired velocity, flow path, and level of treatment can be 

achieved with a slow rate (SR), rapid infiltration (RI), or an overland flow (OF) land treatment 

system.     

In a study conducted by Barton et al. (2000), denitrifying population dynamics were 

investigated in a forested land-based wastewater treatment system, with soil aeration, water 

content, nitrate, and carbon sources as possible limiting factors. Over the course of 12 months, 

wastewater irrigation onto the forested land-based treatment system occurred every day for 12 

hours, from which the soil remained saturated for 1 to 3 hours. The authors found that 

denitrifying populations in the top 15 cm of the soils did not increase when either nitrate or 

carbon concentrations were increased, but instead were limited by soil aeration and lack of 

anoxic conditions. Barton et al. (2000) suggested that free-draining, coarsely textured soils do 

not provide adequate anaerobic conditions to promote denitrifying population growth. In a study 

conducted by Akhavan et al. (2013), the fate and transport of NO3
-, in wastewater effluent was 

modeled throughout a permeable soil from a RI. Included in the model were the Monod-type rate 

expressions that include microbial growth, decay, and biomass inhibition. Other parameters 

included: hydraulic loading rate, subsurface soil type, the carbon/nitrogen ratio, water table 

depth, subsurface heterogeneity, and the impact of pore water saturation on denitrification. 

Akhavan et al. (2013) found that increased hydraulic loading rates can increase 

denitrification throughout the vadose zone. This relationship was attributed to increased water 

saturations in the vadose zone, which can create an increase in anoxic zones, where 
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denitrification is favorable, or create a decrease in the oxidation of DOC, where the DOC 

concentration can be maintained and utilized as the substrate for denitrifying microbes. The 

overall denitrification model was also found to be sensitive to the biomass inhibition constant, 

which accounts for the effect of bioclogging on biodegradation rates. Also, low permeability 

soils showed greater denitrification potential than high permeability soils, since residence time 

was longer for low permeability soils. Denitrification was also found to be more sensitive to the 

mass of DOC than the carbon/nitrogen ratio, where an increase in DOC increased denitrification. 

(Akhavan et al. 2013) 

2.6 Reclaimed Water 

Similarly to the wastewater effluent used in land treatment systems, reclaimed water is 

the effluent from wastewater treatment processes that meets specific water quality standards for 

biodegradable materials, suspended matter, and pathogens. The benefits of using reclaimed water 

for augmenting existing water supplies and recovering nutrients have become increasingly 

apparent, and reclaimed water is categorized for use (Figure 2.1) as either: 

1) direct potable reuse (DPR), where reclaimed water is directly incorporated into a potable 

water supply system, 

2) indirect potable reuse (IPR), where reclaimed water is mixed with either surface or 

groundwater sources that are upstream of drinking water treatment facilities, or  

3) non-potable reuse (NPR), where reclaimed water can be used for agricultural/landscape 

irrigation, cooling water in power plants/other industrial uses, and aquifer recharge, as long as 

reclaimed water for non-potable reuse does not fall under a DPR or IPR scenario (Levine and 

Asano 2004).   

Whether NPR, DPR, or IPR is desired, all of the reuse schemes follow a multi-barrier 

approach, consisting of four main components: 1) source control through raw sewage collection 

and distribution to a wastewater treatment system, 2) conventional wastewater treatment of the 

raw sewage (primary and secondary wastewater treatment), 3) additional treatment of 

conventional wastewater treatment effluent via advanced water treatment processes (such as 

membrane technologies), and 4) monitoring of the unit processes and overall drinking water 

quality (Drewes and Khan 2011).   
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Figure 2.1: NPR, DPR and IPR treatment trains. Non-potable reuse is represented on the far left 

branch of the figure, DPR is represented in the middle branch of the figure, and IPR is 

represented on the far right branch of the figure.   

DPR refers to the practice of directly adding reclaimed water to a drinking water 

collection/supply system, with no intermediate environmental buffer. A typical DPR scheme can 

consist of two strategies: 1) placing purified wastewater into an engineered storage buffer (where 

flow retention and water quality can be assured), followed by blending of the purified 

wastewater with local water supplies or treated potable water, and finally treatment of the 

blended water with conventional drinking water treatment systems, or 2) directly blending the 
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purified wastewater with local water supplies or treated potable water, and then treating the 

blended water with conventional drinking water treatment systems (Leverenz et al. 2011).           

IPR is similar to DPR, but instead of directly blending purified wastewater with a 

drinking water source it is instead first applied into an environmental buffer system (aquifers or 

surface water augmentation), where the exact residence time in the environmental buffer system 

depends on the local regulations. When the environmentally buffered water is ready for use, it is 

treated at a conventional drinking water treatment plant (coagulation, flocculation, 

sedimentation, filtration). (Drewes and Khan 2011)       

  Non-potable reuse requires treatment of wastewater such that the effluent water quality 

meets desired effluent concentrations, and that effluent is not used for human consumption 

(Bouwer 2000). Most non-potable reuse is for agriculture/urban irrigation, industrial uses, 

environmental enhancement of stressed natural ecosystems, firefighting, dust control, and toilet 

flushing. Typical non-potable wastewater treatment schemes consist of primary treatment 

(settling out solids), secondary treatment (biological treatment of nutrients), and tertiary 

treatment (flocculation, sand filtration, and disinfection). Storage reservoirs, canals, and dual 

distribution pipelines (purple pipe) are typical transport and storage schemes for distributing the 

reclaimed water from the treatment facility to the customers (Bouwer 2000).  

2.6.1 Reclaimed Water Regulations 

 Reclaimed water regulations are an imperative part of ensuring reclaimed water is 

properly treated and applied, such that the environment and humans are not at risk from use of 

reclaimed water. Although both discharging purified wastewater to receiving waters and treating 

drinking water for human consumption are regulated, no United States federal regulations 

currently govern how reclaimed water should be treated or applied. Because reclaimed water has 

no federal regulations, individual states are instead required to develop their own reclaimed 

water regulations, such that reuse projects are designed, implemented, and operated to minimize 

potential risks to the environment and humans. Despite the lack of federal regulations governing 

use of reclaimed water, the United States Environmental Protection Agency (2012) has outlined 

fundamental components that must be included in state regulations. Specifically, states must 

include the following components in their reclaimed water regulations: 
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 a purpose and/or goal statement,  

 definitions,  

 scope and applicability,  

 exclusions and prohibitions,  

 variances,  

 permitting requirements,  

 define or refine control and access to 

reclaimed water, 

  relationship to other rules and 

stakeholders,  

 relationship to regulations or 

guidelines for uses of other non-

conventional water sources,  

 reclaimed water standards,  

 treatment technology requirements, 

  monitoring requirements,  

 criteria or standards for design,  

 siting and construction,  

 construction requirements,  

 operations and maintenance,  

 management of pollutants from 

industrial users as source water 

protection,  

 access control and use area 

requirements,  

 education and notification,  

 operational flow requirements,  

 contingency plan,  

 recordkeeping,  

 reporting,  

 stakeholder participation,  

 and financial assistance. 

(United States Environmental Protection Agency 2012) 

2.6.2 Colorado Regulation 84 

Colorado Regulation 84 was enacted to protect both the public health and the 

environment from potential biological and nutrient loading risks that can be associated with use 

of reclaimed water. Regulation 84 combats these potential risks by enforcing requirements, 

prohibitions, standards, and effluent concentration limits for reclaimed water use. Specifically, 

reclaimed water regulations for landscape irrigation fall under three approved categories for use, 

where specific water treatment standards and approved uses are set for each category. Category 

one reclaimed water has the least stringent standards, and the smallest range of approved uses, 

while category three reclaimed water has the strictest standards and greatest range of approved 

uses. Because category three reclaimed water has the highest standards for protection of the 

environment and humans and can be produced from an SBMBR, it will be described further. 

Under Regulation 84, reclaimed water approved for category three use must receive secondary 
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treatment with filtration and disinfection or receive biological treatment that removes 85% of 

BOD and TSS at the point of compliance (Water Quality Control Commission 2013). Category 

three reclaimed water must also abide by detection limits for E. coli and turbidity limits at the 

point of compliance, as outlined in Table 2.1. Category three reclaimed water can be used in 

restricted access (controlled/limited access areas where reclaimed water meeting category 1 

standards is used), unrestricted access (uncontrolled access to areas where reclaimed water 

meeting category 2 standards is used), and resident-controlled locations (Water Quality Control 

Commission 2013). Because category three reclaimed water is allowed in resident-controlled 

locations, a user can irrigate grass, trees, and other vegetation located on single family properties 

or other residences where the occupant is the user and responsible for the maintenance and 

operation of the irrigation system (Water Quality Control Commission 2013).  

Table 2.1: E. coli and turbidity category 3 standards at the point of compliance. 

Parameter Limit 

E. coli/100 ml None detected in at least 75% of samples in a calendar month and 

126/100 ml single sample maximum. 

Turbidity, NTU Not to exceed 3 NTU as a monthly average and not to exceed 5 

NTU in more than 5% of the individual analytical results during 

any calendar month. 

 

Additional requirements specific for category three landscape irrigation use include the 

following. (Water Quality Control Commission 2013) 

1) Approved reclaimed water application rates must be implemented to minimize ponding or 

runoff from the area.   

2) The reclaimed water distribution system cannot be extended to or supported from a residential 

structure, and one exterior hose bib supplied with potable water must also be emplaced at the 

residential structure.   

3) A public education program for residents, public contractors, and inspectors must be 

implemented, with emphases on: 1) prohibiting cross-connections between reclaimed and 

potable water distribution systems, 2) clear identification between potable water plumbing and 

reclaimed water plumbing, and 3) avoiding contact with and minimizing ponding or runoff of 
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reclaimed water. The treater/user of the reclaimed water must also implement: 1) a cross 

connection inspection program, 2) a shut-off system that discontinues reclaimed water service to 

residents who are failing to abide by the regulations set forth in regulation 84, and 3) a map that 

indicates where reclaimed water is being provided in resident-controlled landscape irrigation. 

4) All reclaimed water use for landscape irrigation must be applied at or below the agronomic 

rate. The agronomic rate is the rate at which reclaimed water and its associated nutrients can be 

applied to a plant such that it satisfies the nutritional and watering requirements for the plant, 

while also minimizing the run off of nutrients to surrounding waters and/or leaching of nutrients 

below the plant root zone (Water Quality Control Commission 2013). Landscape irrigation can 

also be governed under waste load allocations, limits contained in total maximum daily loads 

(TMDL), or other control regulations set forth with the watershed where the irrigation occurs 

(Water Quality Control Commission 2013).     

5) Regulation 84 requires that a user submit an analysis demonstrating reclaimed water is being 

applied at or below the approved agronomic rate for nitrogen of 19.5 g m-2 yr-1. Water quality 

permit (WQP) – 21 explains the criteria for determining an acceptable nitrogen agronomic rate 

for turfgrass (Ross 2007). At the point of compliance, concentrations of total inorganic nitrogen 

(TIN) are averaged over a month, then averaged over all the months the turfgrass was irrigated 

within a period of a year (Ross 2007). The annual volume of reclaimed water use, the annual 

TIN, and the total area irrigated are utilized to obtain an annual value of applied nitrogen in 

grams per square meter (Ross 2007).   

2.7 Turfgrass 

Irrigating turfgrass with reclaimed water can be one non-potable water reuse option for 

reducing demands on potable water supplies and further treatment of reclaimed water, which can 

also have additional benefits. Turfgrass can have functional, recreational, and aesthetic benefits 

for humans and the environment. Functionally, turfgrass is effective in dissipating heat, 

preventing soil erosion and dust, and controlling air pollution. Recreationally, turfgrass provides 

a unique low-cost cushioned surface appropriate for sports and activities, promoting physical 

health benefits for the users. Aesthetically, turfgrass can be beneficial for mental health and 

overall community pride, which can increase social harmony and overall quality of life. (Beard 

and Green 1994)     
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Turfgrass is considered the largest irrigated crop in the continental United States, three 

times larger than any irrigated crop, and covers 163,000 to 202,000 km2 of land, approximately 

the size of Missouri (~180,000 km2) (Milesi et al. 2005). Irrigation with reclaimed water can 

alleviate demand on potable water supplies, while simultaneously providing essential nutrients 

for turfgrass health and aesthetic appeal. Milesi et al. (2005) also found that a well-maintained 

lawn can contribute to soil carbon sequestration. 

2.7.1 Turfgrass Water and Nutrient Requirements 

 

Turfgrass species can be categorized as either a warm-season or cool-season turfgrass. 

Warm-season turfgrass species, like buffalograss, thrive in environments where temperatures 

range from 27 to 35°C. Warm-season species are more robust to drought and heat stress and have 

lower nutrient requirements, but can also be more susceptible to colder temperature. Consistently 

cold temperatures will trigger the hibernation cycle for a warm-season turfgrass, resulting in 

aesthetically unappealing discoloration. Conversely, cool-season turfgrass species, like Kentucky 

bluegrass, thrive in temperatures ranging from 15 to 25°C. Cool season turfgrass species are 

more robust to cold temperatures but have higher irrigation and nutrient requirements than 

warm-season species. (Beard 1973)    

Both warm-season and cool-season turfgrass species require up to 16 elements essential 

for maintaining turfgrass health and aesthetic appeal (Beard 1973). Of these 16 elements, the 

three elements nitrogen (N), phosphorus (P), and potassium (K) are the most important nutrients 

for turfgrass health and aesthetic appeal (Bowman et al. 2002). Appropriate ratios of N, P, K 

applied to turfgrass are essential to avoid nutrient limitations (Beard 1973). The appropriate N to 

P ratio depends on the specific turfgrass species, soil nutrient quality, and seasonal nutrient 

demands (Vitousek and Howarth 1991). Specifically, Kentucky bluegrass can require an N, P, K 

ratio of 5-1-3, with a yearly N application rate of 19.5 g m-2, while buffalograss can require an N, 

P, K ratio of 3, 1, 2, with a yearly N application rate of 9.8 g m-2 (Koski and Skinner 2012).      

In a study conducted by Sevostianova and Leinauer (2014), reclaimed water nitrate 

concentrations were tailored throughout the turfgrass growing season to fulfill annual turfgrass N 

requirements. Turfgrass was estimated to require 11 mg L-1 of nitrate for dry regions with a year-

long growing season and up to 50 mg L-1 of nitrate for areas with a short six-month growing 
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season. Because reclaimed water nitrate concentrations from centralized wastewater treatment 

plants (typically 8 mg L-1 of NO3
-) were inadequate for fulfilling an average annual turfgrass 

nitrogen requirement of 20 to 25 g m-2, nitrate concentrations were tailored during the growing 

season to fulfill the turfgrass N annual requirement (Sevostianova and Leinauer 2014).    

2.7.2 Turfgrass Aesthetic Analysis  

The aesthetic quality of turfgrass can be used as an indicator for the overall health of a 

turfgrass plot. The visual assessment method is one aesthetic test (Horst et al. 1984). The visual 

assessment method is based on a scale from 1-9 with 1 being the worst and 9 being the best. 

Factors such as color, uniformity (patching), and leaf texture are the constraining variables that 

determine the worst (1) and best (9) quality (Horst et al. 1984).  

While the visual assessment method is common throughout the turfgrass industry, there 

are also other less subjective visual assessment tools. One such method uses SigmaScan Pro 

imaging software. The imaging software utilizes digital photographs taken in consistent lighting 

conditions to determine the aesthetic quality. Pixel by pixel, the software analyzes the different 

colors and shades of the digital photograph and assigns numbers to different shades and colors. 

The amount of green pixels that the software identifies is then used as an indicator for overall 

aesthetic appeal, with 100 percent green pixels representing the healthiest turfgrass and 0 percent 

green pixels representing the worst turfgrass (Karcher and Richardson 2005). 

Although SigmaScan Pro imaging software is a remarkable tool for analyzing turfgrass 

images, manually analyzing digital images of turfgrass with the software can become time 

consuming, especially if multiple images are collected and on frequent intervals (Karcher and 

Richardson 2005). As a result, Karcher and Richardson (2005) developed a macro named ‘Turf 

Analysis’ that can be run in SigmaScan Pro, such that multiple digital photographs are 

automatically analyzed for percent cover and/or color analysis, and the analyzed data are 

automatically saved to an Excel spreadsheet for further analysis.    

2.7.3 Turfgrass Irrigation  

 The overarching objective of turfgrass irrigation is to produce a turfgrass that meets the 

client’s desired appearance requirements, while simultaneously applying the optimal amount of 

water for the turfgrass water needs, such that neither over- or under-watering occurs. To meet the 
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client’s desired appearance requirements, the consumer must understand the species of grass and 

its water requirements, the underlying soil characteristics, the type of irrigation method in use, 

and the system’s uniformity and efficiency characteristics. (Leinauer and Smeal 2012)  

 Conventional turfgrass irrigation systems can consist of: a basic flood irrigation system, a 

subsurface or surface soaker hose, a subsurface drip system, an individual sprinkler (oscillating, 

rotary, whirling-head, or stationary) and hose configuration, or a pop-up sprinkler system, which 

is most commonly used (Leinauer and Smeal 2012). Optimization of each of these irrigation 

systems for both uniformity and efficiency can ensure that proper watering occurs. Specifically, 

to achieve both uniform and efficient irrigation, irrigation timing should take into account water 

losses from wind drift, runoff, deep percolation, evapotranspiration, the soil water-holding 

capacity, and precipitation (Leinauer and Smeal 2012).      

Subsurface drip irrigation is one turfgrass irrigation technique that provides low-flow, 

low-pressure water directly to a plant’s root zone. The drip line is installed approximately 5-10 

cm below the ground surface, where the plants roots are located. Drip emitters within the drip 

tape dispense the irrigation water at a consistently slow rate. With this subsurface configuration, 

drip irrigation systems can eliminate water runoff, evaporation, and deep percolation that are 

usually experienced with conventional surface spraying irrigation systems (Shock 2013). 

Because subsurface drip irrigation systems distribute water efficiently and with no exposure to 

the surface, it can be ideal for drought-prone areas and other locations where exposure to 

irrigation water is undesirable, such as irrigating with reclaimed water (Sevostianova and 

Leinauer, 2014). 

 In a study conducted by Siegrist et al. (2014) in Golden, CO, partially treated wastewater 

from a septic tank was applied onto native vegetation and Kentucky bluegrass at two different 

hydraulic loading rates of 5 L m-2 d-1 and 10 L m-2 d-1 via a drip dispersal system. Drip tape was 

installed between 20- to 30- cm deep in an Ascalon sandy loam soil. The lower hydraulic loading 

rate of 5 L m-2 d-1 was successful in saturating pores throughout approximately 85% of the soil 

profile, where approximately 20% of the water-filled porosity occurred along the drip dispersal 

system. Additionally, plant uptake and denitrification were successful in removing 

approximately 51% of the N applied to the system. (Siegrist et al. 2014)     
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Although subsurface drip irrigation systems have many advantages, this irrigation 

technique also has some disadvantages. First, drip systems can require a more complex irrigation 

management strategy than conventional surface irrigation systems, because water is applied 

frequently, for shorter durations of time, and is not visible to the applier. Another potential 

disadvantage of drip irrigation systems is clogging of drip emitters by particulates if turfgrass is 

being irrigated with hard water or water with high organic matter. Fortunately, these 

disadvantages can be overcome with proper education and operations and maintenance 

techniques. (Smeal et al. 2011)       
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CHAPTER 3 

EXPERIMENTAL DESIGN, MATERIALS AND METHODS 

This chapter provides the experimental specifics on how turfgrass was irrigated with 

reclaimed water, how soil pore water and soil samples were extracted from the subsurface, and 

how soil pore water and soil samples were analyzed for nitrogen species, salts, and denitrifying 

microorganisms in the vadose zone.     

3.1 Experimental Site  

This study was conducted at the Mines Park Water Reclamation Test Site (lower Mines 

Park), established by CSM, near the intersection of US Highway 6 and 19th street in Golden, 

Colorado (Figure 3.1). Specifically, turfgrass test plots are located between 1793 and 1796 m 

above mean sea level, at 39.744923, -105.224306 (WGS84), and are gently sloped 10° from west 

to east.  

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Mines Park Water Reclamation Test Site (lower Mines Park) (photo courtesy of Dave 

Vuono). Turfgrass test plots are located on the northern boundary of lower Mines Park (1). The 

remaining area of lower Mines Park relevant to this thesis consists of the SBMBR housing unit 

(2), and the laboratory (3). 
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Weather conditions with respect to temperature, relative humidity, and precipitation were 

taken from March 2012 to October 2014, via CSM’s Meteorological Station at upper Mines 

Park, located 500 m west-southwest of lower Mines Park (Colorado School of Mines Weather - 

Mines Park Meterological Station 2005). Temperature and precipitation values from CSM’s 

Meteorological station are displayed over the study period in Figure 3.2. Average temperature, 

precipitation and relative humidity values are averaged over consecutive months, as summarized 

in Table 3.1.    

 

 

 

 

 

 

 

 

 

Figure 3.2: Temperature and precipitation vs. time. Displayed temperature and precipitation 

values are averaged monthly throughout the turfgrass study (2012 to 2014).   

Table 3.1: Average temperature, relative humidity, and precipitation measurements from the 

Mines Park meteorological station. 

Date Temperature 

(°C) 

Relative Humidity 

(%) 

Precipitation 

(mm) 

March – May 2012 12 35 28 

June – August 2012 24 32 40 

September – November 2012 12 38 27 

December 2012 – February 2013 1 42 6* 

March – May 2013 8 47 41* 

June – August 2013 22 40 37 

September – November 2013 12 38 27 

December 2013 – February 2014 1 46 8 

March – May 2014 9 44 59 

June – July 2014 20 45 60 

August – September 2014 19 47 55 

*Precipitation values are inaccurate due to technical difficulties with the meteorological station  
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General soil characteristics underneath the turfgrass test plots were assumed to be 

consistent with the assessment from upper Mines Park, which was defined as fine loamy sands, 

moderate permeability, and an average depth to bedrock of 1.5 m (Lowe and Siegrist 2002). The 

specific soil characteristics found at upper Mines Park, with respect to depth, are displayed in 

Table 3.2.  

Table 3.2: Soil characteristics with respect to depth (Lowe and Siegrist 2002). 

Soil Characteristic Depth (cm) 

Sandy loam 

 
0 – 18 

Sandy clay loam (mildly alkaline) 

 
18 – 28 

Sandy loam (moderately alkaline) 

 
28 – 46 

Sandy loam/gravelly sandy loam (mildly alkaline) 

 
46 – 152 

 

Turfgrass species at lower Mines Park consisted of a cool-season Kentucky bluegrass 

(Poa pratensis (L.)) Colorado BlueTM (KBG) and a warm-season buffalograss (Buchloe 

dactyloides (Nutt.) Eng) cv. “Legacy” (BG) obtained from Green Valley Turf Company, and 

were installed as sod uniformly across eighteen 3 m x 3 m turfgrass plots. Reclaimed water for 

turfgrass irrigation was derived from municipal wastewater generated from The Apartments at 

Mines Park, located directly west of the lower Mines Park test site, and housing approximately 

400 students. Municipal wastewater from The Apartments at Mines Park was first treated via a 

SBMBR and UV disinfected before irrigating turfgrass test plots with tailored reclaimed water. 

3.2 Design of Experiment and Timeline 

To compare and contrast turfgrass health, nitrogen species, salts, and denitrifying 

microorganisms in the vadose zone, turfgrass irrigated with tailored reclaimed water was 

compared with turfgrass irrigated with potable water and supplemented with granular fertilizer. 
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Tailored reclaimed water refers to reclaimed water that has been adjusted (tailored) to nitrate 

concentrations of 8 mg L-1 and 15 mg L-1. Both tailored reclaimed water and potable water were 

applied in triplicate to either KBG or BG per 3 m x 3 m turfgrass plot, via subsurface drip 

irrigation. Turfgrass test plots were identified using a coordinate system using letters A, B, and C 

(proceeding south to north) and numbers 1 to 6 (proceeding west to east).  

To monitor for turfgrass health, nitrogen species, salts, and denitrifying microorganisms 

in the vadose zone, the following tests were conducted: aesthetic analysis, soil pore water 

analysis, and soil analysis. Aesthetic analyses were conducted approximately once per week via 

the visual assessment method and by SigmaScan Pro imaging software, described further in 

section 3.6.3. Throughout the turfgrass growing season, soil pore water samples were extracted 

from the subsurface on a monthly regimen via soil suction lysimeters. Soil samples were 

collected approximately three times throughout the turfgrass growing season, before the first 

irrigation event (May), the middle of the turfgrass growing season (August), and at the end of the 

growing season (November).  

To maintain turfgrass, turfgrass was mowed twice per week during peak growth times 

and once per week during the spring and fall, when turfgrass growth was not as substantial. 

Turfgrass was mowed with a Honda Harmony II mower (SKU 229-543; Bag-Mulch-Discharge; 

3-Speed; Self-Propelled; quadracut system) and trimmed with a Homelite 33 cm (13 in), 4 Amp, 

straight Electric String Trimmer. During mowing operations, turfgrass clippings were returned to 

the test plot, which ensured nutrients from the clippings were returned back to the test plot. 

Weeds like annual bluegrass (Poa annua), dandelion (Taraxacum officinale), and clover 

(Trifolium repens) were removed by hand as needed, primarily from buffalograss plots 

approximately once per week with an Ames Ergo Gel-Grip Hand Weeder.   

For the 2013 growing season, tailored reclaimed water was dosed with calcium nitrate, to 

15 ppm of NO3
--N, before distribution to the twelve reclaimed water test plots. For the 2014 

growing season, six of the tailored water plots were dosed with calcium nitrate to achieve 15 mg 

L-1 concentration of NO3
--N, while the remaining six tailored reclaimed water plots were dosed 

with calcium nitrate to achieve 8 mg L-1 concentration of NO3
--N (as needed) before distribution 

to the reclaimed water test plots. The 8 mg L-1 concentration of NO3
--N was added to the 

turfgrass study to represent the average effluent concentration of reclaimed water from the City 
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of Westminster and the City of Denver reclaimed water facilities, and to investigate if a lower 

concentration of NO3
- in the reclaimed water could lower soil pore water and soil NO3

- 

concentrations. The remaining turfgrass plots were irrigated with potable water derived from the 

City of Golden drinking water treatment plant, and supplemented with 20-10-5 (N, P, K) 

granular fertilizer. Based on tailored water N concentrations and recommendations from Koski 

and Skinner (2012), 20 g m-2 year-1 of N was chosen as the yearly application rate of N to the 

potable water plots. To meet the 20 g m-2 year-1 of N requirement, four applications of 5 g m-2 of 

N, using the 20-10-5 fertilizer, were applied to the potable water turfgrass plots during spring, 

early summer, late summer, and fall. For comparison, experimental N, P, K yearly application 

rates for tailored reclaimed water are presented in Table 3.3. Turfgrass plots for both grass type 

(KBG/BG) and water type (reclaimed/potable) were replicated throughout the test site, as shown 

in Figures 3.3 and 3.4. Significant dates corresponding to establishment of the test site, 

installation of instruments, analysis of soil pore water and soil, and key events are presented in 

Table 3.4.   

Table 2.3: Experimental N, P, K yearly application rates for tailored reclaimed water.  

Parameter 2012 2013 2014 

Daily irrigation volume (L d-1 18m-2) 69 88 94 

NO3
-- N Concentration (mg L-1) 7 15 

15 

8 

PO4
2--P Concentration (mg L-1) 11 11 11 

K Concentration (mg L-1) 9 9 9 

Total irrigation volume (L season-1) 28,980 73,920 94,752 

N, P, K yearly application rate (g m-2 year-1) 10, 15, 13 27, 20, 16 

29, 21, 17 

15, 21, 17 
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Figure 3.3: Turfgrass test site irrigation scheme for 2012 and 2013.  

 

Figure 3.4: Turfgrass test site irrigation scheme for 2014.  
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Table 3.3: Installation, analysis, and key events for 2012 through 2014 

Date Situation 

May 1 – 3, 2012 Subsurface drip irrigation installation 

May 4, 2012 BG and KBG turfgrass installed 

June – September, 2012  Installation of lysimeters 

Lysimeter vacuum sampling test 

September 20 – 23, 2012  Initial leachate and soil sampling 

September 30, 2012 Start of subsurface irrigation for growing 

season one  

November 3 – 6, 2012 Leachate and soil sampling event 

Potable water treatment for all stations 

December 8, 2012 Irrigation turned off  

March 28, 2013 Randomized leachate sampling event 

April 7 – 8, 2013 Flush valve drainage system installed 

June 1 – 5, 2013 Leachate sampling event 

June 17 – 27, 2013 Soil sampling event 

June 21, 2013 8 m2 of new BG installed in select locations 

July 1, 2013 Start of subsurface irrigation for growing 

season two  

August 2 – 5, 2013 Leachate sampling event 

September 20 – 27, 2013 Soil sampling event 

October 10 – 15, 2013 Leachate sampling event 

November 9 – 14, 2013 Leachate sampling event 

November 15, 2013 Irrigation turned off 

November 30 – December 3, 2013 Soil sampling event  

May 20 – 30, 2014 Soil sampling event 

May 29 – June 1, 2014 Leachate sampling event 

May 30, 2014 Start of subsurface irrigation for growing 

season three 

June 30 – July 2, 2014 Leachate sampling event  

July 15, 2014 25 m2 of new BG installed on plots 2-A, 3-A, 

and select locations 

July 25 – August 2, 2014 Soil sampling event  

August 4 – 7, 2014 Leachate sampling event  

September 1 – 5, 2014 Leachate sampling event  
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3.3 Establishment of Experimental Test Site 

 A proper test site to research the influence of reclaimed water irrigation on turfgrass 

quality, nitrogen speciation, salts, and denitrifying microorganisms in the vadose zone was 

established by installing a subsurface drip irrigation system, turfgrass, and soil suction lysimeters 

and soil moisture sensors. Additional information on turfgrass establishment not presented in this 

thesis is provided by Roux (2013).   

3.3.1 Turfgrass Test Bed Installation  

The first phase for establishing the Mines Park turfgrass test bed was the mechanical 

tilling of the test site (Figure 3.5(a)). Mechanical tilling removed existing vegetation and allowed 

subsequent subsurface drip irrigation tubing and turfgrass sod to be installed with ease. From 

May 1, 2012 to May 3, 2012 subsurface drip irrigation and turfgrass sod were installed at the 

site. With the aid of a tractor, TORO DL2000® Series PC Drip tubing (outer diameter (OD): 1.8 

cm; inner diameter (ID): 1.6 cm; operating pressure: 100 – 410 kPa; emitter flow rate: 1.9-3.8 L 

hr-1; emitter spacing: 30 cm) was installed east to west over the 9x18 m area (Figure 3.5(b)). 

Across the 9 m x18 m area, drip tape was installed in parallel 30 cm apart and 5-10 cm deep. 

After initial installation of the subsurface drip tubing, sections that were to receive one water 

type and two types of turfgrass were identified, partitioned, and excavated from north to south 

along the test site (Figure 3.5(c)). The exposed subsurface tubing was then cut and connected on 

the western side to 2.5 cm OD PVC tubing that supplied the influent water, while on the eastern 

side of each section 2.5 cm OD PVC tubing was installed for the effluent water (Figure 3.5(d)). 

The outflow PVC tubing was then connected to automatic flush valves (Netafim USA) at the 

northern edge of the test site, to allow for removal of any possible suspended solids present in the 

drip irrigation line. The influent PVC tubing was then routed and connected to nine TORO P-220 

Series electric pressure-regulating valves. For the 2014 growing season, each TORO P-220 valve 

dispensed one of three possible influent water types, while for the 2012 and 2013 growing 

season, either potable or tailored reclaimed water was dispensed by each valve, as displayed in 

Figure 3.5(e). After completing the irrigation system, granular fertilizer was applied and 

turfgrass sod (KBG and BG) was installed in triplicate configurations across the 9 m x 18 m plot 

(Figure 3.5(f)).  
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Figure 3.5: Turfgrass test bed installation. The test site was prepared by mechanically tilling the 

site (a). Subsurface drip irrigation tape was then installed east to west (b). Drip irrigation tape 

was then excavated for triplicate treatment types (c). Drip irrigation was then cut and connected 

to PVC to allow for influent and effluent flows (d). Influent valves were then connected in 

triplicate to each triplicate water type (e). Finally, BG and KBG were installed across the 9 m x 

18 m test site (f).             

(a) (b) 

(d) 

Influent Effluent 

(e) (f) 

(c) 
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3.3.2 Lysimeter Assembly  

 After installation of the turfgrass test bed, 60 lysimeters were assembled to collect soil 

pore water. The Model 1900 Soil Water Sampler (Soil Moisture Equipment Corp., Santa 

Barbara, CA) consists of a 4.8 cm outer diameter (OD) by 25.4 cm long apparatus, a 4.8 cm OD 

by 1.7 cm long two-hole santoprene rubber stopper (cap), and a 4.8 cm OD by 1.4 cm long 

ceramic porous cup, rated at 200 kPa of air entry. Lysimeters were assembled with two 0.64 cm 

OD tubes, 10 and 30 cm long, to both provide vacuum for soil pore water collection and to 

collect lysimeter leachate, respectively. To prevent the sample and vacuum lines from moving, 

one clamp was attached to each line, and a silicon bead was applied between the santoprene 

rubber stopper (cap) and apparatus (Figure 3.6(a)). At the end of each 10- and 30- cm long 

vacuum and sample line, 0.64 to 0.64 cm (¼ inch to ¼ inch) Home Depot model #94045 brass 

valves were installed, as pictured in Figure 3.6(b).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Assembled lysimeter. Lysimeter, leachate sampling line, and vacuum line 

dimensions, all numerical values are in cm (a). Completed lysimeter with blue leachate sampling 

line, yellow vacuum line and brass valves (b).    
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3.3.3 Lysimeter and Soil Moisture Sensor Installation  

To monitor for soil moisture, subsurface temperature, and salinity, one soil moisture 

sensor (SMS), consisting of a top and bottom sensor at 5 and 60 cm, was installed in every 3 m x 

3 m test plot. To collect soil pore water samples, three ceramic cup soil suction lysimeters were 

also installed at 10, 20, and 60 cm depths for every 3 m x 3 m test plot (Figure 3.7). One 10-cm, 

one 20-cm, and two 60-cm deep holes were dug in each test plot with a 5.1 cm (2 inch) auger 

attached to a rotohammer, and soil was intermittently removed with a Shop-Vac® Brand 

Wet/Dry VacTM vacuum. Soil from each plot was then sieved with a 1 cm screen and mixed with 

potable water at an approximate ratio of 3:1 to produce a backfill slurry. Before installation of 

instruments, the holes were filled with up to 500 mL of slurry, to allow for direct contact 

between the ceramic porous cup, SMS electrodes, and the surrounding subsurface media. After 

the SMS and lysimeters were placed into 500 mL of slurry, approximately 7 cm of bentonite 

pellets (0.635 cm; time release; NSF-ANSI Standard 60) were placed above the bottom sensor of 

the SMS and above the ceramic cups of the lysimeters. Bentonite pellets limited vertical soil pore 

water flows to be sensed by the SMS and collected from lysimeters. After bentonite pellets were 

poured into their respective holes, the remainder of the hole was filled with the 3:1 slurry 

mixture. After lysimeters were installed and slurry hardened, a 10 cm inner diameter (ID) by 30 

cm long PVC tube was inserted around the 10 cm deep lysimeter, while the 20 and 60 cm 

lysimeters received a 10 cm ID by 22 cm long PVC tube (Figure 3.7). PVC tubing ensured 

protection of sample lines, vacuum lines, brass valves, and the lysimeter itself from 

environmental factors and maintenance activities.  

 

 

 

 

 

 

 

Figure 3.7: Soil moisture sensor and lysimeters configuration per 3 m x 3 m plot.  

30 cm length PVC 

22 cm length PVC X 2 

5
 X

 3
 (

P
V

C
) 

Lower S.M.S. at 60 cm 

Max depth 5.08 cm 

10 

20 

60 



 

40 

 

3.4 Reclaimed Water Treatment, Delivery and Irrigation Regiments   

 Treatment of reclaimed water occurred at lower Mines Park, while potable water was 

treated at the City of Golden drinking water treatment plant. Potable and reclaimed water were 

delivered to and discharged from the turfgrass test site using specific guidelines to determine 

exact times and duration of irrigation.   

3.4.1 Treatment of Reclaimed Water 

Before delivery of tailored reclaimed water to the turfgrass test plots, treatment of the 

municipal wastewater from The Apartments at Mines Park occurred via the treatment train 

outlined in Figure 3.8. First, wastewater from the Apartments at Mines Park was diverted from 

the local sewer to a storage tank, where flow could be attenuated. Approximately 1,225 L hour-1 

of storage tank effluent was then pumped through a 2 mm fine screen and discharged into an 

SBR. After the SBR was filled with screened storage tank effluent, the SBMBR underwent 

biological nutrient removal via anoxic and aerobic cycling. After biological nutrient removal, the 

suspended solids were separated from the water via filtration through 0.02 µm hollow-fiber 

ultrafiltration (UF) membranes, producing high-quality effluent (permeate). After filtration 

through the UF membranes, reclaimed water was UV disinfected (TROJANMAX Pro 10 Guelph 

ON, Canada) and then stored in a 1900 L storage tank. The SBMBR system operating 

parameters, membrane characteristics, and average concentrations of chemical constituents in the 

tailored reclaimed water and potable water are presented in Tables 3.5, 3.6 and 3.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Lower Mines Park wastewater treatment train  
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Table 3.4: SBMBR system operating parameters (Benecke 2012).  

Criterion Value 

SBR Maximum Volume 17.5 m3 

MBR Maximum Volume 6.3 m3 

Volume Exchange Ratio (VER) 10 % 

Recirculation Flow 76 L min-1 

 

Table 3.5: SBMBR PURON membrane parameters (Benecke 2012).  

Criterion Value 

Classification of Membrane Ultrafiltration 

Nominal Pore Size 0.04 µm 

Surface Area  72 m2 

Material Polyvinylidene difluoride (PVDF) 

Flow Direction Outside-in 

Driving Force Vacuum 

Flux 19 L m-2 h-1 

 

Table 3.7:  Average concentrations of chemical constituents in tailored and potable water.  

Criterion Units Tailored Water Potable Water 

3TOC - - 1.39 

COD mg L-1 15 – 20  - 
4TDS mg L-1 300 – 340  185 

Turbidity ntu - 0.46 

Alkalinity  mg L-1 CaCO3 60 – 70  54 

pH - 6.3 – 7.5  8.5 

NO3
--N mg L-1 3 – 15 0.17 

NH4
+ - N mg L-1 1 – 5 * 

Total PO4
2--P mg L-1 9 – 12 * 

Potassium (K+) mg L-1 7 – 12 2.3 

Iron (Fe2+) mg L-1 0.019 0.002 

Sodium (Na+) mg L-1 40 – 50  23.5 

Calcium (Ca2+) mg L-1 25 – 30  * 

Magnesium (Mg2+) mg L-1 6.5 – 8.5  * 

“Tailored Water” represents typical ranges from 2012 to 2014. “Potable Water” are average 

values from the City of Golden water quality report from 2013. 3TOC is total organic carbon and 

is reported as a ratio that must remain above 1.0 for optimal water treatment (City of Golden 

Public Works Department 2013). 4TDS = total dissolved solids. * = average value was not 

reported.   
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To produce reclaimed water, anoxic and aerobic cycling conditions were adjusted 

periodically throughout the turfgrass growing season, as shown in Table 3.8. Cycling blowers on 

and off created aerobic or oxic conditions (blowers on) that promoted nitrification of influent 

NH4
- to NO3

-, and anoxic conditions (blowers off and NO3
- present) that promoted denitrification 

of NO3
- to N2 (g).  

Table 3.8: Oxic and anoxic cycling for reclaimed water production. Oxic times represent when 

blowers are on (in minutes), while anoxic times represent when blowers are off (in minutes). 

Superscripts represent aeration cycles within a single react period (e.g. Oxic1 and anoxic1 

represent the first cycle). 

Date 

Oxic1 Oxic2 Oxic3 Oxic4 Oxic5 

Anoxic1 Anoxic2 Anoxic3 Anoxic4 Anoxic5 

9/19/12 to 11/6/12 

39 35 0 0 0 

17 7 5 8 12 

6/28/13 to 2/18/14 

40 20 30 10 12 

20 10 0 0 0 

5/12/14 to 5/18/14 

35 20 30 10 12 

25 10 15 5 0 

5/18/14 to 6/11/14 

35 20 30 10 12 

25 10 20 5 0 

6/11/14 to 7/29/14 

35 20 30 10 12 

25 10 25 5 0 

7/29/14 to 8/18/14 

35 20 30 10 12 

25 10 30 5 5 

8/18/14 to 10/24/14 

35 20 30 10 12 

25 10 25 5 5 
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3.4.2 Delivery and Discharge of Reclaimed and Potable Water to and from Turfgrass Site 

Delivery and discharge of reclaimed water to and from the turfgrass test plots occurred 

via the mechanisms shown in Figure 3.9. From the 1900 L storage tank, reclaimed water was 

pressurized by a high-head, 38 L min-1, 0.5 HP submersible pump (Orenco Systems 

Incorporated, Sutherlin, OR). Reclaimed water was pressurized to match in-line pressure 

supplied to the potable water plots at approximately 350 kPa (Figure 3.9(a)). Pressurized 

reclaimed water was then routed to the laboratory, where for the 2014 growing season it was 

split into two different streams, one for 8 mg L-1 of NO3
-, and the other for 15 mg L-1 of NO3

-. 

The turfgrass irrigation potable water line, was connected to the potable water supply located in 

the laboratory. All three water types were then routed through three Minol Pulse 130 Output 

Water Flowmeters (maximum flow rate: 83 L min-1, maximum pressure: 1030 kPa, maximum 

temperature: 90°C). If needed, for the tailored reclaimed water plots, two Walchem EZB11D1-

VC electronic chemical metering pumps (Figure 3.9(b)); maximum output capacity: 38 mL min-

1; maximum output per stroke: 0.11 mL; maximum pressure: 1034 kPa), dosed 40 g L-1 of 

calcium nitrate into the reclaimed water flow to achieve 8 mg L-1 and 15 mg L-1 of NO3
--N. From 

the laboratory, both tailored and potable water flows were diverted to the turfgrass test bed 

irrigation box, where each water type was filtered through a DIG PI3-155, 1.905 cm 155 mesh 

stainless steel filter screen. The 155 mesh stainless steel filter screen ensured that any suspended 

solids were captured before distribution to the drip irrigation system. Nine TORO P-220 Series 

electric pressure-regulating valves (Figure 3.9(c)) distributed the water flows to their respective 

drip irrigation zones, where each drip irrigation zone consisted of two 3 m x 3 m turfgrass plots. 

After an irrigation event, the effluent from the drip irrigation system was diverted to automatic 

flush valves (Figure 3.9(d)) and discharged via a subsurface trench to an area east of the turfgrass 

plots. Flushing reclaimed water and potable water from the subsurface drip irrigation system via 

automatic flush valves ensured that any particulates that may have entered into the system were 

removed after an irrigation event before drip emitters could become clogged.  
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Figure 3.9: Delivery and discharge of tailored reclaimed water and potable water to and from the 

turfgrass test bed. Reclaimed water was pressurized from the 1900 L storage tank and sent to the 

laboratory (a). At the laboratory, all three water types flowed through flowmeters; tailored 

reclaimed water was dosed with calcium nitrate and then sent to the turfgrass irrigation box (b). 

At the irrigation box, all water types were filtered and distributed to their respective drip 

irrigation zones (c). After an irrigation event, all waters were flushed away from the test site via 

flush valves discharging into a subsurface trench (d).     

3.4.3 Irrigation Regimen 

To ensure both potable and tailored reclaimed water plots were irrigated at a rate equal to 

turfgrass water requirements, irrigation times were matched to evapotranspiration rates and also 

adjusted to precipitation events. Precipitation events were monitored with a TORO Model 

TWRFS Wireless Rain/Freeze sensor. The Rain/Freeze sensor automatically disabled irrigation 

for one day if at least 6 mm of precipitation occurred, to prevent watering during and after 

(a) 

(c) (d) 

(b) 
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precipitation events. To match evapotranspiration rates to irrigation rates, daily average net solar 

radiation, mean wind speed at a height of 2 m, maximum/minimum temperatures, and relative 

humidity at a height of 2 m were downloaded on a weekly basis from CSM’s Meteorological 

Station, located at upper Mines Park (Colorado School of Mines Weather - Mines Park 

Meterological Station 2005). Raw evapotranspiration data, from the previous seven days, were 

downloaded from CSM’s Meteorological station and then transcribed into a Microsoft Excel 

spreadsheet format, “PMday”, developed from Snyder and Eching and the California Department 

of Water Resources. Excel data were then used in the Penman-Monteith equation (Equation 3.1) 

to calculate reference evapotranspiration rates for a 0.12 m tall crop. 

 

𝐸𝑇𝑂𝑆 =
0.408∆(𝑅𝑛−𝐺)+𝛾

1600

𝑇+273
𝑢2(𝑒𝑠−𝑒𝑎)

∆+𝛾(1+0.38𝑢2)
                                                                                          (3.1) 

where 

ETos = standardized short crop reference evapotranspiration (mm day-1); 

Rn = net solar radiation at crop surface (MJ m-2 day-1); 

G = soil heat flux density at soil surface (MJ m-2 day-1); 

T = mean daily air temperature at a height of 2 m (°C); 

es = mean saturation vapor pressure at max and min air temperatures at 2 m height (kPa); 

∆ = slope of vapor pressure-temperature curve at 2 m height (kPa); and 

γ = psychrometric constant (kPa °C-1).  

 

After irrigation rates were matched to evapotranspiration rates, irrigation times were 

calculated based on the size of the turfgrass plot and the valve flow rate for each turfgrass plot. 

To prevent leaching of water and nutrients, irrigation durations over 10 minutes were avoided, 

and instead were divided into multiple pulses. Irrigation was scheduled to occur at night to utilize 

diurnal SBMBR peak NO3
- concentrations (Roux 2013).          

3.5 Acquisition of Soil and Leachate Samples 

 To analyze for nitrogen species, salts, and denitrifying microbial organisms, both soil 

pore water and soil samples were acquired from the turfgrass test plots. Soil pore water samples 

were extracted from the subsurface via soil suction lysimeter, while soil samples were acquired 

from the subsurface via excavation and collection.   



 

46 

 

3.5.1 Acquisition of Soil Samples  

Soil samples were collected before, during, and after the turfgrass growing season (June, 

September, December), to analyze for salts, nitrogen species, chemical constituents, and 

denitrifying microorganisms in the vadose zone. Soil samples were collected similarly to 

lysimeter installation procedures, by drilling with a rotohammer and intermittently removing soil 

with a vacuum (Figure 3.10(a)). For each test plot, two 60 cm deep holes were drilled. Soil 

samples from each hole were then taken manually at 60, 20, and 10 cm deep, and homogenized 

per 3 m x 3 m plot (Figure 3.10(b)). To prevent contamination between samples, sampling tools 

were sterilized with ethanol and rinsed with deionized water before extracting soil from each test 

plot and at each respective depth. For soil testing at Agsource Laboratories, approximately 500 g 

of soil was collected in 1 quart Ziploc bags, while for denitrifying microorganism testing, 50 mL 

Falcon test tubes were filled with soil and immediately frozen at -20°C.     

  

 

 

 

 

 

Figure 3.10: Soil collection. First, two 60 cm deep holes were drilled per 3 m x 3 m turfgrass plot 

(a). Then, soil samples from each hole were collected by hand at 60, 20, and 10 cm deep, and 

homogenized between the two holes (b).   

3.5.2 Acquisition of Leachate Samples  

Soil pore water samples were collected monthly throughout the growing season for 

analysis of nitrogen species and chemical constituents at 10, 20 and 60 cm deep. Before 

lysimeter leachate was collected, irrigation for the six respective turfgrass plots to be tested that 

day was turned off for 24 hours. After 24 hours of not irrigating and/or delaying collection for 

precipitation events, lysimeters were attached to a vacuum pump and manifold configuration, as 

shown in Figures 3.11(a), 3.11(b), and 3.11(c). The vacuum pump and manifold configuration 

(b) (a) 
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supplied approximately 500 kPa of negative pressure (vacuum) to the lysimeters for 

approximately 24 hours. The vacuum on the lysimeter allowed soil pore water to migrate from 

the subsurface through the ceramic porous cup of the lysimeter. After 24 hours, leachate samples 

were extracted from the lysimeters via a vacuum flask as depicted in Figure 3.11(d). To limit 

crossover between samples, the vacuum flask was rinsed with deionized water before extracting 

a new leachate sample from each test plot and respective depth. Leachate samples were passed 

through a 0.45 µm filter before analyzing via HACH test kits and ion chromatography (IC). 

Eighteen lysimeters were sampled at once every 24 hours, with collection and analysis of 

leachate from the entire turfgrass plot occurring over a period of three days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Leachate collection. Eighteen lysimeters were sampled at a time (a). A vacuum 

pump and manifold provided and distributed the required vacuum pressure to the lysimeters (b). 

Manifold vacuum lines were connected to the yellow vacuum line on the lysimeter (c). After 24 

hours of vacuum pressure, leachate was extracted from lysimeters via the blue sample line (d).    

(a) (b) 

(c) (d) 
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3.6 Leachate, Soil and Aesthetic Analyses 

To monitor for turfgrass quality, as well as the concentrations of nitrogen species, salts 

and denitrifying microorganisms in the vadose zone, visual ratings, soil pore water analysis and 

soil analysis were conducted throughout the turfgrass growing season, approximately May to 

November. The results from these analyses were tested for statistical significances using 

statistical analysis software (SAS). SAS was used for analysis of variance (ANOVA) with 

respect to date, grass type, water type, and depth. For this study, a probability (p) value less than 

0.05 between two variables signified that the correlation was significant. Additionally, a Pearson 

correlation coefficient (PCC) was used to indicate the strength of the correlation, where a PCC 

greater than 0.5 signified a moderate correlation, for this study. Significant correlations were 

plotted in Microsoft Excel, where figures with bar graphs labeled with different corresponding 

letters were defined to be statistically different from one another.   

  3.6.1 Analysis of Leachate Samples  

After leachate was extracted from lysimeters, the captured leachate was filtered with a 

0.45 µm filter (PALL Supor ® - 450, 25 mm diameter, Pall Corporation, Port Washington, NY). 

After filtration, the volume of leachate was recorded, and the pH and electrical conductivity (EC) 

were measured via a handheld pH meter (Thermo Fisher Scientific Inc., Waltham, MA) and EC 

handheld meter (Oakton Instruments, Vernon Hills, IL). After volume, pH, and EC 

measurements, the leachate was tested for nitrogen species (NO3
- - N, NO2

- - N, total inorganic 

nitrogen, and NH3 - N) via HACH TNTplus™ test kits, as summarized in Table 3.9. Samples 

were analyzed with a HACH DR 2800™ UV VIS Spectrophotometer with RFID Technology 

(for the 2012 – 2013 growing seasons) or a HACH DR 6000™ UV VIS Spectrophotometer with 

RFID Technology (for the 2014 growing season). After leachate samples were analyzed for 

nitrogen species, samples were stored in a refrigerator at 4°C for IC analysis. 

IC analyses were performed on leachate samples to confirm nitrogen HACH analyses and 

to test for additional anions, like chloride. Approximately 6 mL of leachate was dispensed from 

each sample into 8 mL vials for analysis of anions via IC (Dionex ICS-90). The anions were 

analyzed according to EPA Method 300.1 and included fluoride (F-), chloride (Cl-), bromide 

(Br-), NO3
-, phosphate (PO4

3-), and sulfate (SO4
2-) (Hautman and Munch 1997). 
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Table 3.9: HACH TNTplus™ test kits used for analysis of nitrogen species in leachate. 

Measurement HACH Product 

Number 

Detection 

Range 

USEPA 

Approval 

Analysis Method 

NO3
- - N TNT835 0.23 – 13.5 Yes Dimethylphenol 

NO2
- - N TNT839 0.015 – 0.600 Yes Diazotization 

Total inorganic 

nitrogen 

TNT826 1 – 16 - Persulfate 

Digestion 

NH3 - N TNT830 0.015 – 2.000 Yes Salicylate 

 

3.6.2 Analysis of Soil Samples  

 Soil samples were analyzed for salts, nitrogen species, and chemical constituents by 

Agsource Laboratories (Lincoln, NE); methods used for these analyses are presented in Table 

3.10. Denitrifying microbial abundance was analyzed via qPCR by amplifying nirS, nirK, and 

nosZ denitrifying functional genes.  

For analysis of denitrifying microbial gene abundance, genomic DNA was extracted in 

duplicate from soil samples with a PowerSoil® DNA Isolation Kit (Mo Bio Laboratories, 

Carlsbad, CA); duplicate extractions were conducted to increase the concentration of genomic 

DNA in the final DNA extraction product. The first step in the DNA extraction process was the 

preparation of soil samples before allocation to PowerBead tubes, which entailed: 1) thawing 

frozen soil samples, 2) air-drying soil samples for approximately 4 hours, 3) manually removing 

grass roots and rocks from soil, and 4) grinding soil into a fine powder with a laboratory spatula. 

Soil preparations took place in an ethanol-sterilized laminar hood, depicted in Figure 3.12(a). 

Initially, 0.40 g of prepared soil was placed into PowerBead tubes from soil samples collected on 

Sept 20th, 2012, Nov 3rd, 2012 and samples 1-A-10 through 1-C-60 on June 13th, 2013, while 

0.35 g of prepared soil was used for the remaining soil samples. The soil sample weight was 

reduced from 0.40 g to 0.35 g in an attempt to increase the purity of genomic DNA extractions. 

The remainder of the original soil sample was immediately returned to the -20°C freezer 

following step 1) above, and PowerBead tubes were also frozen immediately after allocating 

0.40 or 0.35 g of soil into the tubes.                                                                                                                                                                                                                  

.           To extract DNA from prepared soil, approximately 18 PowerBead tubes at a time were 

thawed and subjected to the remaining steps involved in the PowerSoil® DNA Isolation Kit 

process (Figure 3.12(b)). The user protocol provided by Mo Bio laboratories was followed with 



 

50 

 

the following adjustments: 0.35 g or 0.40 g of soil was provided to the PowerBead tubes in step 

1, 1 minute of vortexing occurred in step 5, 700 µL of supernatant was transferred in step 13, 670 

µL of supernatant was transferred in step 15, and 50 µL of nuclease-free water was used in step 

20. Duplicate genomic DNA extractions were also pooled in the last step to produce a total of 

100 µL of nuclease-free water per 0.80 g or 0.70 g of prepped soil. Immediately following the 

PowerSoil® DNA Isolation Kit process, genomic DNA extracts were stored in a -20°C freezer.     

After genomic DNA was extracted from soil samples, microbial denitrifying gene 

abundance of nirS, nirK, and nosZ was quantified via qPCR using the primer sequences outlined 

in Table 3.11. Forward primers, reverse primers, Perfecta® SYBR® Green PCR Supermix with 

AccuStart™ Taq DNA polymerase, nuclease-free water, and the genomic DNA template were 

carefully mixed together in a qPCR 96 well plate, within a UV and ethanol sterilized laminar 

hood (Figure 3.12 (c)); the specific volumetric quantities in the 96 well plate reaction mixtures. 

Table 3.10: Analysis methods performed on soil samples by Agsource Laboratories.  

Parameter Analysis Method 

Total Organic Nitrogen Kjeldahl digestion 

NO3
- - N Cadmium reduction 

NH3 - N Saturated media extract 

Phosphorus (P) Bray I extraction 

pH 1:1 Soil/water slurry 

Buffer pH Sikora method 

Soluble salts 1:1 Soil/water slurry 

Salinity Saturated paste extraction 

Organic matter Loss of ignition 

Calcium (Ca), Potassium (K), Magnesium (Mg), Sodium (Na) Ammonium acetate extraction  

 

Table 3.11: Forward and reverse primers for nirS, nirK, and nosZ gene amplification (Throbäck 

et al. 2004, Henry et al. 2004, Henry et al. 2006). 

Target 

Gene 
Primer Name Primer Sequence 5’ – 3’ 

Amplicon 

Size 

 

nirS 

Forward – cd3af GTS AAC GTS AAG GARA CSG G  

425 Reverse – R3cd GAS TTC GGR TGS GTC TTG A 

 

nirK 

Forward – nirK876 ATY GGC GGV AYG GCG A  

164 
Reverse – nirK1040 GCC TCG ATC AGR TTR TTG GTT 

nosZ 
Forward – nosZ1840 CGCRACGGCAASAAGGTSMSSGT 

 264 
Reverse – nosZ2090 CAKRTGCAKSGCRTGGCAGAA 
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Reaction mixtures are presented in Table 3.12. The targets genes of interest were then 

amplified from the extracted genomic DNA on a LightCycler 480 (Roche Applied Science, 

Indianapolis, IN) and quantified in real-time using SYBR Green for fluorescence under the 

amplification conditions in Table 3.13. The fluorescence then compared with either a nirS, nirK 

or nosZ standard curve. Standard curves were produced by bead purifying amplicons (MagJET 

Genomic DNA kit), quantifying the DNA concentration of the purified amplicons via Qubit 

analysis, and finally sequentially diluting the purified amplicon 10-fold to generate standard.  

 

 

 

 

 

Figure 3.12: Microbial analysis of soil samples. Soil samples were first prepared in a laminar 

hood before allocation to PowerBead tubes (a). Next, DNA extractions isolated genomic DNA 

for qPCR analysis (b). Genomic DNA was combined with nirS, nirK, or nosZ primers, Perfecta® 

SYBR® Green PCR Supermix with AccuStart™ Taq DNA polymerase, and nuclease-free H2O 

before analysis on the LightCycler 480 (c).  

Table 3.12: Reaction mixes for nirS, nirK, and nosZ (Roux 2013). 

Agent Volume/Reaction 

(µL) 

Stock 

Concentration 

Perfecta® SYBR® Green PCR Supermix with 

AccuStart™ Taq DNA polymerase 

12.5 2X* 

Forward primer 1 12.5 µM 

Reverse primer 1 12.5 µM 

Nuclease-free H2O 8.5 - 

Genomic DNA template 2 * 

Total Reaction Volume 25  

*Genomic DNA concentrations varied throughout the soil samples. 2X* is the original stock 

concentration of Perfecta® SYBR® Green PCR Supermix with AccuStart™ Taq DNA 

polymerase. 

(a) (b) (c) 
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Table 3.13: Amplification conditions for nirK and nirS (Henry et al. 2004, Throbäck et al. 2004). 

Time (s) Temperature (°C) Cycle Description 

300 95 1 Reaction activation 

15 95 
6 

(touchdown) 

Denaturation 

30 63 Annealing 

30 72 Extension 

15 95 

40 

Denaturation 

30 58 Annealing 

30 72 Extension 

15 95 
1 

Denaturation 

0.1 °C (s)-1 99 - 55 Melt curve 

 

Table 3.14: Amplification conditions for nosZ (Henry et al. 2006). 

Time (s) Temperature (°C) Cycle Description 

300 95 1 Reaction activation 

30 95 

35 

Denaturation 

60 54 Annealing 

1 72 Extension 

10 95 
1 

Denaturation 

0.11 °C (s)-1 99 - 55 Melt curve 

 

qPCR data were analyzed for copy numbers and overall reaction efficiencies via the 

LinRegPCR analysis. For each qPCR run, a text file from the LightCycler 480 was downloaded 

and converted to an Excel file via a program named Conversion from LightCycler 480 to 

LinRegPCR Version 2.0 (Ruijter et al. 2009). The converted Excel file was then uploaded into 

LinRegPCR, with uncorrected baselines, for analysis. Overall efficiencies for each target gene 

were averaged over all qPCR runs for that gene of interest. The copy number estimates for each 

soil sample were calculated from a linear regression line, via LinRegPCR. 

3.6.3 Analysis of Turfgrass Quality 

To monitor turfgrass quality and percent cover, visual ratings and digital images were 

taken weekly during the growing season. Both the visual assessment method and SigmaScan Pro 

software (SigmaScan® Pro 5.0) were used to qualitatively and quantitatively rate the aesthetic 

quality and overall health of the turfgrass. It should be noted that the SigmaScan Pro imaging 

analysis was not implemented until July 2013. To minimize statistical outliers and variations 

between light intensity throughout the growing season, consistent light intensity settings were 
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maintained for SigmaScan Pro measurements with the use of a light box, which consists of a 

wooden box and artificial lighting (Figure 3.13).  

After digital photographs of each turfgrass plot were taken, digital images were first 

renamed in accordance with their respective plots (Plot01 – Plot18, where Plot01 is Plot 1A and 

Plot18 is Plot 6C), so the SigmaScan Pro macros could identify each picture. Once turfgrass 

pictures were renamed, turfgrass images were resized in SigmaScan Pro to a width of 800 and a 

height of 600 via the ‘Edit Images.BAS’ macro developed by Karcher and Richardson (2005). 

After images were resized, another macro developed by Karcher and Richardson (2005) named 

‘Turf Analysis.bas’ was utilized to quickly and accurately analyze turfgrass pictures for % cover 

of green pixels. Specifically, images 01 – 18 were analyzed at once, color analysis settings were 

set to the entire image to measure the total pixels from the 1st image only and then used for the 

remaining images, and threshold settings were set from a hue of 40 to 120 and a saturation of 0 

to 100.  

 

 

 

 

 

 

Figure 3.13: Light box used for SigmaScan Pro imaging analysis when taking digital 

photographs (a) and inside the light box (b).  

 

 

 

 

(b) (a) 
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CHAPTER 4 

RESULTS 

To address the concerns associated with reclaimed water for turfgrass irrigation this 

results chapter will focus on the results pertinent to those concerns by presenting 1) turfgrass 

quality and percent green cover, 2) nitrogen concentrations from the leachate and soil samples, 3) 

salinity concentrations from the leachate and soil samples, 4) microbial denitrification gene 

abundance from the soil samples, and 5) correlations between the analyses. Additionally, soil 

moisture results will be presented for further discussion on saturated and unsaturated zones. 

Experimental results that did not directly relate to the concerns associated with reclaimed water 

or that were not statistically different were excluded from this chapter, but can be found in 

Appendix A. The results for the parameters above will be ordered throughout each section of this 

chapter by first displaying the broadest trends (e.g. concentrations vs. depth), then more specific 

trends based on an additional variable (e.g. concentrations vs. time with respect to depth), 

followed by the most specific trends based on multiple variables (e.g. concentrations vs. time 

with respect to grass type, water type and depth). To account for the change in irrigation regimen 

that occurred after 2013, results throughout this chapter are also broken into two time periods, 

the 2012 to 2013 seasons and the 2014 season. Values that are significantly different from one 

another are represented by different letters in the figures for this chapter.  

4.1 Turfgrass Aesthetic Analysis   

As detailed in the sections below, throughout the turfgrass study (2012 – 2014), both 

visual and digital aesthetic analyses rated KBG higher than BG plots. BG plots were influenced 

seasonally, with declines in turfgrass quality and percent cover occurring in the fall (September) 

and gradual increases occurring in the spring (May and June) until BG was fully reestablished in 

July. BG aesthetic ratings were also negatively influenced by removal of invasive weeds and 

scalping of BG plots in the spring, which exposed bare soil and decreased quality of the BG plot. 

Turfgrass test plots irrigated with reclaimed water did not exhibit signs of stress or injury to 

turfgrass aesthetic appeal or health. Irrigation water type did not correspond to a difference in 

visual quality or percent cover ratings of the KBG and BG plots. 
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4.1.1 Visual Turfgrass Aesthetic Analysis  

Over the course of this study (August 2012 to October 2014), average visual quality 

ratings for KBG plots were statistically higher (p < 0.0001) than BG plots (Figure 4.1). From 

August 2012 to October 2014, all BG plots consistently had lower visual quality rating than 

KBG plots (Figures 4.2, 4.3). Regardless of irrigation water type (potable or reclaimed), visual 

quality ratings for BG plots were influenced seasonally, with sharp declines in ratings occurring 

after September and gradual increases in ratings only occurring in the spring until stable 

conditions returned in July (Figures 4.2, 4.3).  

 

 

 

 

 

 

 

 

Figure 4.1: Average KBG and BG visual quality ratings (2012 to 2014). Different letters signify 

values are statistically different.      

 

 

 

 

 

 

 

 

 

Figure 4.2: Visual quality rating vs. time with respect to turfgrass and water type (2012 to 2013).  
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Figure 4.3: Visual quality rating vs. time with respect to turfgrass and water type (2014). 

4.1.2 Digital Turfgrass Aesthetic Analysis  

From July 2013 (when the digital imaging analysis was first implemented) until October 

2014, percent green cover was greater for KBG than the corresponding BG plots (Figures 4.4, 

4.5). Percent green cover for BG was seasonally dependent, with BG going into dormancy in 

September of 2013 and 2014 resulting in declines in percent green cover. Reemergence of BG in 

May and June resulted in gradual increases in percent green cover (Figures 4.5). Percent green 

cover for each turfgrass species was not dependent on the type of irrigation water used, potable 

or reclaimed, and instead followed similar seasonal trends (Figures 4.6, 4.7).   

 

 

 

 

 

 

 

Figure 4.4: Percent green cover vs. time with respect to turfgrass species (2013). Different letters 

signify values are statistically different. 
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Figure 4.5: Percent green cover vs. time with respect to turfgrass species (2014). Different letters 

signify values are statistically different. 

 

 

 

 

 

 

 

 

Figure 4.6: Percent cover vs. time with respect to turfgrass and water type (2013). 

 

 

 

 

 

 

 

 

Figure 4.7: Percent green cover vs. time with respect to turfgrass and water type (2014). 
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4.2 Soil Moisture Analysis  

 Soil samples were analyzed for soil moisture at 10 cm, 20 cm and 60 cm deep. Overall, 

percent soil moisture was not significantly different at different depths, but soil moisture content 

was higher at 10 cm deep and soil moisture content did slightly decrease with depth (Figure 4.8). 

Additionally, soil moisture values at 5 cm and 60 cm deep followed similar trends from data 

recorded on soil moisture sensors, but are not displayed in this thesis because measurement 

techniques were different.       

 

 

 

 

 

 

 

 

 

Figure 4.8: Percent soil moisture vs. time with respect to depth.  

4.3 Nitrogen Analysis 

Overall, NO3
- was the dominant nitrogen species present in both the leachate and soil 

samples (Appendix A). Over the course of the entire turfgrass study, nitrate concentrations in 

both the soil pore water and soil varied seasonally, with higher NO3
- concentrations in both the 

soil pore water and the soil during spring and fall months. Overall, NO3
- concentrations in pore 

water were lower for turfgrass plots irrigated with potable water and supplemented with granular 

fertilizer than for reclaimed water plots, but were the same in soil. For the 2014 season, irrigating 

reclaimed water plots with a lower dose of NO3
- (8 ppm) did not result in a lower NO3

- pore 

water nor soil concentration, when compared to reclaimed water plots irrigated with 15 ppm 

NO3
-.  
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4.3.1 Leachate Nitrogen Analysis  

After turfgrass establishment in 2012 and irrigation throughout 2013, leachate nitrate 

concentrations were statistically higher (p = 0.0196) at 10 cm deep than at 20 cm deep for the 

entire turfgrass test site, though the concentrations at 60 cm were not statistically different from 

those at the other two depths (Figure 4.9). Throughout the turfgrass study (2012 to 2014), soil 

pore water NO3
- concentrations were highly dependent on seasonal changes, with spring and fall 

months producing higher soil pore water NO3
- concentrations than summer months (Figures 4.10, 

4.11). For turfgrass plots irrigated with 15 ppm NO3
-, nitrogen pore water concentrations 

increased in September 2013 from 4.5 to 20 ppm NO3
- and maintained similar concentrations 

until the end of the season in November 2013 (Figures 4.10). Aside from March 2013, turfgrass 

plots irrigated with potable water and supplemented with granular fertilizer maintained pore 

water NO3
- concentrations below 10 ppm throughout 2012 and 2013 (Figure 4.10). Before BG 

plots were reestablished from winter dormancy (June 2014) they had statistically higher (p < 

0.0001) soil pore water NO3
- concentrations than KBG plots, but after BG was reestablished they 

had the same soil NO3
- concentrations as the KBG plots (Figure 4.11).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Average leachate nitrate-N concentrations vs. depth for all grass and water types with 

respect to depth (2012 to 2013). Different letters signify values that are statistically different.  
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Figure 4.10: Leachate nitrate-N vs. time with respect to water type (2012 to 2013). Different 

letters signify values that are statistically different.    

 

 

 

 

 

 

 

 

Figure 4.11: Leachate nitrate-N vs. time with respect to turfgrass type (2014). * = Insufficient 

leachate volume from BG lysimeters for nitrate-N analysis. Different letters signify values that 

are statistically different. 

4.3.2 Soil Nitrogen Analysis  

From 2012 to 2013, soil NO3
- concentrations decreased with depth in turfgrass plots 

irrigated with reclaimed water at 15 ppm NO3
--N; for turfgrass plots irrigated with potable water 

that were supplemented with granular fertilizer, soil nitrate concentrations were also higher at 10 

cm deep than at 20 or 60 cm deep (Figure 4.12). Similarly, during 2012 and 2013, average 

concentrations of soil NO3
- in KBG and BG plots also decreased with depth, and were 

statistically the same for both KBG and BG plots at 20 and 60 cm deep (Figure 4.13).  
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Figure 4.12: Average soil nitrate-N concentrations vs. depth with respect to water type (2012 to 

2013). Reclaimed water was at 15 ppm nitrate. Different letters signify values that are 

statistically different. 

 

 

 

 

 

 

 

 

 

Figure 4.13: Average soil nitrate-N concentrations vs. depth with respect to turfgrass type (2012 

to 2013). Different letters signify values that are statistically different.  

4.4 Salinity Analysis  

Electrical conductivity (EC) was the primary parameter used to evaluate pore water 

salinity, while both EC and the sodium adsorption ratio (SAR) were used to determine overall 

soil salinity. From 2012 to 2013, leachate EC was independent of irrigation water type for 

individual turfgrass species. Additionally, pore water and soil EC varied with turfgrass species, 

with KBG having greater EC measurements than BG in the turfgrass rootzone. From 2012 to 

2014, SAR values were dependent on irrigation water type, where plots irrigated with reclaimed 
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water had higher average SAR values than plots irrigated with potable water. For the 2014 

season, SAR values varied with turfgrass species, where KBG plots had statistically higher SAR 

values than BG plots.     

4.4.1 Leachate Salinity Analysis  

 In 2012 and 2013, EC measurements for BG plots were not influenced by depth or water 

type but were statistically lower than KBG potable plots at 20 cm deep and KBG reclaimed plots 

at 10 cm deep (Figure 4.14). Although reclaimed KBG plots had higher EC measurements than 

BG plots at 10 cm depth, KBG pore water salinity decreased with depth from 10 cm to 60 cm to 

statistically similar (p = 0.0476) levels as BG plots (Figure 4.14). For the 2014 season, EC 

measurements for reclaimed water plots were statistically indistinguishable from potable water 

plots for June and July, but rose in August 2014 to levels higher than potable water plots (Figure 

4.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Leachate EC vs. depth with respect to water type, turfgrass type, and depth (2012 to 

2013). * = Insufficient leachate volume from potable BG 10 cm deep lysimeters for EC analysis. 

Different letters signify values that are statistically different.   



 

63 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: Leachate EC vs. time with respect to water type (2014). * = Insufficient leachate 

volume from lysimeters in plots irrigated with reclaimed water at 8 ppm nitrate for EC analysis. 

Different letters signify values that are statistically different.     

4.4.2 Soil salinity analysis 

In 2012 and 2013, soil EC concentrations decreased with depth, where soil salinity was 

higher at 10 cm than 60 cm deep regardless of irrigation water type (Figure 4.16). Soil salinity 

concentrations for both KBG and BG plots increased from November 2012 until September 

2013, with KBG concentrations rising at a higher rate than BG (Figure 4.17), before decreasing 

in December 2013 after the September 2013 flood event.  

Like EC, the sodium adsorption ratio (SAR) for potable and reclaimed water plots 

increased from November 2012 to September 2013 and decreased in December 2013, but not to 

levels equivalent to November 2012 (Figure 4.18). Reclaimed water plots had higher SAR values 

than potable water plots in September and December of 2013 (Figure 4.18). From May to August 

2014, SAR increased in both KBG and BG plots, with KBG plots having higher SARs than BG 

plots (Figure 4.19). Similarly, both reclaimed water plots (8 ppm and 15 ppm NO3
-) had higher 

SAR values than the preceding sampling event in May 2014 (Figure 4.20), though the change in 

SAR for potable water plots was insignificant during the same time period. Also in August 2014, 

reclaimed water plots irrigated with 15 ppm NO3
- had a higher SAR than plots irrigated with 

either reclaimed water at 8 ppm NO3
- or potable water (Figure 4.20).     
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Figure 4.16: Soil EC with respect to water type and depth (2012 to 2013). Different letters 

signify values that are statistically different.   

 

 

 

 

 

 

 

Figure 4.17: Soil EC vs. time with respect to turfgrass type (2012 to 2013). Different letters 

signify values that are statistically different.     

 

 

 

 

 

 

 

Figure 4.18: Soil SAR vs. time with respect to water type (2012 to 2013). Different letters 

signify values that are statistically different.     
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Figure 4.19: Soil SAR vs. time with respect to turfgrass type (2014). Different letters signify 

values that are statistically different.      

 

 

 

 

 

 

Figure 4.20: Soil SAR vs. time with respect to water type (2014). Different letters signify values 

that are statistically different.      

4.5 Microbial Denitrification Gene Abundance  

nirK denitrifying genes were present in most DNA extractions, but had relatively low 

amplification efficiency of 1.63. nirS denitrifying genes were also present in most DNA 

extractions and had a higher amplification efficiency of 1.82. nosZ denitrifying genes were not 

successfully amplified from DNA extractions. When extractions were spiked with amplicons of 

nosZ, little or no inhibition was observed, so nosZ functional genes were assumed absent in the 

turfgrass samples.  

Throughout the turfgrass study (2012 to 2014), nirK abundance was seasonally variable, 

where lower abundance occurred during late fall and early spring. From 2012 to 2013, nirK 
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abundance varied with depth (from 10 cm to 60 cm deep), but was independent of turfgrass 

species for this time period.      

From 2012 to 2014, nirS genes were less abundant (4.0 log nirS copies (g soil)-1) than 

nirK genes (6.4 log nirK copies (g soil)-1), when averaged over all depths, water types, and grass 

types. With the exception of November 2012, nirS abundance in plots irrigated with reclaimed 

water was lower than or equal to the abundance of nirS genes in plots irrigated with potable 

water for the entire turfgrass study. 

4.5.1 Soil nirK gene abundance 

 Soil nirK genes were more abundant across the entire turfgrass site at 10 cm deep than at 

60 cm deep during 2012 and 2013 (Figure 4.21). From September 2012 to September 2013, 

turfgrass plots irrigated with potable and reclaimed water had comparable abundance of soil nirK 

(Figure 4.22). Throughout 2013, soil nirK abundance in reclaimed water plots was influenced 

seasonally, with lower abundance of nirK occurring in June and December 2013 (Figure 4.22). 

Aside from December 2013, soil nirK abundance was the same for KBG plots as BG plots 

throughout 2012 and 2013 (Figure 4.23). Regardless of irrigation water type, nirK abundance 

increased slightly from May to August 2014 (Figure 4.24).  

 

 

 

 

 

 

 

 

 

 

Figure 4.21: log nirK copies (gram soil)-1 with respect to depth (2012 to 2013). Different letters 

signify values that are statistically different.      
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Figure 4.22: log nirK copies (gram soil)-1 vs. time with respect to water type (2012 to 2013). 

Different letters signify values that are statistically different.       

 

 

 

 

 

 

Figure 4.23: log nirK copies (gram soil)-1 vs. time with respect to turfgrass type (2012 to 2013). 

Different letters signify values that are statistically different.       

 

 

 

 

 

 

 

 

Figure 4.24: log nirK copies (gram soil)-1 vs. time with respect to water type (2014). Different 

letters signify values that are statistically different.        
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4.5.2 Soil nirS gene abundance 

 Soil nirS abundance was significantly lower in November 2012 than other months for 

plots irrigated with potable water, but not for plots irrigated with reclaimed water (Figure 4.25). 

In November 2012, nirS in potable water plots was lower than in reclaimed water plots, while in 

June 2013, the relationship reversed (Figure 4.25). From May to August 2014, nirS abundance 

increased in plots irrigated with potable and 15 ppm NO3
--N reclaimed water (Figure 4.26).  

Between May and August 2014, abundance of soil nirS increased in KBG and BG plots irrigated 

with potable water and BG irrigated with 15 ppm NO3
--N reclaimed water (Figure 4.27).  

 

 

  

 

 

 

 

Figure 4.25: log nirS copies (gram soil)-1 vs. time with respect to water type (2012 to 2013). 

Different letters signify values that are statistically different.   

 

 

 

 

 

 

 

 

Figure 4.26: log nirS copies (gram soil)-1 vs. time with respect to water type (2014). Different 

letters signify values that are statistically different.   
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Figure 4.27: log nirS copies (gram soil)-1 vs. time with respect to water and turfgrass type (2014). 

Different letters signify values that are statistically different.  Z* = BCD 

4.6 Correlations 

 The results for quality, nitrogen, salinity, and microbial analyses were assessed for 

correlations to each other with respect to turfgrass species, depth, and season (Table 4.1, Figure 

4.38). Seasons were divided into growing and dormancy seasons, where the growing season was 

defined as March to October and the dormancy season was defined as November to February. It 

should also be noted that dormancy months typically had lower samples sizes around 20, and 

thus are not displayed in figures. Results from each of the analyses above were averaged over 

depths and water types and then compared to one another, where a p value less than 0.05 

between two variables signified that the correlation was significant, and a Pearson correlation 

coefficient (PCC) greater than 0.5 indicated a moderate correlation, as defined for this study. 

Additional correlations that had lower PCC’s but were still statistically significant (p < 0.05) are 

presented in Appendix A. Visual quality and %cover correlations were disregarded from 60 cm 

depths, because the nutrients at this depth were assumed to not be available for turfgrass roots. 

Throughout the dormant months, SAR and quality were positively correlated while leachate 

nitrate and nirK abundance were negatively correlated for BG. During the growing season, soil 

EC and nirK abundance, as well as turfgrass quality and nirK abundance, were positively 

correlated for BG. Throughout both the dormant and growing seasons, the visual quality rating 

and leachate nitrate, visual quality and nirS abundance, and percent cover and soil EC were 

negatively correlated for KBG.  
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Table 4.1: Correlations between different variable for BG and KBG during growing seasons and 

dormancy and at different soil depth.   

Turfgrass Depth (cm) Season Variable1 Variable2 PCC p value 

BG 

10 
dormant SAR (s) quality 0.71 0.03 

growing EC (s) nirK 0.72 0.00 

20 
dormant nitrate (spw) nirK -0.50 0.03 

growing quality nirK 0.54 0.00 

KBG 

10 dormant quality nitrate (spw) -0.50 0.02 

20 
dormant quality nirS -0.78 0.00 

growing cover EC (s) -0.54 0.00 

(s) = soil, (spw) = soil pore water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-38: Correlations. (a) Soil EC and nirK direct relationship for BG in the growing season 

at 10 cm deep. (b) Visual quality and nirK direct relationship for BG in the growing season at 20 

cm deep. (c) Percent green cover and soil EC indirect relationship for KBG in the growing 

season at 20 cm deep. 
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CHAPTER 5  

DISCUSSION 

 This chapter examines the results presented in Chapter 4 and discusses how they relate to 

other studies and/or have other significant implications relative to addressing the concerns of 

nitrate leaching, rootzone salinity, and poor turfgrass health when reclaimed water is used to 

irrigate turfgrass. This discussion will focus on 1) the aesthetic analysis from the visual and 

SigmaScan Pro imaging tests, 2) nitrogen concentrations from the leachate and soil samples, 3) 

salinity trends from the leachate and soil samples, 4) microbial denitrification gene abundance 

from the soil samples, and 5) interpretation of the correlations.   

5.1 Turfgrass Quality   

 Quality analyses of turfgrass were instrumental in verifying whether reclaimed water can 

be applied to turfgrass, while still maintaining both aesthetic appeal and overall turfgrass health. 

Throughout this study, irrigating turfgrass in a semi-arid climate with tailored reclaimed water 

produced from a SBMBR did not negatively influence quality or percent cover; on the contrary 

turfgrass irrigated with reclaimed water exhibited equal or greater quality than turfgrass irrigated 

with potable water and supplemented with granular fertilizer. This result agrees with previous 

studies, where reclaimed water can produce high quality turf if rootzone salinity can be managed 

(Chen et al. 2013, Akponikpè et al. 2011, Marcum 2006). Because rootzone salinity was a central 

parmater for this study, it is discussed further in Section 5.3.  

 The SigmaScan Pro imaging software and the visual assessment method were effective 

techniques in determining turfgrass aesthetic appeal, but the two tests did have discrepancies. 

Although the visual assessment method and SigmaScan Pro analysis had similar results, 

SigmaScan Pro rated BG plots consistently lower during the spring and fall seasons than the 

visual assessment method. This discrepancy was most likely from subjectivity and errors of the 

individual performing the test, as described by Karcher and Richardson (2003). Karcher and 

Richardson (2003) found that even when experts rated turfgrass plots for density, color, and leaf 

texture, their ratings differed significantly from expert to expert, where in some cases the 

correlation (r) between expert ratings were less than 0.68 (where r = 1 represents a perfect 

positive fit). Conversely, when Karcher and Richardson (2003) compared digital images of 
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Munsell plant tissue color chips (for which hue, saturation and brightness (HSB) were known) to 

the HSB values of the analyzed SigmaScan images, the correlations between the experimental 

and known values for HSB were r = 0.99, r = 0.98, and r = 0.98, respectfully. It should also be 

cautioned that although the SigmaScan Pro imaging software is a highly accurate measurement 

tool for turfgrass color, the analysis is constrained by the area that can be photographed at once 

by the light box dimensions, which only allow for a 60 cm x 60 cm section of the 3 m x 3 m 

turfgrass plot to be evaluated at once. To circumvent this constraint, digital photographs were 

taken on sections of the turfgrass plots most representative of the entire plot. Conversely, the 

visual assessment method can evaluate the entire 3 m x 3 m turfgrass plot at once, which was 

particularly important for evaluating BG plots that were susceptible to both seasonal browning of 

turfgrass and infestation of weeds.  

For every aesthetic analysis from 2012 to 2014, both the visual assessment method and 

SigmaScan Pro imaging software rated KBG plots higher than BG plots. Higher ratings for KBG 

plots than BG plots were not dependent on irrigation water type (potable or reclaimed), but were 

instead dependent on seasonal changes, where seasonal changes in Golden, CO ranged from cold 

winter months to hot summer months. Cool-season turfgrass species, like KBG, can thrive in 

temperatures ranging from 15 to 25°C, while warm-season turfgrass species, like BG, can only 

thrive in temperatures ranging from 27 to 35°C (Beard 1973). For Golden, CO, average 

temperatures during both the spring and fall were all below the cool-season turfgrass temperature 

requirement of at least 27°C, which corresponded to the dormancy or reemergence phases of BG 

plots and overall poor aesthetic appeal. Additionally, even when BG was fully established in the 

summer, the turfgrass color was a blue-green hue that was always less green and less dense than 

the KBG, which had dense and dark blue-green grass blades. These results support that although 

BG had poorer turfgrass aesthetics than KBG, the decrease in aesthetic appeal was not derived 

from irrigating BG with reclaimed water, but was instead dependent on seasonal temperature 

changes. Thus, the aesthetic appeal rating for warm-season turfgrasses should be taken with 

caution, especially when comparing them to cool-season turfgrasses.     

Previous literature (Bowman et al. (2002)) states that nutrients like N, P, and K can be the 

most important nutrients for turfgrass health and aesthetic appeal. Turfgrass plots irrigated with 

reclaimed water and potable water received N, P, and K throughout the year. Turfgrass plots 
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receiving tailored reclaimed water at 15 mg L-1 of nitrate fulfilled the recommendation from 

Koski and Skinner (2012) of 20 g m-2 year-1 of N, while reclaimed plots irrigated with reclaimed 

water at 8 mg L-1 of nitrate did not fulfill the N requirement. This is consistent with the findings 

of Sevostianova and Leinauer (2014), where reclaimed water nitrate concentrations from a 

centralized wastewater treatment plant were not adequate for fulfilling the yearly N requirement 

and reclaimed water needed to be tailored throughout the growing season to higher nitrate levels.    

These reclaimed water application rates also fulfilled the P recommendations from Soldat 

and Petrovic (2008) of 1 to 6 g m-2 year-1 of P, and the K recommendations from Rosen et al. 

(2006) of 0 to 16 g m-2 year-1 (depending on background soil concentrations). Irrigating turfgrass 

with tailored reclaimed water can therefore provide nutrients needed to maintain turfgrass health 

without the need for applying an external nutrient source, like granular fertilizer.  

The results from the aesthetic analysis indicate that both turfgrass species were not in 

physiological or osmotic drought throughout the study. Thus, subsurface drip irrigation was 

effective in delivering potable and reclaimed water to turfgrass plots, but did require more 

complex irrigation management strategies, where weekly evapotranspiration readings were 

calculated and correlated to irrigation watering events scheduled for shorter more frequent 

irrigation times. This was described by Smeal et al. (2011): subsurface irrigation water must be 

applied in shorter, more frequent time intervals and is not visible to the applier. In addition to a 

more complex irrigation management strategy, Smeal et al. (2011) suggested that water high in 

Ca2+ and bicarbonate (HCO3
-) can cause the drip emitters to become clogged with calcium 

carbonate precipitate (CaCO3). In this study, proper treatment of reclaimed water with 

ultrafiltration membranes as well as operation and management strategies likely reduced salts 

and suspended solids in the subsurface drip irrigation system, which aided in the prevention of 

emitter clogging. Such strategies included filtering tailored reclaimed water though 1.905 cm 

(0.75 inch) 155 mesh stainless steel filter screens before distribution to turfgrass plots and 

discharging reclaimed water effluent from the subsurface drip irrigation system after an irrigation 

event. These results signify that, although subsurface drip irrigation can be more complicated, it 

can be an effective irrigation method when using reclaimed water. Additionally, if calcium 

nitrate is used to tailor reclaimed water in the future, subsurface drip emitters should be 

monitored closely for the precipitation of Ca2+, which can clog the emitters.  
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5.2 Leachate and Soil Nitrogen   

 Nitrogen analysis of both soil and soil pore water were essential for determining if 

turfgrass and denitrifying microorganisms had access to nitrogen, were converting nitrogen 

species, and/or if nitrates were accumulating and/or leaching throughout the subsurface. 

Monitoring nitrogen species and particularly NO3
- is necessary to prevent the contamination of 

aquifers or surface waters, and avoid the negative effects of methemoglobinemia and/or 

eutrophication (Shrimali and Singh (2001), Pitois et al. (2001)).  

For turfgrass irrigated with tailored reclaimed water from a SBMBR in a semi-arid 

climate, NO3
- concentrations in both soil pore water and soil samples varied seasonally, with 

spring and fall months having higher NO3
- concentrations than in summer months. When warm-

season turfgrasses go into or come out of dormancy during the fall and spring months, 

respectively, they may not use all of the applied nutrients, if nutrients were applied based on a 

yearly agronomic rate. Compounding the problem, seasonal NO3
- fluctuations can also be a 

result of seasonal biological denitrification requirements. Microbial denitrification can be one of 

the primary removal mechanisms for removing N from an onsite wastewater treatment system, 

even more so than plant uptake (Wang et al. 2010). Knowles (1982) reported that low 

temperatures from 0 to 35°C can disrupt the denitrification cycle, where denitrification can be 

slowed and NO3
- will not be effectively converted to N2 or is transformed instead into other end-

products like NO or N2O. It should be noted that Knowles (1982) experimented with a 

denitrifying community in a laboratory environment, and the higher temperature (35° C) that was 

reported to be in the low temperature range for denitrification to occur may not be representative 

of soil denitrifying communities. Nevertheless, the study by Knowles (1982) does provide 

insight into the temperature effects on denitrifying microbial communities, where temperatures at 

or below freezing can slow the denitrification cycle. These findings are contrary to other 

literature from Chen et al. (2013) and CO Regulation 84, which state NO3
- leaching throughout 

the subsurface can be prevented if nutrients are applied at the yearly agronomic rate of the plant 

species and turfgrass is watered at the evapotranspiration rate. These results suggest that nutrient 

application (particularly N or NO3
-) should be tailored in the spring and fall months for 1) the 

turfgrass nutritional needs for that specific time (particularly for warm-season turfgrasses) and 2) 

the capability of the microbial communities to denitrify in that particular month. Factoring in the 
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denitrifying microorganisms into the nutrient tailoring methodology may provide a needed 

additional barrier between reclaimed water and underlying aquifers, which is a promising 

possibility that should be investigated further.             

Regardless of irrigation water type or turfgrass species, soil NO3
- concentrations 

decreased with depth throughout the 2012 and 2013 seasons, where 10 cm depths had NO3
- 

levels higher than the drinking water standard maximum contaminant level (MCL) of 10 ppm, 

and NO3
- levels at 60 cm depths were below or slightly higher than the of10 ppm MCL. 

Although NO3
- concentrations at 60 cm deep were at or below the 10 ppm drinking water MCL, 

contamination of underlying aquifers may be a risk if turfgrass irrigation continues. Similar to 

the literature pertaining to onsite wastewater studies by Wang et al. (2010) and land based 

treatment studies by Arkhavan et al. (2013), a decrease in NO3
- throughout the subsurface can be 

observed when microbial denitrification proceeds. Nitrate may be present at 60 cm deep if 

denitrification is limited at these depths due to carbon limitation. This agrees with the findings 

from Robertson et al. (2000), where denitrification at greater depths in a SWIS was only 

enhanced after the septic tank effluent was allowed to pass through a reactive porous barrier 

containing waste cellulose solids (an external carbon source). 

Additionally, soil characteristics may also influence denitrifying microbial communities 

and thus overall denitrification throughout the vadose zone. In a study performed by Arkhavan et 

al. (2013), denitrification rates were measured in a rapid infiltration land treatment system, where 

low permeability soils showed greater denitrification potential than high permeability soils, 

because hydraulic residence times were longer in the more compact soils. Based on the soil 

characterization from Lowe and Siegrist (2002), a clay layer exists in the subsurface between 18 

and 28 cm deep, which may have increased hydraulic residence times and thus enhanced 

denitrification. Additionally, this clay layer may be deep enough for anoxic conditions to exist, 

shallow enough for NO3
- and carbon sources to exist, and deep enough for stable subsurface 

temperatures. These factors may account for the decrease in NO3
- concentrations from 10 cm to 

60 cm deep. These results suggest that either plant uptake or denitrification removed NO3
- 

between 10 cm and 60 cm deep. If the latter is true, microbial communities in or near the clay 

layer (18 cm to 28 cm deep) may have provided an extra barrier between reclaimed water and 

underlying aquifers; future studies should investigate the abundance of denitrifying communities 
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in this clay layer more thoroughly. These findings agree with the soil moisture data, where 

percent soil moisture above 50% was found to occur throughout the soil profile, which could be 

adequate for anoxic conditions. These findings also agree with Siegrist et al. (2014), where 

saturated conditions occurred in approximately 85% of a soil profile and 51% of applied N was 

removed by plant uptake and denitrification after Kentucky bluegrass sod was irrigated with 

septic tank effluent via a drip dispersal system.    

Additionally, the microbial activity at 60 cm deep should be investigated to determine if 

it is carbon limited. If carbon limited, a reactive porous barrier may need to be installed at these 

lower depths in the turfgrass site or aqueous carbon sources may need to be dosed into the 

irrigation line before continuing irrigation with reclaimed water. If reclaimed water is used in the 

future, nutrients (particularly N) should be carefully monitored throughout the subsurface from 

both pore water and soil samples, such that underlying aquifers are not at risk of contamination 

from nutrients in reclaimed water.             

From 2012 to 2013, turfgrass plots irrigated with potable water and supplemented with 

granular fertilizer had on average lower or equal NO3
- concentrations in both soil pore water and 

soil samples than turfgrass plots irrigated with reclaimed water. These findings are significant, 

because they indicate that turfgrass irrigated with reclaimed water can have higher 

concentrations of NO3
- in both the soil pore water and soil than turfgrass irrigated with potable 

water and supplemented with granular fertilizer. It should also be noted that granular fertilizer 

was in the form of a slow-release tablet, where concentrations of N, P, and K were released 

slowly over an extended period of time. Conversely, N, P and K in tailored reclaimed water were 

in the aqueous phase, where turfgrass roots could obtain nutrients easily from the irrigation 

water, but would also allow for nutrients to leach through the subsurface more easily than the 

granular fertilizer nutrients. These results signify that if nutrients like N, P, and K are applied in 

the aqueous phase they may be more prone to leaching than if they were in the solid phase. This 

has implications for future studies, where if reclaimed water is being compared with potable 

water, the fertilizer that is used with potable water may need to be in an aqueous phase, so 

reclaimed and potable water plots can be compared more directly.                  

Throughout the 2014 season, turfgrass irrigated with reclaimed water at 8 ppm NO3
- did 

not have lower soil and pore water concentrations of NO3
- when compared with reclaimed water 
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plots irrigated with 15 ppm NO3
-. These results are similar to those in the studies conducted by 

Barton et al. (2000), where denitrifying dynamics were investigated in a forested land treatment 

system that was further treating secondary effluent. Barton et al. (2000) found that denitrifying 

populations in the top 15 cm of the land treated soils did not become more abundant when excess 

NO3
- or external carbon sources were added to the system. Denitrifying population dynamics 

were not solely dependent on NO3
- or external carbon sources, but were also dependent on soil 

aeration characteristics. Coarsely textured soils allowed O2 into the top layers of the soil, which 

did not provide an adequate environment for anoxic conditions to promote further denitrification, 

even in the presence of excess NO3
- and carbon sources (Barton et al. 2000). These results 

indicate that even when additional NO3
- is applied, denitrifying microbial populations may not 

increase and/or be able to convert the additional NO3
- without an anoxic environment.  

5.3 Leachate and Soil Salinity  

 When salts accumulate in the turfgrass rootzone, turfgrass can be susceptible to 

physiological or osmotic drought. Water deficiencies from this salt accumulation can injure the 

turfgrass, where leaf size, photosynthetic capabilities, and/or root growth are reduced, and if left 

untreated can lead to death of the turfgrass (Evanylo et al. (2010).  

 Although tailored reclaimed water had higher EC than potable water, the average soil 

pore water EC for both water types (potable and reclaimed) was classified as medium EC (250 – 

750 µS cm-1) and was independent of water type for the same turfgrass species, in a semi-arid 

climate. This medium EC concentration throughout the turfgrass plots can be attributed to the 

percent leaching fraction scenario described below. Although salts were not purposefully 

allowed to leach through the subsurface by over-watering, precipitation events (particularly snow 

melt in the spring) were most likely adequate to allow salts that had accumulated in the rootzone 

throughout the summer to leach out of the system. These results signify that although salts may 

accumulate in the rootzone when turfgrass is irrigated with reclaimed water, the salts can be 

managed by allowing them to leach out of the system. Although this leaching practice may be 

effective it should be taken with caution, because accumulated NO3
- may also leach and put 

underlying aquifers at risk of contamination.    

 From 2012 to 2014, soil SAR measurements in KBG plots were on average equal to or 

higher than those in BG plots. Although KBG plots had higher SAR values than BG plots, 1.1 
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and 0.9 respectively, the SAR for both soils can be classified as low (0-10) (Duncan et al. 2000). 

Because soil SAR values for KBG and BG were within 20% of each other, the SAS analysis that 

identified these two values as statistically different should be taken with caution. A type II 

statistical error may be involved, where a statistical difference that should have been rejected is 

instead accepted. Although KBG has a low SAR value, it should continue to be monitored, 

because according cool-season turfgrasses can be more affected by salinity stress during hot 

summer months (Duncan et al. 2000) when salt accumulation in the rootzone is increasing. These 

results signify that, for reclaimed and potable water during the time frame of the study, both 

turfgrasses were not in a saline soil environment where roots may be at risk of physiological or 

osmotic draught, which can damage or kill turfgrass.           

5.4 Interpretation of Denitrifying Microbial Abundance   

 From 2012 to 2014, nosZ was not detected in soil samples for turfgrass irrigated with 

tailored reclaimed water from an SBMBR in a semi-arid environment. This result is contrary to 

the conventional denitrification cycle that can occur in a laboratory as outlined by Phillipot 

(2002) and Rittmann and McCarty (2001), where NO3
- would be converted to NO2

- by nar genes, 

from NO2
- to NO by nir genes, from NO to N2O by nor genes, and finally from N2O to N2 by nos 

genes. If nos genes are not present in the vadose zone throughout the turfgrass plots, then either 

NO or N2O (a powerful greenhouse gas) may be released into the atmosphere rather than N2. 

Sharma et al. (2006) found similar results, where both N2O and CO2 emissions increased from 

soil core samples that were subjected to freeze-thaw conditions, similar to the changing seasons 

in Colorado. Rittmann and McCarty (2001) also suggested that NO2
-, NO, and N2O can be 

produced instead of N2 gas when dissolved oxygen concentrations are high enough for 

facultative aerobes to change from NO3
- respiration to O2 respiration. These results signify that 

NO or N2O may have been released from the turfgrass plots, instead of N2, and the abundance of 

nor genes should be investigated in future endeavors to test this claim. These results also 

reemphasize that microbial denitrification is complex and requires a proper temperature and 

environment for denitrification to proceed, not just NO3
-.    

nirS genes were less abundant than nirK genes: average log nirS copies (g soil)-1 was 

3.96, while log nirK was 6.44 copies (g soil)-1. nirS denitrifying genes can be less abundant in 

areas where unsaturated conditions exist, such as the turfgrass vadose zone. These findings agree 
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with the study from Abell et al. (2010), where nirS genes were found to be more abundant than 

nirK genes in a saturated subtropical estuary environment. Similarly, Priemé et al. (2002) 

investigated the abundance of nirK and nirS genes in a forested upland and wetland soil, and 

found that nirS genes could only be amplified from the wetland soil, while nirK genes could be 

amplified from both soils. These literature findings suggest that both saturated and unsaturated 

zones exist throughout the subsurface of the turfgrass site, which agree with the percent soil 

moisture results presented in this thesis. It should also be noted that although nirK was more 

abundant than nirS, the mean sample efficiencies calculated from LinRegPCR were different 

between the two. nirK mean sample efficiency for the entire study was only 1.63, while nirS 

mean sample efficiencies were 1.82. Because microbial analysis conventionally targets 

efficiencies above 1.80, the interpretation of the results from the nirK analysis should be taken 

with caution (Ruijter et al. 2009). 

5.5 Interpretation of Correlations 

The relationships between the aesthetic analysis, nitrate, EC, SAR and microbial 

abundance parameters were investigated with respect to the season (growing = March to 

October, dormancy = November to February), turfgrass, and depth for turfgrass irrigated with 

tailored reclaimed water produced from a SBMBR and applied in a semi-arid environment. It 

should be noted that the dormancy months for the correlation analysis had sample sizes of 

approximately twenty samples, so any statements or correlations about these results should be 

taken with caution. Conversely, the growing season months had typically larger sample sizes of 

approximately thirty samples. The correlations identified in this analysis do not imply causation, 

meaning just because two parameters correlate does not mean that one caused the other.   

 Throughout the growing season for BG plots at 20 cm deep, visual quality and nirK had a 

positive linear relationship. For this sample set, this relationship signifies that if nirK increased 

then visual quality increased or if nirK decreased then visual quality decreased. These findings 

are similar to the study conducted by Chen et al. (2008), where soil enzyme activity was 

investigated in soils that were irrigated with reclaimed water. Compared to soils irrigated with 

non-wastewater origins, like potable water, Chen et al. (2008) observed a 2.2- to 3.1- fold 

increase in soil enzyme activity associated with C, N, P, and S cycles in soils irrigated with 

secondary treated wastewater effluent.   
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 From the 2012 to 2014 growing seasons for KBG plots at 20 cm deep, the soil EC and the 

percent green cover had a negative linear relationship. This correlation is similar to the findings 

from Evanylo et al. (2010), where bermudagrass irrigated with higher saline reclaimed water had 

limited growth and decreased quality from soil Na deposition. However, for the Mines Park 

turfgrass study, no decrease was observed in percent green cover of turfgrass from plots irrigated 

with reclaimed water, and this correlation should be taken with caution.   
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CHAPTER 6  

CONCLUSIONS AND RECOMMENDATIONS 

This chapter summarizes the results from this study and relates them back to the concerns 

associated with irrigating turfgrass with reclaimed water to provide answers to these original 

concerns. Additionally, a bulleted list of recommendations is provided for other studies that may 

be performed in the future.       

6.1 Conclusions  

Turfgrass irrigation with tailored reclaimed water can be an effective water reuse strategy 

that can reduce demand on potable water supplies, ameliorate soil health conditions, reduce the 

need to produce and buy fertilizers, and provide communities with a reliable and economically 

beneficial water resource for future sustainable growth. In fact, throughout this study (2012 to 

2014) approximately 198 x 103 L of potable water and 27 kg of 20-10-5 granular fertilizer were 

saved by irrigating turfgrass with tailored reclaimed water than irrigating with potable water and 

applying granular fertilizer. 

Turfgrass irrigation with tailored reclaimed water from an SBMBR in a semi-arid 

environment produced a green, dense, and overall aesthetically pleasing turfgrass that could not 

be aesthetically distinguished from turfgrass that was irrigated with potable water and 

supplemented with granular fertilizer. Any decrease in turfgrass aesthetic appeal was derived 

from seasonal temperature changes and not from irrigating with reclaimed water.  

In this study, turfgrass irrigation with tailored reclaimed water did result in the leaching 

of NO3
- through the subsurface, but soil NO3

- concentrations decreased with depth. Because soil 

NO3
- concentrations at deepest depths with reclaimed water irrigation were indistinguishable 

from those with potable water irrigation, the risk of contaminating underlying aquifers with NO3
- 

from turfgrass irrigation with reclaimed water is low or equivalent to what would be leached 

from turfgrass irrigated with potable water and supplemented with granular fertilizer. Also, NO3
- 

concentrations in both the soil pore water and soil samples varied seasonally, with spring and fall 

months having higher NO3
- concentrations than in the summer months. If applied NO3

- 

concentrations are reduced in these transition months, then excess leaching through the 

subsurface during these time periods may be avoided. Additionally, denitrifying microbial 
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communities may prove to be an additional barrier between NO3
- leaching and underlying 

aquifers.  

Although NO3
- was observed at 60 cm deep after irrigating with tailored reclaimed water 

from an SBMBR in a semi-arid climate, SBMBR effluent is a highly treated water source that 

can meet tertiary effluent quality standards. Conversely, onsite wastewater systems, which 

account for approximately 30% of wastewater treatment in the United States, have only primary 

or advanced primary effluent. Because SBMBR effluent is of higher quality than onsite 

wastewater treatment effluent, the risks associated with irrigating turfgrass with tailored 

reclaimed water from an SBMBR can be lower than that of onsite wastewater systems.   

Turfgrass irrigation with tailored reclaimed water from an SBMBR in a semi-arid 

environment did not result in elevated salinity levels, which can injure or kill turfgrass, in the 

rootzone of either of the turfgrasses, though sodium adsorption ratio values were higher in plots 

irrigated with reclaimed water (particularly in Kentucky bluegrass plots). Low levels of salinity 

in the turfgrass rootzone were attributed to low effluent salinity levels from the SBMBR and 

seasonal leaching of salts via natural precipitation. These results suggest rootzone salinity can be 

kept low, which can help maintain aesthetic appeal and health of the turfgrass.  

Denitrifying microbial abundance were comparable in turfgrass plots irrigated with 

tailored reclaimed water from an SBMBR and plots irrigated with potable water and 

supplemented with granular fertilizer. Denitrifying microbial communities did not increase or 

decrease solely based on the abundance of NO3
-, but were also dependent on seasonal 

temperatures and anoxic environments. The prevalence of denitrifying communities may be an 

indicator for the prevalence of other microorganisms capable of contributing to the C, P, and S 

cycles in the Mines Park test site.    

6.2 Recommendations 

 Because Ca2+ can precipitate on subsurface drip emitters, it is recommended that emitters 

be monitored when dosing reclaimed water with calcium nitrate by measuring flow rates 

throughout the growing season.  
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 Accumulation of salts in the rootzone should continue to be monitored, particularly for 

KBG during the summer months; if needed gypsum can be dosed into the irrigation line 

or applied on turfgrass plots to reduce rootzone salinity.  

 BG should be avoided in future turfgrass studies, because it is prone to weed infestation 

and its aesthetic quality is highly dependent on temperature.  

 The relationship between NO3
- and both the yearly agronomic rate and denitrifying 

microorganisms should be investigated to ensure that both nitrate leaching does not occur 

and turfgrass N requirements are fulfilled.  

 Whether aqueous fertilizers applied to turfgrass irrigated with potable water have similar 

NO3
- leaching trends as turfgrass irrigated with reclaimed water and turfgrass irrigated 

with potable water supplemented with granular fertilizer should be determined.  

 If additional investigation finds that denitrifying microbes are carbon limited at 60 cm 

deep, a reactive porous carbon barrier should be installed or carbon should be dosed into 

the irrigation line.   

 The abundance of nor genes, nosZ genes and the monitoring of soil gas for NO and N2O 

should be investigated.   

 Methods to increase the amplification efficiency of nirK should be identified.  

 The relationship between denitrifying microorganisms and temperature, anoxic 

conditions, carbon sources, and NO3
- for turfgrass that has been irrigated with reclaimed 

water should be tested more thoroughly.  

 A model could be developed to determine the optimal amount of nutrients needed for 

turfgrass and denitrifying microorganism’s requirements based on temperature, carbon, 

and dissolved oxygen.      
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APPENDIX 

SUPPLEMENTAL ELECTRONIC FILES 

 

This appendix contains supplemental electronic files of analyses that were mentioned in 

this thesis. These files are meant for additional clarification of the results presented in this thesis, 

for further analyses of these measurements, or for researching other chemical constituents that 

were not directly mentioned in this thesis.     

File  Description  

Appendix A 

Excel file with the raw data from the analyses 

and additional analyses not mentioned.  

 

 

 

 

 

 

 

 

 

 

 

 

 


