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 ABSTRACT 

 

Decentralized membrane bioreactors provide flexibility of management and wastewater 

treatment quality for sustainable wastewater reclamation and reuse in light of urban population 

growth and local water shortages.  Wastewater reuse by subsurface turfgrass irrigation using 

sequencing batch membrane bioreactor (SBMBR) effluent seasonally tailored for nitrate content 

provides the added benefits of optimized nutrient recovery, local aquifer recharge, reduced 

fertilizer costs, surface and groundwater protection and improvement of the public’s perception 

of reuse.  As part of a long term investigation, the feasibility of this reuse strategy was 

investigated by collecting data during the turfgrass establishment phase to address 1) nutrient 

leaching from warm- and cool-season turfgrasses 2) changes in soil salinity and 3) turfgrass 

health.  Denitrification gene nirK abundance in soil with respect to depth, nitrogen content and 

grass type was also quantified using quantitative polymerase chain reaction assays. 

Eighteen turfgrass test plots were established with either a cool-season Kentucky 

bluegrass [Poa pratensis (L.)]  Colorado Blue
TM

 blend, or a warm-season buffalograss [Buchloe 

dactyloides (Nutt.) Eng.] cv. ‘Legacy’ in randomized complete block split-plot design with 

treatment factors in triplicate to assess the feasibility of turfgrass irrigation with a) effluent with 

seasonally tailored nitrate content or b) tap water and additional granular fertilizer.  Ceramic cup 

soil suction lysimeters were installed at 10, 20 and 60 cm depths to collect soil leachate.  

Frequency domain soil sensors were installed at 10 and 60 cm depths to monitor soil moisture, 

temperature and salinity, and soil was sampled at 10, 20 and 60 cm depths.  Soil and leachate 

samples, collected prior to and immediately following 5 weeks of treatment application, were 

analyzed for plant nutrients and components of salinity, sodium absorption ratio and cation 

exchange complexes.  Genomic microbial DNA was extracted from soil samples on both 

sampling dates and nirK abundance quantified. 

Turfgrass irrigation with seasonally tailored SBMBR effluent appears to be a viable 

strategy for wastewater reclamation and reuse, based on observations made during turfgrass 

establishment.  Turfgrass health and soil salinity were not affected by any of the experimental 

factors.  Mean 60 cm nitrate concentration after treatment did not violate the federally mandated 

limit of 10 NO3
-
 -N mg L

-1
 although concentrations from 5 of 18 lysimeters did.  Average nitrate 

concentrations were significantly higher at 10 cm compared to lower depths, and in all plots 

following treatment application.  nirK abundance was significantly lower in deeper soil samples 
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and weakly correlated with treatment type, grass type and sampling date.  A high level of 

variability in data was observed for the first sampling date but results from subsequent samplings 

suggest that variability should reduce over time.  The continuation of the investigation into 

subsequent growing seasons is strongly recommended in order to improve the quality of results 

from statistical analyses by collecting more data, reducing variability within data sets, and to 

assess long-term impacts of tailored water application. 
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 CHAPTER 1 

 INTRODUCTION 

 

1.1 Introduction 

Wastewater reclamation and reuse is a vital component of sustainable water resources 

management and development for the 21
st
 century.  While the global demand for clean water has 

revealed stresses on finite supplies, population growth and accelerated urban and suburban 

migration has compounded the pressure on local water resources (Burian et al., 2000).  

Particularly in urban and suburban areas, relieving this pressure is best achieved using 

decentralized treatment facilities to facilitate wastewater reclamation and reuse (Gikas and 

Tchobanoglous, 2009).  This wastewater management strategy can be highly cost-effective and 

reduce the demand on freshwater supplies by substituting it with locally generated and available 

reuse water for non-potable uses (Burian et al., 2000).  Furthermore, recent experiments at the 

Colorado School of Mines using an on-site sequencing batch membrane bioreactor (SBMBR) 

have revealed the system’s ability to generate effluent of varying qualities (tailored water) as 

desired by the operator, for the purpose of seasonal nutrient recovery via landscape turfgrass 

irrigation, and with very little impact on full treatment capacities (Benecke, 2012).   

In theory, numerous advantages can be gained by using seasonally adjusted SBMBR 

effluent quality, specifically nitrogen content (tailored water), for turfgrass irrigation: 1) 

reclaimed water contains many plant nutrients, which can be recovered by the turfgrass and 

could in turn reduce fertilization requirements and costs, 2) irrigation with reclaimed water from 

a decentralized wastewater treatment facility could recharge local water supplies as part of a 

sustainable water management program, 3) the use of subsurface drip irrigation would minimize 

public exposure to reclaimed water, 4) subsurface drip would also eliminate nutrient runoff from 

the combined use of overhead sprinkler irrigation and surface-applied fertilizers which contribute 

to potable water contamination and surface water eutrophication, 5) seasonally adjusting the 

nitrogen levels applied to turfgrass could minimize nitrogen leaching, a contributing factor for 

groundwater contamination, and 6) implementation of this technology could improve public 

perception of wastewater reclamation and reuse.  On the other hand, some studies have revealed 

the potential for irrigation with reclaimed water to detrimentally affect turfgrass health from the 

accumulation of salinity (Hayes et al., 1990b, Halliwell et al., 2001, Qian and Mecham, 2005), a 

factor requiring consideration. 
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1.2 Purpose 

This thesis focuses on a preliminary assessment of the feasibility of turfgrass irrigation 

with seasonally tailored water as a wastewater reclamation and reuse strategy.  To make this 

assessment, tailored water fertigation of cold- and warm-season turfgrasses was compared with 

more standard practices of irrigation with tap water and fertilization with granular mineral 

products.  This was done during the establishment phase of a turfgrass stand representing the 

startup of a longer term experiment requiring multiple seasons to comprehensively address 

tailored water reuse for fertigation.  Initial data were collected to address 1) nutrient leaching 

from turfgrass irrigated using subsurface drip tubing with either tailored water, or potable water 

and granular surface fertilization, 2) changes in soil salinity as a result of irrigation with 

reclaimed water, and 3) turfgrass health.  A microbial investigation of soil samples was also done 

to quantify the abundance of the denitrification gene nirK with respect to depth, N content and 

grass type.  Nutrients applied at rates meeting turfgrass requirements were expected to support 

the growth of healthy turfgrass without leaching.  Medium strength domestic wastewater is 

mildly saline and was not expected to increase soil salinity above turfgrass-damaging levels 

within the time frame of this thesis.  nirK gene abundance may be positively correlated with 

nitrate levels and be inversely correlated with depth. 

1.3 Scope 

A suitable location was prepared at the ReNUWIt wastewater reclamation and reuse test 

site on the Colorado School of Mines campus.  Subsurface drip dispersal laterals and manifolds 

were installed across a 9x18m area and connected to a timed irrigation control box capable of 

delivering 3 different water treatments to six 3x3m turfgrass plots each.  Two varieties of 

turfgrass, a warm-season buffalograss (BG) and a cool-season Kentucky bluegrass (KBG), were 

laid as sod such that each treatment type could be applied to each grass type in triplicate.  After a 

period of turfgrass recovery, porous cup soil lysimeters were installed in each plot at depths of 

10, 20 and 60 cm for the collection of soil pore water leachate.  A frequency domain soil sensor 

was also installed in each plot to capture moisture, temperature and electrical conductivity at 10 

and 60 cm depths.  Application of tailored and potable water treatments was initialized and lasted 

for about 5 weeks.  Irrigation was then shut down for the winter season.  Two main sampling 

events occurred: one before and one after 5 weeks of treatment applications in the fall of 2012, 

wherein leachate and soil samples were collected from all 3 depths.  A final minor sampling 
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event focusing on leachate from select plots at all 3 depths occurred in the early spring of 2013.  

A suite of chemical analyses were performed on the leachate and soil samples, and from the 

latter, nirK gene abundance was calculated from extracted DNA having undergone quantitative 

polymerase chain reaction.  The turfgrass site was monitored through the winter and was started 

up again in May 2013 for the next growing season.  
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 CHAPTER 2 

 BACKGROUND AND LITERATURE REVIEW 

 

2.1 Centralized and Decentralized Wastewater Treatment 

Centralized wastewater conveyance and treatment systems have dominated urban centers 

in the United States since they replaced privies and cess pools in the mid to late 1800s (Burian et 

al., 2000).  The purpose of treatment systems was initially to protect public health and now 

includes environmental protection as well.  More specific goals include limiting the release of 

pathogenic microorganisms into water bodies receiving wastewater discharge, preventing the 

depletion of dissolved oxygen in the same water bodies, and preventing eutrophication of 

receiving waters due to nitrogen and phosphorus loading wastewater streams (Tchobanoglous et 

al., 2003).  Modern society’s sanitation needs evolved as a result of 20
th

 century industrialization 

and have been adequately satisfied by centralized wastewater treatment systems thus far (Burian 

et al., 2000). 

Our dependency on centralized facilities is no longer appropriate in light of several 21
st
 

century factors.  Due to unprecedented population growth and urban migration, many centralized 

facilities are approaching or operating at capacity (Gikas and Tchobanoglous, 2009).  The 

expansion of existing systems is hindered by surrounding dense urban development.  

Construction work to replace and/or improve aging infrastructure is costly and causes 

unacceptable disruption to public activities (Gikas and Tchobanoglous, 2009).  The cost of 

connecting new developments to urban grids increases as quickly as suburbanization distances 

wastewater sources from treatment facilities.  Society’s linear approach to water resources, 

which relies on centralized facilities, displaces water and nutrients in the form of wastewater 

from local regions.  This has been recognized as an unsustainable approach to water resources 

management considering the extent of global and local water shortages, and the value 

represented by the energy, organic matter and plant nutrients composing wastewater.  Expending 

energy and resources to remove nutrients from wastewater, while simultaneously fixing nitrogen 

from the atmosphere and extracting phosphorus from global deposits predicted to last only 80 – 

240 years (IFA, 1998) undervalues these resources and is wasteful. 

Sustainable water resources development and management incorporates several criteria 

for addressing the protection and delivery of water to current generations without compromising 

the ability of future generations to do equally (Asano et al., 2007).  These include, but are not 
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limited to, efficiently using resources, preserving ecosystems by striving for zero effluent 

discharge goals, designing resilient and adaptable systems, and advancing the quality and extent 

of wastewater reclamation and reuse (Asano et al., 2007).  Water resources are finite and have 

reached or are reaching their limits in many areas of the U.S. and the world, meaning society can 

no longer follow the linear approach of using water only once (Asano et al., 2007).  Water reuse 

has become the new paradigm reinforced by the revelation of the true environmental and 

economic costs of water, the growth of public awareness about dwindling water supplies and 

misuse of resources, development of technologies that allow more opportunities to safely reuse 

reclaimed water, and the clear necessity to do so (Asano et al., 2007).  Also, widespread 

recognition of the extent of defacto reuse should help stimulate the growth and improvement of 

water recycling schemes (Asano et al., 2007).   

Wastewater reclamation and reuse refers to the reliable treatment of wastewater to meet 

water quality criteria that depend on the beneficial reuse purpose, such as for irrigation, industrial 

cooling, or even potable water (Asano et al., 2007).  Energy and resources can be conserved by 

tailoring wastewater treatment to the reuse application thereby reducing the extent and cost of 

treating water destined for non-potable uses.  Reclaiming water for irrigation can also offset the 

need for fertilizers and protect receiving waters by reducing detrimental nutrient inputs and 

discharge volumes (Asano et al., 2007). 

In the current era of suburban and periurban expansion, the importance of decentralized 

wastewater treatment systems has become distinct, particularly for reclamation and reuse.  

Firstly, the operation and maintenance costs of decentralized facilities are lower than for their 

centralized counterparts (Burian et al., 2000).  Decentralized wastewater treatment also offers 

shorter, closed water and nutrient loops; wastewater is generated, treated, reclaimed and reused 

on site, negating the need for expensive dual distribution systems to and from centralized 

facilities (Meuler et al., 2008).  As a result, local water supplies can be recharged, reducing water 

stress in areas experiencing shortages.  The flexibility of smaller, more specialized treatment 

systems offered by decentralized facilities is ideal for tailoring treatment to water quality 

requirements of reuse applications.  Lastly, decentralized treatment does not carry the ecological 

and public health risk associated with centralized wastewater system failure (Fane and Fane, 

2005).   
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An example of a technology used in decentralized settings is that of membrane 

bioreactors (MBR).  Despite their frequent use in centralized applications, MBRs also offer a 

number of advantages for sustainable water resources management in decentralized systems, 

particularly for reuse applications.  MBRs are modular and can be adapted to the required scale 

(Peter-Varbanets et al., 2009).  They are one-stage unit operations that do not require chemicals 

for treatment, occupy a small footprint (Peter-Varbanets et al., 2009) and compared with 

conventional activated sludge processes, can better handle variable influent flow rates, capable of 

constantly producing very high quality effluent (Judd, 2011).  Additional benefits of MBRs for 

wastewater reuse will be described in detail in the following sections. 

2.2 Membrane Bioreactors 

A biological wastewater treatment process in combination with a membrane process is 

referred to as a MBR (Judd, 2011).  Since the 1990’s, submerged membranes have been 

effectively used to filter high quality clarified effluent from elevated concentrations of solids 

developed in suspended growth bioreactors (Judd, 2011).  MBRs have been installed in over 200 

countries (Icon, 2008, cited in Judd, 2011) and are the choice technology where a demand for 

high water quality, particularly for reuse, and limited footprint coincide (Judd, 2011).  The MBR 

industry has grown rapidly, with market growth rates quoted between 9.5 and 12% and a 

predicted value of $1.3 billion in 2015 (GIA, 2009, cited in Judd, 2011). 

 Function 2.2.1

Membrane bioreactors integrate selectively permeable membrane technology with 

mainstream activated sludge processes (ASP) to create several favorable characteristics.  The 

ASP is the standard biological treatment process for industrial and municipal wastewater, 

consisting of a suspended growth bioreactor containing microbes performing the treatment, a 

liquid-solids separation step, often by sedimentation, and finally, a system for recycling the 

separated solids back to the reactor (Tchobanoglous et al., 2003).  Integration of membranes in 

conventional ASPs eliminates the sedimentation step for separating clarified effluent from solids.  

This results in several advantages: clarified effluent quality is high and mostly pathogen-free, 

system operators have independent control over both hydraulic and solids retention times, 

allowing for the selection of slow-growing microbes with unique treatment capacities and the 

production of smaller quantities of waste sludge, and lastly, the possibility of operating at higher 
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bioreactor mixed liquor suspended solids (MLSS) concentrations which reduces overall 

bioreactor size (Judd, 2011).  

Activated sludge processes and consequently MBR treatment occurs by mixing raw or 

primary treated wastewater with activated sludge, composed of a diverse microbial community, 

and controlling the environment to promote the conversion of environmentally detrimental 

wastewater constituents into more innocuous metabolic end products.  Aerobic conditions allow 

for microbially mediated oxidation of reduced forms of nitrogen (N) and assimilation of ortho-

phosphorus, while anaerobic conditions favor the reduction of oxidized forms of N and sulphate, 

and methanogenesis.  Organic compounds, including toxic organic contaminants, and other 

wastewater constituents can undergo biological degradation as the changing environmental 

conditions favor the microbes controlling these processes (Judd, 2011).  Complete removal of N 

and phosphorus (P) is achieved by combining aerobic and anaerobic treatments and is termed 

biological nutrient removal.  Membrane bioreactors are capable of removing over 90% of N and 

P but are typically carbon-limited resulting in lower removal rates, particularly for P, which can 

be improved through chemical dosing and physical sludge removal (Judd, 2011).  In the case of 

MBRs, treated effluent containing minimal quantities of dissolved constituents is separated from 

the sludge as permeate by physical sieving across selectively permeable membranes.  Membrane 

bioreactor sludge containing biomass and other particulate matter is regularly wasted from the 

system and eventually requires disposal, typically by land application of biosolids 

(Tchobanoglous et al., 2003).  However, the volume of MBR sludge regularly wasted is far 

smaller than conventional ASP wasted sludge volumes (Tchobanoglous et al., 2003).  

Hybridization of MBRs with sequencing batch reactors (SBRs) provides additional 

benefits compared with continuous wastewater treatment processes such as plug-flow or 

complete mix activated sludge (CMAS) configurations.  A SBR is a form of ASP that operates in 

batches such that the bioreactor environment can be automatically modified in real-time 

throughout each treatment cycle, and for each batch, in order to achieve a variety of treatment 

objectives.  On the other hand, plug-flow reactors require structural modifications to change the 

time spent by wastewater in a particular reactor environment, representing a treatment objective, 

as a function of influent flow rate, and CMAS reactors can only provide a single environment for 

treatment.  Hybrid SBMBRs provide this single bioreactor catering to various treatment goals 

while exploiting membrane technology which dispenses with the less efficient sedimentation 
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step of conventional ASPs.  These advantages are especially useful when applied in a 

decentralized setting with wastewater reclamation and reuse in mind, particularly considering the 

high quality of SBMBR effluent.  Figure 2-1 presents an example SBMBR treatment train, where 

an anoxic fill period is followed by an intermittently aerated draw period wherein permeate is 

filtered from the bioreactor sludge. 

 
Figure 2-1: Process flow diagram for a hybrid SBMBR.  Influent wastewater is mixed with sludge 

remaining in the bioreactor tank during a fill period (a).  SBR contents are then pumped through an MBR 

tank during a draw period, wherein permeate is filtered out of the sludge mixture, return activated sludge 

(RAS) is returned to the bioreactor tank and waste activated sludge (WAS) can be removed from the 

system (b).  The cycle ends and step (a) begins again for the next batch of influent wastewater.  

 Treatment Processes 2.2.2

In MBRs, a variety of biological, chemical and physical processes contribute to 

wastewater treatment.  Particulates and other large constituents are physically screened from 

final product water whereas some dissolved compounds are biologically converted and released 

to the atmosphere, termed full removal.  The important processes relevant to the current 

discussion are described in more detail in the following sections. 

 2.2.2.1 Biological Oxygen Demand and Total Suspended Solids 

Organic constituents and total suspended solids (TSS) form a large portion of mass 

loadings in domestic wastewater (Tchobanoglous et al., 2003).  As previously mentioned, 

aerobic biological degradation of organics, represented by biochemical oxygen demand (BOD), 

and physical separation of TSS address these major components.  A wide variety of microbes 

oxidize and assimilate organic compounds, which contributes to effluent clarification and adds 

new biomass to the mixed liquor (Tchobanoglous et al., 2003).  Other end products of these 

reactions include carbon dioxide (CO2), water and ammonium (Tchobanoglous et al., 2003).  

Additionally, sorption of recalcitrant or non-biodegradable organic compounds to organic matter 
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enhances their removal.  Stoichiometry of aerobic biological degradation of organics is presented 

in Equations 2.1 and 2.2 (Tchobanoglous et al., 2003). 

 

 C  NS    2   nutrients 
bacteria
→    C 2   N     C   N 2   

other end 

products
 (2.1) 

 Organic  new cells 

 matter   

 C   N 2    2 
bacteria
→     C 2   2      N    energy (2.2) 

 Cells 

 2.2.2.2 Nitrogen 

Nitrogen removal from wastewater is critical to protect receiving waters from inputs of 

this limiting plant nutrient and prevent environmental degradation.  During traditional biological 

wastewater treatment this is achieved in two steps: nitrification followed by denitrification.  

Nitrification itself consists of two steps performed by autotrophic microbes that acquire carbon 

for cell growth from CO2, energy from reduced inorganic N and use oxygen (O2) as the final 

electron acceptor (Judd, 2011).  Ammonia oxidizers perform the first half of the process, 

converting ammonium (NH4
+
) provided by influent wastewater into nitrite (NO2

-
).  Nitrite is in 

turn oxidized by another group of nitrifiers, often closely associated with ammonia oxidizers, 

producing nitrate (NO3
-
).  Nitrification is affected by temperature, alkalinity, pH, and the 

concentrations of BOD, influent N and dissolved oxygen (Tchobanoglous et al., 2003).  The two-

stage reaction is summarized in Equations 2.3, 2.4 and 2.5 (Judd, 2011). 

 2N  
      2   2N 2 

-
        2 2  (2.3) 

 2N 2 
-
    2   2N   

-
 (2.4) 

 Overall: N  
    2 2   N   

-
  2      2  (2.5) 

 

Denitrification, or dissimilatory nitrate reduction, is the stepwise conversion of NO3
- 
into 

NO2
-
 followed by nitric oxide (NO), nitrous oxide (N2O) and N gas (N2).  In the absence of O2, 

NO3
-
 is the next most energetically favorable electron acceptor and is used as such for the 

oxidation of organic and inorganic compounds (Tchobanoglous et al., 2003).  Heterotrophic 

denitrifiers use influent wastewater BOD as their C source and electron donor while autotrophic 

denitrifiers rely on reduced sulfur compounds and hydrogen to provide energy before using NO3
-
 

as the final electron acceptor (Tchobanoglous et al., 2003).  Nitrate can also be removed from 
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biological systems via assimilatory NO3
-
 reduction whereby it is reduced to NH4

+
 and then 

assimilated for cellular processes when NH4
+
 is not already available (Tchobanoglous et al., 

2003).  A wide variety of organisms perform stepwise denitrification either in part, or fully, such 

that N is removed in the form of gaseous end products.  Denitrification is less likely to occur in 

aerobic environments and is sensitive to environmental factors similar to nitrification (Luo et al., 

1999).  Denitrification stoichiometry is presented in Equation 2.6 (Tchobanoglous et al., 2003), 

where C   19  N represents wastewater biodegradable organic matter (US EPA, 1993). 

 C10 19  N   10N   
-
    N2   10C 2     2    N     10  

- (2.6) 

 

Certain conditions also allow for N removal by other heterotrophic and autotrophic 

nitrifying bacteria (Tchobanoglous et al., 2003).  Some heterotrophic nitrifiers are capable of 

simultaneously oxidizing NH4
+
 using energy from NO3

-
 or NO2

-
 reduction in the presence of O2 

(Robertson and Kuenen, 1990).  However, these organisms are considered minor contributors to 

N removal in the biologically active sludge of aerobic wastewater treatment systems due to their 

necessity for a COD/N ratio above 10, at which point NH4
+
 would mainly be assimilated (Van 

Loosdrecht and Jetten, 1998).  Similarly, autotrophic nitrifiers can oxidize NH4
+
 to N2 using 

NO2
-
 under anoxic conditions, while performing standard NH4

+
 oxidation to NO3

-
 under aerobic 

conditions (Bock et al., 1995).  Most recently, Luesken et al. (2011) confirmed the presence of a 

unique organism performing anaerobic methane oxidation coupled to NO2
-
 reduction in 9 out of 

10 wastewater treatment plants sampled suggesting its involvement in total N removal.  Finally, 

several other autotrophic bacteria capable of anaerobic NH4
+
 oxidation and incapable of using O2 

as a terminal electron acceptor can also remove N in the anaerobic ammonium oxidation 

(anammox) process (Jetten, 1998). 

 2.2.2.3 Phosphorus 

Even more so than N, P is a limiting plant nutrient and in relatively small quantities can 

degrade the quality of receiving waters.  In contrast to N and BOD, the process of biological P 

removal from wastewater does not result in volatile end products released to the atmosphere.  

Phosphorus assimilation by microbial cells incorporates soluble P species into biomass which 

can then be lost from the bioreactor during sludge wasting (Tchobanoglous et al., 2003).  MBRs 

can be designed and operated to encourage the growth of P accumulating organisms in order to 

maximize the transfer of P into biomass for improved removal efficiencies (Tchobanoglous et 
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al., 2003).  Phosphorus removal can also be achieved through chemical addition to promote 

precipitation, and can be affected by sorption to organic matter (Tchobanoglous et al., 2003). 

 2.2.2.4 Chemicals of Emerging Concern, Pathogens and Salts 

Removal of other wastewater constituents occurs by several mechanisms.  

Microbiological degradation chemicals of emerging concern (CECs) or pharmaceutical and 

personal care products (PPCPs), can occur within MBRs if appropriate microbes are present and 

conditions are favorable (Tchobanoglous et al., 2003).  Full biodegradation may not occur and 

can result in toxic end products from biotransformation of parent compounds (Tchobanoglous et 

al., 2003).  

Pathogen removal in MBRs occurs by biological and physical mechanisms.  Predatory 

microorganisms can consume pathogens, pathogens can become attached to activated sludge 

particles and depending on the effective pore size of the membranes, pathogens can be physically 

filtered from permeate.  A study by Oota et al. (2005) on MBR effluent pathogens demonstrated 

a  5 log removal of coliphage and could not detect E. coli  or norovirus in MBR effluent.  A 

similar study showed complete removal of fecal coliform bacteria in MBR effluent with up to 5.8 

log removal of coliphages (Zhang and Farahbakhsh, 2007).  MBR membranes are not as tight as 

RO membranes and therefore allow the passage of total dissolved solids (TDS).  Salts from 

domestic wastewater easily pass into MBR effluent and are typically elevated compared with 

potable water (Tchobanoglous et al., 2003). 

 Wastewater Reuse and Nutrient Recovery 2.2.3

Sequencing batch membrane bioreactors are ideal systems for wastewater reclamation 

and reuse as a result of their flexible operational parameters and treatment conditions, their 

consequent ability to tailor product water quality to a reuse application, and their adaptability for 

use in decentralized settings where reuse is most valuable.  The concept of tailored water 

production for reuse was investigated at CSM using a full-scale, decentralized SBMBR receiving 

domestic wastewater in a decentralized setting (Benecke, 2012).  Under full-removal conditions, 

the SBMBR successfully provided tertiary treatment with UV disinfection of domestic 

wastewater, removing 96%, 98% and 96% of daily COD, T-P and T-N loads, respectively.  For 

the purposes of their experiment, researchers then modified the duration and timing of bioreactor 

aeration, as well as shortening the fill period, in order to limit denitrification which mainly 

occurs during anoxic periods early in each batch cycle.  This led to elevated permeate NO3
-
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levels of around 10 mg/L NO3
-
-N compared with around 1 mg/L NO3

-
-N prior to 

experimentation.  The SBMBR operated under these conditions for about 10 days with 

effectively no adverse effects to other aspects of system performance.  Upon returning the 

SBMBR to normal operating conditions, the system responded quickly and full denitrification 

resumed within 2 days.  A series of parallel studies demonstrated the robustness and resiliency of 

the bioreactor microbial community.  Community composition shifted as each experiment 

changed the conditions of their environment yet when original operating conditions were 

reinstated, the post-disturbance microbial community returned to a phylogenetically similar 

community albeit with lower diversity (Vuono et al., in preparation).  This work demonstrates 

the unique ability of decentralized SBMBRs to produce effluents of varying quality without 

detrimentally affecting overall system performance. 

The tailored water approach is similar to the “multiple quality concept” (MQC) proposed 

by Tchobanoglous et al. (2004), in that multiple effluent qualities may be produced to meet the 

requirements of each reuse application.  The MQC functions by allowing effluent to be 

reclaimed at different stages along a treatment train, such as immediately following a septic tank, 

and after passing through MBR treatment as well.  The MQC is thus capable of simultaneously 

delivering both primary and secondary/tertiary water qualities at any point in time.  The caveat is 

that multiple unit operations must be in place and effluent quality is limited to that produced by 

each unit operation.  On the other hand, the tailored water approach utilizes a single unit 

operation to consistently produce the equivalent of tertiary quality effluent while offering control 

over independent elements of treatment and ultimately the level of individual constituents in the 

product water at the operator’s discretion (Benecke, 2012). 

The most apparent reuse application for tailored water containing elevated levels of plant 

nutrients is for landscape turfgrass irrigation which has a marked demand for water and 

supplemental nutrients.  Urban landscapes are dominated by turfgrass, estimated to cover 

163,800 +/- 35,850 km
2
 in the continental U.S. (Milesi et al., 2005).  This is more than three 

times greater than the area cultivated with corn, the largest most irrigated crop after turfgrass, 

which only covers an area of 53,243 km
2
 (USDA, 2009).  Agriculture and irrigation accounts for 

an estimated  1% of the nation’s water total use in 2005 (Kenny et al., 2009).  This does not 

include public water supplies, which used 11% of the nation’s total serving as the domestic water 

supply for 86% of the nation’s population.  Of total domestic water use, between 30 and 70%, 
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depending on region and season, was used outdoors, for landscape irrigation, car washing and 

other uses (US EPA, 2013).  Turfgrass therefore represents a substantial portion of the nation’s 

water use that could be met using reclaimed wastewater. 

The use of reclaimed water for landscape irrigation already occurs in many states across 

the US, with California and Florida being the largest users (Asano et al., 2007).  Golf courses are 

the most common landscape irrigated with reclaimed water, followed in no particular order by 

parks, athletic fields, school grounds, cemeteries and zoos (Asano et al., 2007).  In most states, 

the treatment standards for the use of reclaimed water in cases of both unrestricted and restricted 

access require the equivalent of secondary treatment with filtration and disinfection (Asano et 

al., 2007).  Even after secondary treatment, reclaimed water can contain measurable quantities of 

the important plant nutrients N and P.  Maintenance of high quality, stress-tolerant turfgrass 

requires substantial additions of supplemental nutrients, particularly N (Beard, 1973) which 

could be supplied, at least in part, through reclaimed water.  However, the level of N required by 

turfgrass varies, depending on several factors including the region, climate, time of year and 

specific cultivar.  Although reclaimed water treatment requirements do not include N and P 

limits (Asano et al., 2007), federally and state regulated standards limit the amount of N and P 

that can be discharged to the environment (US EPA, 2009, CDPHE, 2013).  Therefore, supplying 

plants with adequate nutrient levels using reclaimed water requires manipulation of systems with 

full control over effluent nutrient levels in order to meet both variable plant needs and permanent 

discharge limits.   

To date, the work by Benecke (2012) appears to be the first of its kind - no other studies 

were found addressing the control of plant nutrient levels in reclaimed water for landscape 

irrigation based on plant needs.  Landscape irrigation with reclaimed water is not a novel concept 

in and of itself; numerous studies have examined its effects on crops, turfgrass, soil and the 

environment (Hayes et al., 1990a, Asano and Levine, 1996, Burian et al., 2000, King et al., 

2000, Qian and Mecham, 2005, Thomas et al., 2006, Michitsch et al., 2008, Zhou et al., 2011).  

However, the nutrient content of the reclaimed water in question has always been dependent on 

the wastewater source and inflexible with respect to the treatment technology used.  Although 

reclaimed water has been mixed with potable water to vary the concentrations of reclaimed water 

constituents, explicit treatment manipulation for the purpose of seasonally satisfying plant 

nutrient requirements has not been reported.   
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2.3 Turfgrass 

Turf, or turfgrass, defined as a vegetative cover and the root filled soil layer below, 

provides functional, recreational and aesthetic benefits to human environments and its use as 

such has been documented as far back as the Persian Empire (Beard, 1973).  Turfs help prevent 

soil erosion from wind and water thereby reducing levels of dust and mud in trafficked areas 

(Beard, 1973).  They reduce runoff and increase local groundwater recharge while filtering and 

treating contaminated urban stormwater (Beard and Green, 1994).  Biomass production and 

turnover of organic matter from turfgrasses improve the quality of soils (Beard and Green, 1994).  

A large number of recreational activities and sports take place on turfs, whose firm, padded 

surface mitigates player injury, particularly in more dynamic sports such as American football, 

rugby and soccer (Beard, 1973).  Turfgrasses are attractive, visually appealing spaces shown to 

increase property values as well as improve mental health of people living and working nearby 

(Beard, 1973).  In 2002, revenue for the turfgrass and lawn-care industry in the U.S. was 

estimated at $58 billion (Haydu et al., 2006). 

 Turfgrass Types 2.3.1

Turfgrasses are classified in two groups: cool-season and warm-season whose optimal 

growth temperatures range from 15 to 25°C, and 27 to 35°C, respectively (Beard, 1973).  Warm-

season turfgrasses have deeper roots and are more tolerant of heat, drought and physical wear 

compared with cool season turfgrasses (Beard, 1973).  On the other hand, they do not tolerate 

low temperatures as well as cool-season turfgrass and discolor as a result (Beard, 1973).  For 

example, the cool-season KBG is a dark green, lush and generally appealing turfgrass for much 

of the year but requires a considerably higher amount of irrigation during hot summer months to 

remain as such compared with a warm-season turfgrass (Koski, 2012).  A warm-season turfgrass 

such as BG will remain green with far less summertime irrigation, but becomes brown and 

unappealing when it enters winter dormancy (Koski, 2012).  Meeting the aesthetic requirements 

and irrigation demands of a landscape affects the choice in turfgrass planted. 

Commonly planted types of cool-season turfgrasses include bluegrasses (Poa ssp. L.), 

bentgrasses and Redtop (Agrostis ssp. L.), fescues (Festuca ssp. L.) and ryegrasses (Lolium ssp. 

L.) (Beard, 1973).  Other cool-season grasses with more explicit purposes include beachgrasses 

(Ammophila Host.) used to stabilize sand dunes from wind, and wheatgrasses (Agropyron 

Gaertn.) used to revegetate dry plains (Beard, 1973).  Commonly planted types of warm-season 
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turfgrasses include bermudagrasses (Cynodon L. C. Rich), zoysiagrass (Zoysia Willd.), St. 

Augustinegrass [Stenotaphrum secundatum (Walt.) Kuntze], centipedegrass [Eremochloa 

ophiuroides (Munro.) Hack.], carpetgrass (Axonopus Beauv.), bahiagrass (Paspalum notatum 

Flugge.) and buffalograss [Buchloe dactyloides (Nutt.) Engelm.] (Beard, 1973).   

 Turfgrass Quality 2.3.2

Evaluating turfgrass quality is challenging and potentially complicated.  Characteristics 

of healthy turfgrass are difficult to quantify; they vary as a result of turfgrass types and seasonal 

changes, and interpretation of quality is subjective and can change depending on the turfgrass’ 

intended use (Beard, 1973).  Six factors are used to evaluate turfgrass quality of which some are 

more or less important depending on the turfgrass’ intended use: color, texture, density, 

uniformity, smoothness and growth habit (Beard, 1973).  Color as an indicator of turfgrass health 

is always important, whereas smoothness may only matter if grown for a golf putting green 

(Beard, 1973).  In order to evaluate turfgrass, all factors are considered and a rating from 1 

through 9 is assigned where 1 and 9 represent the worst and best possible qualities, respectively 

(Beard, 1973, Morris and Shearman, 2008).  This is often done by visual estimate and scores are 

only comparable for the same location, time span, and individual making the observations 

(Beard, 1973). 

The health and quality of turfgrass is controlled by a complex interaction of internal and 

external factors.  Hereditary characteristics such as susceptibility to disease, heat and drought 

tolerance and “recuperative potential” represent the internal factors (Beard, 1973).  External, or 

environmental, factors refer to temperature, water, light, edaphic properties, nutrient levels and 

other conditions imposed by man (Beard, 1973).  It is obviously difficult to control the 

temperature or light conditions of outdoor turf, but availability of vital factors such as water and 

nutrients can be manipulated.  The following sections will focus on these two important elements 

of turfgrass health that fall under control of the turfgrass caretaker. 

 Water Requirements 2.3.3

Water is a necessity for all living things and is of particular importance in 

photoautotrophic organisms (Alberts et al., 2004).  The photosynthetic process requires water, in 

addition to carbon dioxide (CO2) and light energy, to produce carbohydrates (Alberts et al., 

2004).  Water also serves as a transport medium for dissolved constituents, a metabolic catalyst 

and the means by which plant temperature is regulated (Alberts et al., 2004). 
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Actively growing turfgrass is generally 75 to 85% water by weight (Beard, 1973).  Water 

is continuously flowing between the atmosphere, the turfgrass plant and the soil in both liquid 

and vapor states.  A very small fraction, about 1 to 3%, of absorbed water is consumed by 

metabolic processes whereas the remaining majority is released to the atmosphere through 

transpiration, the mechanism of temperature control (Beard, 1973).   

Transpiration is the release of water vapor both at the cuticle, or waxy surface of 

epidermal leaf cells, and from stomatal cells whose primary function is to exchange gases with 

the atmosphere and where 90% of water loss occurs (Beard, 1973).  Transpiration also facilitates 

water absorption by inducing negative pressure at the leaves which transferred via the plant’s 

circulatory system causes water near the roots to be drawn into the plant.  Turfgrass requires 

water losses by transpiration to be balanced by absorbed water in order to maintain the optimal 

water content of 75 to 85% by weight (Beard, 1973).  The quantity of water lost by transpiration 

varies depending on the location, season, climate, local environment and specific cultivar (Beard, 

1973). 

Evapotranspiration (ET) accounts for total gas phase water losses in an area due to 

evaporation by the soil and transpiration by the plant at that location.  The rate of 

evapotranspirative water loss is a function of solar radiation, wind, temperature, atmospheric 

vapor pressure, soil moisture tension and water absorption rate by the plant (Beard, 1973).  

Water lost by ET needs to be replaced in order for turfgrass to have access to enough water to 

maintain a healthy water balance.  It is often necessary to supplement natural turfgrass water 

supplies, such as precipitation or dew, in order to complete this balance.  Evapotranspiration 

rates can therefore be used to calculate the volume of water needed in real-time for controlled 

turfgrass irrigation (Kjelgren et al., 2000).  For tailored water fertigation of turfgrass to be 

feasible, a sufficient quantity of reclaimed water would need to be available to satisfy turfgrass 

requirements as indicated by ET rates. 

The American Society of Civil Engineers (ASCE) has standardized the Penman-Monteith 

equation to calculate reference ET rates for grass (ETos; defined by crop height of about 120mm) 

(Walter et al., 2000).  The equation for daily ETos is as follows: 
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  (     )

   (        )
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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 maximum and minimum air temperatures at a height of 

2 m (kPa); 

ea = mean actual vapor pressure at a height of 2 m (kPa); 

Δ = slope of the vapor pressure-temperature curve at a height of 2 m (kPa °C
-1

); 

γ = psychrometric constant (kPa °C
-1

). 

u2 = wind speed at a height of 2 m (ms
-1

) 

 Nutrient Requirements 2.3.4

In addition to water, the 16 elements listed in Table 2-1 have been recognized as essential 

to turfgrass nutrition and metabolism.  They compose the organic compounds referred to as dry 

matter and represent 15 to 25% of turfgrass by weight.  Turfgrass dry matter is primarily formed 

of carbon, hydrogen and oxygen.  Carbon and hydrogen are derived from atmospheric CO2 and 

water absorbed through the roots, respectively, whereas oxygen can be obtained from both CO2 

and water (Beard, 1973).  Nitrogen, P and potassium (K) are equally important and are derived 

from the soil, although N is originally fixed from atmospheric N2.  Calcium, magnesium and 

sulfur are also derived from the soil but are required in lesser amounts (Beard, 1973).  The soil 

also provides the remaining 7 micronutrients, iron, manganese, zinc, copper, molybdenum, boron 

and chlorine are of equal importance but required in small quantities, at concentrations below 2 

ppm (Beard, 1973).  Turfgrass tissues also contain traces of 40 other elements at much lower 

concentrations (Beard, 1973).  Interestingly, tertiary treated domestic wastewater, as provided by 

the CSM SBMBR for the tailored water fertigation strategy, contains appreciable quantities of 

the majority of plant macro-, micro- and trace-nutrients (Holloway, 2013). 

Optimal turfgrass growth and development depend first on the nutrient requirements of 

the specific cultivar and secondly on the availability of the proper quantities and proportions of 

these essential elements (Beard, 1973).  Nutrient absorption occurs primarily through the roots 

but can also occur through the stems and leaves (Beard, 1973).  Carbon dioxide, for example, is 

primarily absorbed through the leaves.  Although most of the essential nutrients can be found in 

sufficient quantities in soils, they are not typically bioavailable (Beard, 1973).  Organic matter 

decomposition and mineral and rock breakdown release organic and inorganic compounds into 
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the soil solution and allow for uptake by root systems (Beard, 1973).  It is common practice to 

supplement soil nutrients with fertilizers in order to maintain and promote high quality turfgrass.  

Turfgrass maintenance can affect nutrient availability and fertilizer requirements.  For example, 

the return of mowing clippings has been shown to reduce N fertilizer requirements by up to 75% 

(Barton and Colmer, 2006). 

Table 2-1: The essential elements of turfgrass nutrition (Beard, 1973). 

Macronutrients Micronutrients 

Obtained from carbon 

dioxide and water 
Obtained primarily from the soil 

Carbon Nitrogen Iron 

Hydrogen Phosphorus Manganese 

Oxygen Potassium Zinc 

 Calcium Copper 

 Magnesium Molybdenum 

 Sulfur Boron 

  Chlorine 

 

The essential nutrients perform specific roles within plants.  These can include forming 

the organic constituents of plant tissue, catalyzing biochemical reactions, shifting osmotic 

pressure balances and changing membrane permeability (Beard, 1973).  Carbohydrates, proteins 

and lipids, the three major building blocks of biomass, all require carbon, hydrogen and oxygen 

to by synthesized making these three nutrients the most basic components for plant growth and 

development (Beard, 1973).  The 3 most important macronutrients will be discussed in more 

detail. 

 2.3.4.1 Nitrogen 

Nitrogen is a vital component of all living cells, required for regular maintenance and 

reproduction (Alberts et al., 2004).  Nitrogen is the most important plant nutrient after carbon, 

hydrogen and oxygen, and is required in large quantities, composing 3 to 6% of turfgrass dry 

weight (Beard, 1973).  Nitrogen is an essential part of nucleic acids, amino acids and proteins, 

chlorophyll, enzymes and vitamins and its availability most often limits plant growth (Beard, 

1973).  Nitrogen is primarily absorbed from soils by turfgrass as NO3
-
 but can also be obtained as 

NH4
+
 (Beard, 1973).  Increasing N levels correspond to increasing shoot and root growth rates 

until carbohydrate synthesis becomes limiting and detrimentally affects root growth, eventually 
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leading to death of the plant (Beard, 1973).  Color and shoot density are also affected by N and 

can act as indicators of N deficiency (Beard, 1973).  Susceptibility to disease and tolerance of 

temperature extremes and drought can be detrimentally affected due to both low and high levels 

of N availability (Beard, 1973). 

 2.3.4.2 Phosphorus 

Phosphorus is also an essential part of all living cells (Beard, 1973).  It is a main 

constituent of most permeable cell membranes, a building block of genetic material and is a key 

component of energy transfer processes (Beard, 1973).  In plants, phosphorus requirements are 

much lower than those of N.  Phosphorus levels influence speed of establishment from seeds, 

root growth and branching and time to maturation (Beard, 1973).  No detrimental effects have 

been seen from excesses of P due in part to its considerable immobility and unavailability 

(Beard, 1973).  Its immobility and unavailability are due to a high affinity for absorption to soil 

particles and precipitation reactions it typically undergoes with Fe, Al and Ca (Beard, 1973).  

Plants absorb P as phosphate (H2PO4
-
) ions. 

 2.3.4.3 Potassium 

Potassium is not incorporated into organic structures but is present throughout plant 

tissues nonetheless.  It participates in many processes including synthesis and translocation of 

carbohydrates, regulation of transpiration, respiration and nutrient uptake, and catalysis of many 

reactions (Beard, 1973).  Potassium is required in relatively large quantities, second to N (Beard, 

1973).  Higher levels of potassium protect turfgrass from disease, improve heat, cold and drought 

tolerance, and promote root development (Beard, 1973).  Excessive soil K can contribute to 

salinity, a detrimental soil condition with respect to plant health. 

 2.3.4.4 Optimal Soil Nutrient Content 

With the exception of nitrogen, optimal nutrient levels for many plant macro- and 

micronutrients can be determined by soil testing.  Methods of soil testing capable of assessing 

the labile, or bioavailable, fraction of soil nutrient content have been developed from which 

levels optimal for plant growth emerged (Sims and McGrath, 2012).  Some of these values are 

summarized in (Table 2-2).  

Optimal turfgrass nitrogen requirements have been determined by studies comparing 

nitrogen inputs with plant performance.  Therefore, nitrogen application rates are typically used 
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to assess nitrogen requirements, as are application rates for phosphorus and potassium.  These 

are described in the following section on fertilizer application. 

Table 2-2: Critical soil nutrient ranges for several plant macro- and micronutrients.  Modified 

from several sources. 

Nutrient 

(mg L
-1

) 
Analytical 

Method 
Nutrient level Source 

  
Very 

Low 
Low Medium High 

Very 

High 
 

P  

Colwell < 10 11 - 20 21 - 30 31 - 40 40 + (Loch, 2006) 

Bray – P1  0 - 5 6 - 10 11 - 25 25 + 
(Rosen et al., 

2008) 

K  
Ammonium 

acetate 
 0 - 50 51 - 100 101 - 150 150 + 

(Rosen et al., 

2008) 

< 40 40 - 80 80 - 200 200 - 400 400 + (Loch, 2006) 

B DTPA < 0.5 0.5 - 1 1 - 2 2 - 5 >5 (Loch, 2006) 

Mg 
Ammonium 

acetate 
 0 - 50  50 +  

(Rosen et al., 

2008) 

Cation 

(%) 
Optimal percentage on exchange complex  

Ca
2+ 

60 - 80 

Compiled from 

sources in Loch 

(2006) 

Mg
2+

 10 - 20 

K
+
 2 - 5 

Na
+
 < 3 

H
+
 4.5 

Others 5 

 

 Fertilizer Application 2.3.5

Similar to water, nutrients are almost always supplemented in order to achieve the highest 

quality turfgrass desired.  Fertilizers, or substances providing one or more plant nutrient, are 

referred to by the percentage of total plant nutrients and proportions thereof they contain (Beard, 

1973).  Commercial fertilizers can be synthetic, inorganic, or originate from a variety of natural 

organic materials including activated sludge, animal by-products and seed meals as well as 

mineral sources (Beard, 1973).  Differences exist between fertilizer types, such as duration of 

nutrient release, pH, solubility, nutrient ratio and cost (Beard, 1973).  The N-P2O5-K2O ratio of 
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mixed fertilizers is often the first selection criteria, followed by factors such as solubility, 

spreadability, ease of use and cost (Beard, 1973).  Both solid and liquid fertilizers exist allowing 

for a wide selection of fertilizers to suit specific needs. 

Turfgrass fertilizer requirements change constantly as the turfgrass matures, seasons 

change, environmental conditions vary and soil processes affect nutrient fluxes and availability 

(Beard, 1973).  Determining fertility requirements can be done visually or by sampling soil or 

plant tissue (Beard, 1973).  Visual tests are simple but cannot account for the status of all 

nutrients and can conflict with the effects of other factors such as disease or unfavorable 

environmental conditions (Beard, 1973).  Soil and tissue tests provide more complete analyses of 

turfgrass nutrient conditions. 

Many studies have experimented with nutrient dosing in an attempt to find the optimal 

fertilizer regimen.  Some of these values are presented in Table 2-3. 

Table 2-3: Recommended fertilizer dosing by nutrient based on several sources. 

Nutrient 

Application 

Rate 

(g m
-2

 year
-1

) 

Notes Source 

NO3
-
-N 

6 

Buffalograss: 

1g per growing month for 6 

months for Colorado 
(Beard, 1973) 

30 

Kentucky bluegrass: 

5g per growing month for 6 

months for Colorado 

10 Mediocre visual rating (Badra et al., 2005, Beard, 1973) 

18.5 Best visual rating (Badra et al., 2005) 

20 
CSU Extension Turfgrass 

Experts 
(Koski and Skinner, 2012) 

30 Highest yield (Badra et al., 2005) 

H2PO4
-
-P 

0.5-0.7 
Estimated from survey in 

Maryland 
(Soldat and Petrovic, 2008) 

1.7-5.4 
Manufacturer 

recommendations 
(Soldat and Petrovic, 2008) 

K2O-K 
0-16 

Depending on soil K 

content 
(Rosen et al., 2006) 

1:1 N:K High traffic turf (Leinauer, 2012) 
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Acceptable turfgrass color and shoot density can be achieved under most conditions by 

applying fertilizer at least twice per year and sometimes up to four times per year for high N 

fertility turfgrasses (Beard, 1973).  Fertilizers containing readily available N should be applied 

more frequently in lower quantities as instead of less frequent, heavier doses in order to prevent 

exhaustion of plant carbohydrates and excessive shoot growth, as well as nutrient runoff or 

leaching (Beard, 1973).  Fertilizer application should not coincide with heat, cold or drought 

stress during early spring or late fall seasons, or mid-Summer heat, in order to prevent lethal 

damage to turfgrasses (Beard, 1973). 

Tailored water fertigation is designed to address turfgrass fertilization requirements.  By 

seasonally adjusting the nutrient content of SBMBR effluent destined for turfgrass irrigation, the 

fluctuating demands for these nutrients can be satisfied.  Regular delivery of smaller quantities of 

nutrients in aqueous form, compared with more infrequent standard granular surface fertilization, 

more accurately serves turfgrass’ growth and metabolism needs on a daily basis.  This avoids 

over and under fertilizing which are characteristic of the more typical methods of fertilizer 

delivery such as surface application of mineral granules (Petrovic, 1990). 

2.4 Reclaimed Water Irrigation 

Two categories of irrigation systems exist: gravity flow or pressurized application (Asano 

et al., 2007).  Both systems are capable of either surface or subsurface water delivery (Asano et 

al., 2007).  Gravity flow irrigation is generally used for crops and large scale agricultural 

practices (Asano et al., 2007) and therefore will not be considered here.  Factors to be considered 

when choosing between surface and subsurface pressurized irrigation using reclaimed water 

include cost, public exposure, irrigation efficiency, clogging prevention, plant damage and soil 

water potential (Asano et al., 2007).  Subsurface pressurized systems have a number of 

advantages over surface systems.  Subsurface systems are buried beneath the surface so there is 

virtually no risk of public exposure to reclaimed water.  They are also more efficient than surface 

delivery systems (Cetin and Bilgel, 2002) which can suffer losses by wind, over-spray and runoff 

(Asano et al., 2007).  Surface delivery exposes plant leaves to reclaimed water which can cause 

foliar damage from contact with its harsh constituents, such as elevated salt levels.  On the other 

hand, surface systems are cheaper to install and maintain than subsurface systems and are also 

unlikely to clog due to the large diameter of water emitting orifices (Asano et al., 2007).  The 

major limitation of subsurface irrigation is the inability to directly observe water flow both at the 
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scale of individual emitters and on the larger scale of the entire landscape being irrigated.  It can 

be difficult to identify clogged emitters without digging up sections of tubing and the uniformity 

of irrigation distribution can only be assumed, until contradicting evidence presents itself as 

areas of wilting plants.  These challenges are best addressed by taking care during installation, 

installing filters and regularly performing maintenance. 

Subsurface drip tubing is made of UV-stabilized polyethylene with emitters embedded 

inline or in the wall of the tubing at regular intervals ranging from 450 to 600 mm (Asano et al., 

2007).  Pressure compensating emitters produce steady flow rates within a range of line 

pressures between 0.7 and 3 bar and are useful where landscape elevation varies such that regular 

emitters may produce variable flow rates (Asano et al., 2007).  Drip tubing is typically installed 

150 to 300 mm below the surface with 200 to 600 mm spacing between parallel lines (Asano et 

al., 2007).  These design parameters enable drip tubing to deliver irrigation water directly to 

plant rootzones, avoiding plant damage, public exposure and water losses. 

Further measures can be taken to improve irrigation efficiency by matching plant water 

requirements.  As mentioned in Section 2.3.3, ET rates can be used to calculate water losses from 

plant stands and determine irrigation volumes.  A study by Haley et al. (2007) on domestic 

irrigation practices found water consumption reduced by 30% when scheduling irrigation 

according to historical ET data compared with timed irrigation schedules.  However, irrigation 

volumes were still considered excessive and authors emphasized the importance of using local, 

real-time ET values as opposed to historical data, to account for actual conditions. 

2.5 Fate of Tailored Water Constituents in the Vadose Zone 

The purpose of irrigating landscapes with reclaimed water is to reuse treated wastewater 

and recover nutrients.  However, other reclaimed water constituents can cause unintended 

consequences on these landscape plants, the soil and the subsurface below.  Although tailored 

water quality from a SBMBR with tertiary treatment and UV disinfection is high, a number of 

constituents remaining in solution are of concern, including the tailored N content itself.  In order 

to assess the feasibility of turfgrass irrigation with tailored water, it is important to understand 

the fate and effect of these constituents as they enter and travel through the subsurface.  

Constituents typical of tailored water (tertiary treatment with UV disinfection) from CSM’s 

SBMBR will be considered for this discussion. 
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 Nitrogen 2.5.1

The fate of N is the most important aspect of tailored water irrigation from two 

standpoints.  The purpose for maintaining elevated NO3
-
 levels in tailored water is to supply the 

plants with the supplementary N they require to maintain high quality turfgrass.  Nitrate 

absorption by turfgrass is therefore the desirable outcome of its delivery.  However, NO3
-
 

leaching from soils receiving N supplements, typically as fertilizers, is cause for concern for 

public health and environmental protection, and because it is a federally and state regulated 

pollutant with discharge limits.  The fate of NO3
-
-N is not limited to plant uptake and leaching 

but can also be subject to denitrification and release to the atmosphere, or assimilation by soil 

microorganisms. 

 2.5.1.1 Cellular Uptake 

Soil N uptake by plants and microorganisms occurs when N comes into contact with cell 

surfaces.  Nitrogen can be absorbed and assimilated by most plant species as NO3
-
, NH4

+
, or 

dissolved organic nitrogen (DON) such as urea or amino acids, but plants typically have a 

preference (Crawford and Glass, 1998).  Microorganisms are capable of assimilating organic and 

inorganic forms of N as well (Follett, 2008).  Bulk flow and diffusion carry soluble N through 

the soil, in the forms of NO3
-
 and NH4

+
 and DON, bringing them into contact with plant root 

cells and immobile microorganisms (Crawford and Glass, 1998).  Plant root growth grants access 

to untapped N resources, as does microorganism mobility.  Active transport carries NO3
-
, NH4

+
 

and DON across cell membranes against concentration gradients where it can be converted into 

other N forms for synthesis of cellular components, stored within vacuoles, diffuse back into the 

soil matrix, or be transported through plant xylems to regions where it is needed, such as 

growing shoots (Crawford and Glass, 1998).  Plant roots and microorganisms interact in the 

rhizosphere, or the soil zone around plant roots, such that N uptake, metabolism and excretion by 

plants can influence the same processes in microbes and vice versa (Richardson et al., 2009).  

Symbiotic relationships whereby rhizosphere microbes and associated root structures supply one 

another with nutrients are common (Richardson et al., 2009).   

The rate of N uptake by both microorganisms (Geisseler et al., 2009) and turfgrass 

(Richardson et al., 2009) is difficult to predict in an uncontrolled environment as it is influenced 

by many constantly changing variables at both micro and macro scales.  Liu et al. (1993) found 

inter- and intra-species variations in nitrate uptake rates that also depended on conditions.  In a 
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study by Jiang et al. (2002), nitrate uptake rates in KBG were significantly higher than for 3 

other turfgrass species between which there was no significant difference in uptake rates.  Age 

and maturity of turfgrass is also known to affect nitrate uptake rates such that younger faster-

growing plants satisfy their higher N demand with higher uptake rates compared with mature 

plants (Jiang and Sullivan, 2004).  In the same study, shoot clipping of seedlings caused an 

immediate reduction of NO3
-
 uptake rates which recovered 1 week later (Jiang and Sullivan, 

2004).   

Cellular uptake is only a temporary removal of N from a turfgrass system as metabolism, 

death and decay return N back into the soil environment.  However, the nitrogenous end products 

of these processes are usually NH4
+
 or a form of organic N and would have to undergo 

nitrification or ammonification, respectively, before contributing to total NO3
-
 levels in the soil 

matrix. 

 2.5.1.2 Denitrification 

Denitrification is a critical process for both wastewater treatment and landscapes irrigated 

with tailored water because it is the only biological mechanism of true N removal.  As described 

in Section 2.2.2.2, denitrification converts soluble, inorganic, oxidized N as NO3
-
 or NO2

-
 into 

volatile NO, N2O or N2 gas which return N to the atmosphere.  Nitrous oxide is a greenhouse gas 

(IPCC, 2007), however, and is a less desirable end product than innocuous N2.  Although the 

applied NO3
-
 is intended for turfgrass assimilation, the release of excess N to the atmosphere 

would help prevent NO3
-
 from leaching through the subsurface and potentially polluting 

groundwater.   

Denitrification is complex, involving interactions between environmental conditions and 

diverse groups of organisms that use several different recognized mechanisms to convert NO3
-
 to 

a gaseous form of N, including bacterial anaerobic nitrate respiration, aerobic bacterial 

denitrification, nitrifier denitrification, and denitrification by archaea and fungi (Hayatsu et al., 

2008).  Our understanding of process rates and factors controlling them is incomplete, limiting 

our ability to predict N removal for a given soil type and condition.  Nutrient cycling models 

have treated taxonomic functional groups as “black boxes that transform inputs to outputs at 

rates determined [by] environmental factors” (Cavigelli and Robertson, 2000) and until recently, 

factors such as temperature, pH, and the availability of NO3
-
, NO2

-
, organic C and O2 were 

believed to be the main controls (Luo et al., 1999).  However, correlations between these factors 
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and denitrification rates differ between studies, often contradicting one another (Stanford et al., 

1975, Davidsson et al., 1997, Maltby et al., 1998, Siemens et al., 2003, Pintar, 2005).  Moreover, 

recorded denitrification rates vary by 5 orders of magnitude, differing even for similar soils types 

under similar conditions (Tucholke, 2007).  These discrepancies are often attributed to the 

dynamic variability of environmental conditions across space and time, but in an experiment by 

Cavigelli and Robertson (2000), environmental factors were controlled in non-limiting amounts 

revealing denitrification rate differences to be a function of denitrifier community composition.  

Although this view is supported with results from other studies (Chèneby et al., 1998, Holtan-

Hartwig et al., 2000, Rich et al., 2003, Chèneby et al., 2004), new research continues to provide 

evidence for environmentally controlled enzyme activity (Rich and Myrold, 2004, Boyle et al., 

2006) emphasizing our lack of understanding. 

 2.5.1.3 Leaching 

Nitrate and NO2
-
 can be risks to public health and the environment.  Nitrite is very toxic 

to many aquatic organisms but is unstable and quickly oxidized to nitrate (Tchobanoglous et al., 

2003).  On the other hand, nitrate is more stable but can lead to infant mortality if consumed in 

concentrations as low as 30 mg/L NO3
-
-N (Knobeloch et al., 2000).  As a limiting plant nutrient, 

high NO3
-
 levels in surface waters can lead to eutrophication wherein algae capitalize on the 

excess N creating algal blooms.  Algae blooms can release toxins that render the water non-

potable and cause oxygen depletion as algae die and decompose, leading to the death of fish and 

other aquatic species.  For these reasons, NO3
-
 and NO2

-
 are federally and state regulated 

pollutants.  The EPA’s Safe Drinking Water Act (SDWA) mandates maximum contaminant 

levels (MCLs) for NO3
-
 and NO2

-
 of 10 and 1 mg/L, respectively (US EPA, 2009).  The same 

values are used for Colorado’s Clean Water Act (CWA) state regulated total maximum daily 

load (TMDL) for discharge to water bodies serving as drinking water, including groundwater 

(CDPHE, 2013). 

Nitrate and NO2
-
 are oxidized, soluble forms of N that can easily contaminate water 

bodies.  As anions, they do not sorb to negatively charged soil colloids and so are highly mobile 

(Follett, 2008).  For example, plants will not take up excess NO3
-
 applied via subsurface drip to 

turfgrass rootzones.  In the absence of denitrification, soil pore water containing the excess NO3
-
 

can percolate through the vadose zone until it reaches the water table, known as leaching.  

Runoff of excess NO3
-
 is an irrelevant consequence for subsurface drip irrigation unless the 



27 

turfgrass is being over-watered.  Some studies have shown organic-N to be a significant portion 

of leachate but field settings studied, snowmelt from alpine catchments for example, were not 

closely related to turfgrass situations and the findings may not apply (Hood et al., 2003, Barton 

and Colmer, 2006). 

Leaching can be minimized by following several simple guidelines.  Factors affecting N 

leaching from turfgrasses appear to be soil texture, turfgrass growth phase, and the frequency, 

amount and rate of fertilizer application and irrigation (Barton and Colmer, 2006).  Meeting and 

not exceeding turfgrass N requirements and assimilative capacities minimizes leaching (Barton 

and Colmer, 2006).  Water-soluble fertilizers should be applied more frequently at lower rates to 

prevent leaching (Snyder et al., 1984).  By optimizing irrigation and fertilizer strategies, 

turfgrass quality can be maximized while minimizing nitrate leaching (Snyder et al., 1984).  

Substantial differences in nitrate leaching have been observed between turfgrass species and 

cultivars in a few studies but conditions were modified to maximize the potential for leaching 

(Liu et al., 1997, Bowman et al., 1998). 

 Phosphorus 2.5.2

Phosphorus is a limiting plant nutrient, even more so than N, as soils worldwide are 

typically deficient in P (Raghothama, 1999).  Plants are only capable of absorbing inorganic 

H2PO4
-
 but phosphorus in soils is typically present in organic forms (Pessarakli, 1999).  

Conversions between organic and inorganic forms are microbially mediated processes 

(Richardson et al., 2009), and P availability is further limited by competition between plant and 

microbe for the vital nutrient.  As a result, plants have developed mechanisms to absorb soil 

H2PO4
-
 up 1000-fold or higher concentration gradients into the cytosol where it is stored in large 

enough quantities to maintain regular metabolic function (Raghothama, 1999). 

Phosphorus availability is also limited by its tendency for chemisorption and surface 

adsorption, and its low rates of diffusion (Raghothama, 2000).  Positively charged soil 

constituents such as calcium, iron and aluminum can form compounds with phosphates, 

precipitate, and retain P in the soil (US EPA, 2002).  Some microbes are capable of solubilizing 

precipitated P rendering it bioavailable to both plants and microbes (Richardson et al., 2009).   

Although small additions of phosphates to water bodies can lead to eutrophication, 

leaching from turfgrass soils is not considered a major pathway for P loss (Richardson et al., 

2009).  This is due to the high P sorption capacity of most soils (Soldat and Petrovic, 2008).  
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Neither the SDWA nor the CWA regulate P, but the US EPA recommends limiting total 

phosphates to 0.05mg L
-1

 PO4
-
-P in a reach of stream entering a lake or reservoir, and 0.1 mg L

-1
 

PO4
-
-P in all other streams (David and Dennis, 2013), and states like Florida and Wisconsin have 

implemented P TMDLs that vary per water body in question (US EPA, 2012). 

 Remaining Constituents 2.5.3

Medium strength domestic wastewater contains elevated TDS levels compared with 

potable and fresh water, typically in the range of 270-860 mg L
-1

, which are not removed through 

tertiary treatment (Tchobanoglous et al., 2003).  Elevated TDS, composed mainly of sodium, 

calcium, potassium, chlorine and sulfate, has been known to pose problems of salinity, sodicity 

and specific ion toxicity in landscapes irrigated with reclaimed water (Tchobanoglous et al., 

2003).   

Salinity refers to the total TDS concentration of water or soil and is measured using 

electrical conductivity (EC; dS m
-1

) as a surrogate for TDS.  Increasing soil salinity decreases the 

osmotic gradient between the soil water and plant root cells making the process of water 

absorption and nutrient uptake more energy intensive (Asano et al., 2007).  This reduces plant 

growth and induces drought condition-like symptoms.  Plants do not absorb high levels of salts 

relative to soil water concentrations resulting in the accumulation of salts in soils irrigated with 

reclaimed water (Asano et al., 2007).  Salinity can also adversely affect N uptake (Bowman et 

al., 2006).  Turfgrasses have varying sensitivities to salinity which are also affected by 

environmental conditions (Beard, 1973).  Some classifications of salinity based on soil electrical 

conductivity are outlined in Table 2-4.  Leaching is the only transport mechanism for removal of 

excess salinity (Asano et al., 2007). 

Table 2-4: Soluble salt test values and relative sensitivity levels of plants (Rosen et al., 2008). 

Electrical Conductivity* 

(dS m
-1

) 
Salinity level Effect on plant growth 

0 – 2 Non-saline None 

2.1 – 4 Slightly saline Sensitive plants are inhibited 

4.1 – 8 Moderately saline Many plants are inhibited 

8.1 – 16 Strongly saline Most cultivated plants inhibited 

16 + Very strongly saline Few plants are tolerant 

*Saturated paste extract method. 
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Sodic conditions occur when sodium is the principal cation in the irrigation water and soil 

solution and are measured using the sodium absorption ratio (SAR) show in Equation 2.5 (Asano 

et al., 2007).  Sodic conditions, represented by high SAR values, leads to the dispersal of soil 

particles and clay swelling which reduces the infiltration of water and air into the soil matrix by 

blocking large pore spaces (Asano et al., 2007).  Sodicity becomes more detrimental as EC 

decreases (Asano et al., 2007) as indicated by the classifications in Table 2-5. 

 SA  
[Na ]

√([    ] [    ])  ⁄
 (2.5) 

Table 2-5: Classification of salt-affected soils (Waskom et al., 2012) 

Classification 
EC 

(dS m
-1

) 
Soil pH SAR Soil condition 

Slightly Saline 2 - 4 < 8.5 < 13 normal 

Saline > 4.0 < 8.5 < 13 normal 

Sodic < 4.0 > 8.5 > 13 poor 

Saline-Sodic > 4.0 < 8.5 > 13 varies 

High pH < 4.0 > 7.8 < 13 varies 

 

Cation exchange complex (CEC) measurements quantify the concentration and relative 

distributions of soil cations that can be withheld from leaching by attraction to the negatively 

charges of soil colloidal matter and also represents the capacity of soil to buffer changes in pH.  

This measurement is important for quantifying soil fertility with respect to cationic plant 

nutrients.  The level of CEC is a function of soil organic matter, particularly humus (Parfitt, 

1995), and clay content (Sahrawat, 1983).  Soil pH and CEC are directly correlated because H+ 

cations replace other cations such as Al
3+

 and Ca
2+

 on the exchange complexes (Smyth, 2012). 

Specific ion toxicity from sodium, chlorine and boron, is less likely to cause foliar injury 

from accumulation in turfgrass compared with other plants because frequent mowing removes 

shoot tissue and any accumulated constituents therein (Carrow and Duncan, 2011).  On the other 

hand, direct root toxicity can be a problem in turfgrass (Carrow and Duncan, 2011).  Many trace 

elements in reclaimed water are essential plant micronutrients but have the potential to adversely 

affect irrigated plants in the long term as their accumulation in the soil and uptake may exceed 

the minimal plant requirements (Asano et al., 2007).  Other reclaimed water constituents of 

concern include trace organic chemicals, also known as chemicals of pharmaceutical and 
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personal care products (PPCP), such as triclosan, nonylphenols and perfluorinated substances.  

This aspect of reclaimed water is out of the scope of this research. 

2.6 Quantifying Denitrifier Communities 

Microbial community function studied using phylogenetic diversity analyses has led to 

the study of functional diversity as a more appropriate method that accounts for distantly related 

organisms capable of performing similar functions (Throbäck et al., 2004).  Denitrification is a 

great example of this: the organisms performing denitrification are diverse, with genes for 

denitrification enzymes found in many phylogenetically distinct organisms occupying a range of 

habitats including soils, groundwater, and other environments (Wallenstein et al., 2006, Zumft, 

1997).  In the last decade, research has focused more on identifying populations of denitrifiers 

using functional genes as opposed to 16S ribosomal RNA genes. 

Denitrifiers can be distinguished from other nitrate-respiring bacteria by their ability to 

reduce NO2
-
 to NO (Zumft, 1997).  Two nitrite reductase enzymes (Nir) are responsible for 

catalyzing the reaction: nirK encodes a copper-containing enzyme and nirS encodes a 

cytochrome cd1 enzyme (Throbäck et al., 2004).  Braker et al. (1998) were the first to investigate 

denitrifier diversity using molecular markers and developed primers for the nirK and nirS genes 

to do so.  These genes have become the most commonly used markers for studying denitrifier 

communities (Wallenstein et al., 2006, Kraft et al., 2011).    

Understanding N dynamics requires knowledge of both the diversity of functional 

communities participating in the N cycle, and also the abundance of these functional 

communities (Philippot, 2006).  Abundance can be quantified by counting gene copies or gene 

expression as mRNA from a known mass of soil (Wallenstein et al., 2006).  These values can 

then be compared with physical and chemical measures of N flux, such as denitrification rates.  

Molecular measures of denitrifier communities have been compared with denitrification rates 

and N removal from soils but have produced inconsistent results.  For example, an investigation 

by Ma et al. (2008) did not show any correlation between nosZ density and N2O emissions from 

cultivated and uncultivated wetland soil samples.  Dandie et al. (2008) sampled soil cultivated 

with potatoes, and while they did not find a correlation between cnorB, nosZ, nirK or nirS gene 

abundances and denitrification activity, they found gene abundance appeared to vary seasonally: 

nirK abundance declined over time throughout the entire sampling period which lasted one full 

growing season from spring to autumn (Dandie et al., 2008).  On the other hand, Hallin et al. 
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(2009) found significant correlations between nosZ, but not nirS or nirK, gene copy numbers and 

potential denitrification rates in soils undergoing various fertilization regimes and crop 

cultivation for the last 50 years.  Similarly, Brankatschk et al. (2011) saw good correlations 

between enzyme activity as N2O production and abundance of several genes, except for nirK and 

nirS, when investigating soil from glacial fields.  Denitrification enzyme activity was 

significantly correlated with denitrifier community size, quantified using nirK-gene abundance, 

in a study on grasslands grazed by sheep (Patra et al., 2005) and in another study on arable soil 

spiked with silver nitrate (Throbäck et al., 2007).  Interestingly, an examination of several nitrate 

reduction pathways including denitrification showed that on a broad scale, nirS gene abundance 

was significantly correlated with denitrification rates, but the authors warned of the unlikeliness 

of finding similar correlations on a smaller scale where environmental factors contribute more 

strongly to gene expression (Dong et al., 2009). 

There is an important caveat to measuring gene abundance: facultative expression is not 

captured.  In a study on estuarine sediments, Nogales et al. (2002) detected five denitrification 

genes by analyzing DNA but only two genes when analyzing mRNA, confirming the presence 

but lack of expression of the other three genes.  One cannot assume any connection between 

gene abundance and gene expression, or enzyme activity for that matter.  It is important to note 

that there is no evidence as of yet to suggest denitrifiers have more than one copy of nirK per cell 

(Philippot, 2002). 

Quantitative polymerase chain reaction (qPCR) is a method that quantifies gene copy 

numbers from a sample of DNA by using fluorescence to measure DNA amplification.  In PCR, 

sample DNA functions as a template for amplification.  Temperature cycling controls the 

mechanisms of DNA replication which start with denaturation of double stranded DNA into two 

single strands, followed by annealing of two primers with base sequences complementary to the 

target region, and finally elongation, or the process of adding deoxynucleoside triphosphates 

complementary to the template DNA using Taq polymerase in order to create a full copy of each 

strand (Kubista et al., 2006).  In order to quantify the number of genes of interest in a DNA 

sample amplified in qPCR, a fluorescent compound that binds to double stranded DNA is added 

to the PCR mixture.  As cycles progress and DNA is replicated, more fluorescent compound is 

incorporated into double stranded DNA and the total fluorescence of the mixture increases.  This 
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increase can be compared to a standard with known gene copy numbers in order to calculate the 

number of copies in the original DNA sample. 

Target gene and primer selection is an important starting point for using qPCR to study 

gene abundance.  As mentioned above, nirK and nirS are the genes unique to true denitrifiers, 

and have therefore been studied the most.  However, these functionally equivalent genes are 

mutually exclusive and studies investigating the abundance of one or the other will inevitably fail 

to identify a portion of the denitrifier population.  In a study where both genes were used to 

probe denitrifier communities, nirK genes were amplified in soil samples from both forest upland 

and marsh soil whereas nirS genes could only be amplified from marsh soil (Priemé et al., 2002).  

Similarly, Braker et al. (2000) were more successful amplifying nirK than nirS genes from two 

different sediment samples.  Furthermore, Zhou et al. (2011) found nirK activity in agricultural 

soil more sensitive to treatments than nirS activity in an experiment using clean water, reclaimed 

water and raw wastewater to induce N2O production.  Similarly, Yoshida et al. (2010) found 

nirK genes more responsive to denitrifying conditions than nirS genes. 

With respect to primers, differences in gene sequences between organisms can affect the 

success of primer annealing to target sequences.  For this reason, reliable PCR primers have been 

developed, tested and optimized for the purpose of identifying as many target genes 

(representing target organisms) as possible in a denitrifying community survey.  A search of 

published literature can provide many primer sequences that target the same denitrifying gene 

and report varying rates of success amplifying DNA extracted from differing environments.  The 

amplicon length would also differ depending on primer selection which can affect the efficiency 

of a PCR.  Successful primer selection would include matching the environment whence DNA 

used in primer optimization was extracted with the test sample environment.  qPCR efficiency is 

also affected by the reaction mixture composition, cycling conditions, and purity of DNA extract. 
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 CHAPTER 3 

 EXPERIMENTAL DESIGN, MATERIALS AND METHODS 

 

3.1 Background 

The Mines Park Water Reclamation Test Site, established by CSM, addresses various 

aspects of decentralized wastewater treatment at two research stations.  This study was 

conducted at the eastern research station, commonly known as “lower Mines Park”, located at 

the intersection of CO Highway US 6 and 19
th

 Street, Golden, CO.  Lower Mines Park houses a 

full-scale decentralized sequencing batch membrane bioreactor (SBMBR), greenhouse, field 

laboratory, and other research facilities.  Tailored water was generated at the SBMBR using 

domestic wastewater from The Apartments at Mines Park, which houses about 400 students, via 

a sewer diversion and septic tank.  Turfgrass test plots were established at a suitably prepared 

location on the grounds at lower Mines Park, in the vicinity of the SBMBR and field laboratory. 

3.2 Turfgrass Test Site Characteristics 

The turfgrass test plots are located at the base of the Rocky Mountain Front Range 

foothills, at 39.744923,-105.224307 (WGS84).  The area is 1793 to 1796 m above mean sea 

level, with an easterly slope of about 7%.  Seasonal weather conditions since turfgrass sod 

installation in May, 2012, were typical of the semi-arid Western U.S., albeit low in precipitation 

for Winter 2012-2013, and are presented in Table 3-1 as measured by the Mines Park 

Meteorological Station. 

Table 3-1: Weather conditions at Mines Park meteorological station, Golden, CO, from time of 

turfgrass installation (May, 2012) through establishment (April, 2013).  

Date 
Temperature 

(ºC) 
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* 

*These values underreport actual precipitation due to a technical problem with the measurement 

equipment. 
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Soils beneath the turf grass test plots are described as Ascalon sandy loam by the 

USDA’s Web Soil Survey (USDA, 2013), and a site survey conducted at upper Mines Park, 

located within 500 m of lower Mines Park, reported the soil profile to be consistent with this 

description (Lowe and Siegrist, 2002). 

3.3 Turfgrass and Treatment Types 

Experiments were carried out on two different turfgrass types each receiving two 

treatments each.  A warm-season buffalograss [Buchloe dactyloides (Nutt.) Eng.] cv. ‘Legacy’, 

and a cool-season Kentucky bluegrass [Poa pratensis (L.)] Colorado Blue
TM

 blend were obtained 

as sod from Green Valley Turf Co., Littleton, CO.  Turfgrass received either tailored water 

containing elevated NO3
-
, or local tap (potable) water with additional surface-applied 20-10-5 

granular fertilizer. 

In order to compare the tailored water fertigation strategy with standard practices, 

granular fertilizer was supplemented on potable water plots according to recommended fertilizer 

quantities and frequencies (see Section 2.3.5).  Tailored water plots received nutrient inputs from 

the start of treatment application so it was important to supplement granular fertilizer on potable 

water treatment plots to enable a comparison of fertigation strategies at the end of treatment 

applications and maintain healthy turfgrass.  However, due to the natural variability of tailored 

water NO3
-
, PO4

2-
 and K concentrations as a function of influent loading fluctuations, and the 

unpredictability of weekly reference ET rates, it was not possible to accurately estimate nutrient 

application on tailored water plots ahead of time.  For this reason, N-P-K ratios of fertilizer 

supplemented on potable water plots were not matched to tailored water treatment, but were 

applied to reflect manufacturer and expert recommendations.  A mixed 20-10-5 fertilizer was 

applied to each turfgrass plot at an annual rate of 20 g N
 
m

-2
 to ensure satisfactory nitrogen 

nutrition.  Some recommendations suggest up to four equivalent fertilizer applications per 

growing season (Rosen et al., 2006) so potable water plots received a single application of 5 g N 

m
-2 

of mixed fertilizer representing the last of four theoretical annual fertilizer applications. 

3.4 Treatment Source and Delivery 

Characteristics of both treatment types are presented in Table 3-2.  Potable water 

treatment was supplied with standard home-plumbing fixtures connected to the City of Golden’s 

municipal water supply.  In-line pressure immediately prior to the irrigation station valves at the 

turfgrass test site ranged from 310 to 380 kPa.  
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Table 3-2: Characteristics of tailored and potable water treatments types. 

Parameter Units Tailored Water Potable water 

C D mg L
-1

 1  - 18 4 - 8 

EC dS m
-1

 0.  - 0.  0.28 - 0.31 

p  - 6.  -  .  6.7 - 7.0 

N  
-
-N mg L

-1
   - 12 BDL* 

N 2
-
-N mg L

-1
 BDL* BDL* 

N  
 
-N mg L

-1
 1 -   BDL* 

Total P  
2-

-P mg L
-1

 8 - 1  BDL* 

Potassium mg L
-1

 6 - 1  1 - 4 

*Tested with Hach Kits for which details are in Table 3-6. 

Tailored water was generated by the lower Mines Park SBMBR at CSM, for which 

system parameters are outlined in Table 3-3.  Specific SBMBR operational parameters for 

generating elevated permeate NO3
-
 concentrations are described in  

Table 3-4.  Permeate was continuously pumped into a 1900 L storage tank with overflow 

drain.  A high-head, 10 GPM (38 LPM), 0.5 HP effluent pump (Orenco Systems Incorporated, 

Sutherlin, OR) supplied tailored water to the turfgrass test site as programmed by the irrigation 

controller unit.  A variable pressure valve was used to match in-line pressure with potable water 

pressure in the field and was set at about 350 kPa, measured at the same location as for the 

potable water in-line pressure measurements. 

Table 3-3: CSM SBMBR system parameters (Benecke, 2012). 

SBMBR PURON Membranes 

Parameter Value Parameter Value 

Batch Size 1.14 m
3
 h

-1 
Membrane Technology Ultrafiltration 

Total SBR Volume 17.5 m
3
 Nominal Pore Size 0.05 µm 

Total MBR Volume 6.3 m
3
 Membrane Surface Area 61.3 m

2
 

Volume Exchange Ratio 10 % Membrane Material Braided-Polyethersulfone 

Recirculation Flow 76 Lmin
-1 

Permeate Flow Direction Outside-in 

  Driving Force Vacuum 

  Net Design Flux 19 L m
-2

h
-1 

  Permeate Mode Duration  300 s 

  Backflush Mode Duration 20 s 
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Table 3-4: Operational parameters for tailored water generation by the CSM SBMBR from 

September 19
th

 through November 6
th

, 2012.  SBMBR cycles were a total of 120 minutes. 

Oxygen conditions Anoxic Oxic Anoxic Oxic Anoxic 

Time (minutes) 6 39 17 35 23 

SRT (days) 23 

 

3.5 Experimental Design and Timeline 

In order to compare turfgrass fertigation with tailored water compared with potable water 

and granular fertilizer, each treatment type was delivered to triplicate 3x3 m turfgrass plots of 

both KBG and BG turfgrass using subsurface drip tubing.  In preparation for future studies on 

saline water treatment, three additional plots of each grass type were also assigned tailored water 

treatment in this study as another set of replicates.  Six rows of three plots each, covering a total 

area of 162 m
2
, were assigned coordinates using numbers (1 through 6) and letters (A, B and C) 

to describe each row running from South to North and each column running West to East, 

respectively.  Plots in rows 1, 4 and 5 were sodded with KBG, while plots in rows 2, 3 and 6 

were sodded with BG.  Irrigation was delivered to pairs of plots receiving the same treatment by 

way of nine irrigation stations.  Station number assignment and experimental design is presented 

in Figure 3-1.  Throughout this thesis, individual plots or lysimeters may be referred to by their 

coordinates and depths.  For example, the southwestern-most plot planted with KBG and 

receiving potable treatment may be referred to as plot A-1, and the lysimeters installed at 10, 20 

and 60 cm depths therein referred to as A-1-10, A-1-20 and A-1-60, respectively. 

From turfgrass installation in May 2012 through August 2012, during which time 

equipment was installed and tested, irrigation was time-scheduled and turfgrass was slightly 

over-watered to account for installation stress and the heat of the summer season.  In August, 

flow tests were performed to determine flow rates from individual irrigation stations in 

preparation for the conversion of evapotranspirative requirement volumes to length of irrigation 

event per station.  During this time lysimeter vacuum sampling was also tested.  The first round 

of leachate and soil samples was collected from September 20 through 23, prior to tailored water 

application.  Tailored water irrigation was introduced on September 30, 2012, and lasted through 

November 2, approximately 34 days.  The second round of leachate and soil samples was 

collected from November 3 through 6.  At this time, tailored water irrigation was replaced again 

with potable water in preparation for winterization of the site.  The final irrigation event of the 
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2012 growing season was on December 8, 2012.  Select leachate samples were also collected 

during a third sampling event that occurred on March 28, 2013.  Dates of all major events 

throughout installation, testing and experimentation are presented in Table 3-5. 

 

 
Figure 3-1: Experimental design of turfgrass test plots at lower Mines Park, CSM, Golden, CO., with 

spatial orientation of treatment and grass type (Kentucky bluegrass: KBG; buffalograss: BG), plot 

coordinate labeling scheme, and irrigation station number overlaid in white. 

Table 3-5: Installation, testing and experimentation timeline for 2012 growing season. 

Date Event(s) 

May 1-3  Drip tubing installation 

May 4  Turfgrass sod laid 

June – July  Boreholes dug and lysimeters installed 

August – September  Flow rate testing 

 Lysimeter vacuum sampling testing 

September 20 – 23  Initial leachate and soil sampling event 

September 30  Tailored water treatment for stations 4-9 

 Potable water treatment for stations 1-3  

November 3 – 6  Second leachate and soil sampling event 

 Potable water treatment for all stations 

December 8  Winterization of turfgrass site 

 Irrigation turned off to prevent freeze damage 

March 28  Select leachate samples collected 
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3.6 Testbed Installation 

Installation of irrigation equipment, turfgrass sod, and sampling and monitoring units 

occurred from May through July, 2012.  The following subsections describe these events in 

detail and further information including supplementary images can be found in the Appendices 

as indicated. 

 Subsurface Drip Tubing 3.6.1

A suitable location on the lower Mines Park grounds was prepared for subsurface drip 

irrigation installation and turfgrass establishment beginning on May 1, 2012 and completed on 

May 3, 2012.  Soil was mechanically tilled to remove large rocks and debris before installation 

of pressure compensating subsurface drip tubing.  TORO DL2000® Series PC Drip tubing 

(outside diameter: 1.8 cm; inside diameter: 1.6 cm; recommended operating pressure: 1-4.1 bar; 

emitter flow rate: 1.9-3.8 L hr
-1

; emitter spacing: 30 cm) was obtained from the TORO Company 

(Riverside, CA) and laid down west to east across an area measuring 9x18 m.  Thirty runs of 

tubing were installed just below the soil surface in parallel, separated by 30 cm (Figure 3-2a).  

Along the western edge of each pair of plots representing one treatment triplicate with two types 

of grass, runs were connected to inflow laterals (Figure 3-2b).  Similarly, along eastern edges, 

runs were connected to outflow laterals (Figure 3-2b) that ended in automatic flush valves 

(Netafim USA) at the northern edge of the test site.  According to manufacturer specifications 

the flush valves flushed approximately 1 gallon of water per irrigation event through the drip 

system associated with each irrigation station.  Nine manifolds were connected to irrigation 

valves, each representing one of three treatment types in triplicate (Figure 3-2c).  Manifolds were 

extended from irrigation valves along the south side of the turfgrass test plots, west to east.  At 

the proper locations, inflow laterals were connected to manifolds from south to north.  Each 

cluster of triplicate irrigation valves was connected to a single influent pipe for each treatment 

type (Figure 3-2d). 

 Turfgrass Installation 3.6.2

Following drip tubing installation, the test site surface was appropriately prepared for sod 

laying by evening the surface and applying granular fertilizer (Figure 3-3a).  Turfgrasses were 

obtained as sod and evenly laid across appropriate plots (Figure 3-3a, b) to form a continuous 

grass cover across the entire turfgrass test site on May 4, 2012 (Figure 3-3c). 
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Figure 3-2: Subsurface drip tubing installation, and station and treatment configuration.  Runs 

spaced 30 cm apart (a) were connected to inflow laterals on the western side and outflow laterals on the 

eastern side of each irrigation station section (b).  Irrigation stations 1-3 and 4-9 deliver potable water (P) 

and tailored water (T) respectively (c, d).  Refer to Figure 3-1 to cross-reference treatment and station 

numbers with plot identities. 

 

 

 
Figure 3-3:Turfgrass installation.  After drip tubing was installed, the ground surface was smoothed 

and fertilized (a) before laying two types of turfgrass sod, Kentucky bluegrass [Poa pratensis (L.)] 

Colorado Blue
TM

 and buffalograss [Buchloe dactyloides (Nutt.) Eng.] cv. ‘Legacy’ (a, b).  Different 

sections of turfgrass can clearly be seen after installation was completed (c). 
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 Lysimeter and Soil Sensor Installation 3.6.3

In order to collect soil pore water leachate for nutrient and salinity analysis, porous cup 

soil suction lysimeters were installed at several depths beneath each plot throughout June and 

July 2012.  Soil suction lysimeters collect soil pore water when a vacuum capable of overcoming 

soil moisture tension is applied to the porous cup.  Lysimeters used were 23.7 cm long 1900 Soil 

Water Samplers (Soil Moisture Equipment Corp., Santa Barbara, CA) with 4.8 cm outer 

diameter PVC tubing, a 200 kPa air entry pressure porous cup and Santoprene rubber stopper.  

Lysimeters were assembled with two-hole rubber stoppers: a hole in the center for sample 

collection and a second hole offset from the center for applying a vacuum.  Two 0.64 cm 

diameter PVC tubes 30 and 10 cm in length for sampling and vacuum, respectively, were 

inserted into the rubber stopper such that the sampling tube contacted the inner wall of the 

porous cup, and the vacuum tube extended about 5 cm from the rubber stopper into the lysimeter 

(Figure 3-4a).  On the inside of the rubber stopper, clamps were tightened over each tube to 

prevent them from being easily removed.  On the outside of the rubber stopper, exposed ends 

were each attached to a ¼ inch to ¼ inch Home Depot model #94045 brass valve (Figure 3-4b).  

Additional sections of tubing about 10 cm long were added to the unused side of the valves.  In 

the laboratory, lysimeters were rinsed once with isopropyl alcohol and several times with 

deionized water prior to field installation.  After assembly, lysimeters were leak-tested in water 

to ensure an air-tight seal between rubber stopper, lysimeter and PVC sampling and vacuum 

tubes. 

 
Figure 3-4: Porous cup soil suction lysimeter design.   PVC 0.64 cm diameter sampling and vacuum 

tubes 30 and 10 cm in length, respectively, were inserted into a rubber stopper and clamped (a).  Valves 

were attached to free ends of PVC tubes and the assembly was used to stopper porous cup lysimeters (b). 

Near the center of each turfgrass plot, 3 boreholes between 5 and 10 cm in diameter were 

dug, separated from one another by 30-40 cm, using a rotary hammer drill with combination drill 

bit and 2 inch (5.1 cm) auger, and spud bar for breaking up rocks.  Boreholes were 10, 20, 60 cm 

deep.  Soil was collected and removed from boreholes to use as backfill after equipment 
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installation using a Shop-Vac® Brand Wet/Dry Vac™ vacuum cleaner.  Collected soil was 

sieved to 1 cm and mixed with water at a ratio of about 3:1 to produce a slurry with low enough 

viscosity to allow even pouring.  Boreholes were initially filled with 300 to 500 mL of slurry into 

which lysimeters were pressed such that the porous cup was within 1 cm of the outer walls of the 

borehole.  Slurry was added to the 20 and 60 cm boreholes until only the upper 10 cm of each 

lysimeter was exposed, followed by the addition of bentonite tablets to form a seal against 

preferential flow paths leading directly to the porous cup.  Bentonite tablets were ¼ inch, time 

release coated, NSF-ANSI Standard 60 (CETCO®, Hoffman Estates IL).  Care was taken while 

pouring slurry to avoid creating air pockets, to ensure good contact between slurry, borehole 

walls and porous cup, and to keep sample and vacuum PVC tubes straight up.  The 60 cm depth 

lysimeters were fully submerged, while the rubber stoppers were exposed and even with the 

surface of the turfgrass for 20 cm lysimeters (Figure 3-5a), and about 15 cm of the 10 cm depth 

lysimeters were exposed above the turfgrass surface.  Following installation, 30 cm 4 inch 

diameter PVC tubes were inserted into the top 5 cm of turfgrass around each lysimeter to protect 

sampling and vacuum lines and exposed lysimeters from the environment and maintenance 

activities including mowing.  The result of protective PVC installation can be seen in Figure 

3-5b, c.  

A T    brand Turf Guard™ TG-S2 Dual Level Wireless Soil Sensor, capable of soil 

moisture, temperature and salinity monitoring at two depths, was also installed in each plot in a 

fourth 60 cm deep borehole on August 17, 2012.  The main and secondary sensory units were 

installed according to manufacturer’s instructions at 10 and 60 cm depths, respectively.  Similar 

to the 60 cm lysimeter installation, a bentonite seal was placed above the 60 cm secondary sensor 

to prevent unrepresentative readings due to preferential flow paths within the borehole.  Step-by-

step pictures from the lysimeter, soil sensor and protective PVC installation, can be seen in 

Appendix A. 

3.7 Irrigation Scheduling 

Irrigation volumes for both tailored and potable water treatments were matched to weekly 

local reference evapotranspiration data to prevent over-watering of turfgrass and minimize 

leaching.  Daily averages of net solar radiation, mean wind speed at a height of 2 m, and 

maximum and minimum temperature and relative humidity at 2 m were collected from CSM’s 

Meteorological Station (CSM, 2013) and used to calculate reference evapotranspiration for a 
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0.12 m tall reference surface using the Penman-Monteith equation presented in Equation 2-4 in 

Section 2.3.3.  This was done using a Microsoft Excel spreadsheet called “PMday” produced by 

Snyder and Eching of the University of California, Davis, CA., and the California Department of 

Water Resources, Sacramento, CA., respectively (Snyder and Eching, 2013).  The spreadsheet 

and documentation regarding its use are provided in Appendices B1 through B5.   

 

 
Figure 3-5: Completed lysimeter and protective PVC pipe installation.  A 20 cm depth lysimeter 

installed in the soil (a) with protective PVC pipe (b).  The turfgrass test site after completed installation 

(c). 

Data collection, reference ET calculations and irrigation scheduling was performed 

weekly on Monday mornings.  Daily reference evapotranspiration values from the previous 7 
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days were averaged to provide the following week’s irrigation requirements.  These requirements 

were used to calculate irrigation volumes for turfgrass plots, which were converted into length of 

time per irrigation event based on individual station flow rates (Appendix C).  Irrigation events 

longer than 10 minutes were divided into multiple irrigation pulses in order to never exceed 10 

minutes of drip irrigation per plot per pulse.  This was done to prevent over-saturation and allow 

turfgrasses more time to absorb water and nutrients. 

Irrigation events were always scheduled to begin at 12 pm each day to take advantage of 

the diurnal SBMBR influent ammonia concentrations.  Around 9 am each day, SBMBR influent 

ammonia concentrations peak resulting in a permeate NO3
-
 peak around 12 pm.  The three hour 

difference is equivalent to the hydraulic retention time of the SBMBR plus the time required for 

the higher concentration permeate to displace and mix with the permeate already in a 379 L 

storage tank.  Permeate is pumped to a secondary 1893 L storage tank before the irrigation pump 

brings it to the field, requiring an additional time delay for the NO3
-
 concentration to peak in the 

1893 L storage tank.  Due to the variability of irrigation times as a function of weekly reference 

ET rates, irrigation beginning at 12 pm was determined to be adequate to capture the highest 

levels of tailored water NO3
-
 concentrations.  The diurnal cycle in NO3

-
 concentrations in the 

SBMBR and in the permeate is presented in Appendix D. 

A TORO Model TWRFS Wireless Rain/Freeze Sensor automatically shut-off irrigation 

following precipitation events.  A minimum of 6mm of rainfall disabled test plot irrigation for a 

minimum dry-out period set point of 1 day which was further automatically adjusted for actual 

rainfall durations. 

3.8 Turfgrass Maintenance and Monitoring 

Turfgrass was mowed regularly and clippings were returned.  Turfgrass mowing was 

performed weekly by CSM Grounds Services as time permitted.  Clippings were returned to the 

ground by a non-mulching mower.  Frequently windy conditions typical of the climate in and 

around Golden, CO often caused grass clippings to be redistributed outside of the turfgrass test 

site area.  Therefore, the assumption that nutrients from clippings were returned to the turfgrass 

through decomposition is only partially applicable. 

A late fall fertilization was applied with a complete granular turf fertilizer at the end of 

the growing season in order to maintain the turfgrass through the winter and promote a healthy 

recovery the following growing season (Leinauer, 2012).  For turfgrass site winterization, 6 g N 
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m
-2

 of 20-10-5 (N-P-K ratio) consumer grade turfgrass fertilizer was evenly spread on all 18 

turfgrass plots on December 6 using a surface spreader and according to manufacturer’s 

instructions.  Following the shut-down of irrigation on December 8 the turfgrass site was closed 

for the winter. 

The rating system described in Section 2.3.2 was used to gauge and monitor turfgrass 

health.  Once per week each plot was ascribed a visual rating of between 1 and 9 representing the 

worst and best possible qualities, respectively, as a function of turfgrass color, density, 

uniformity and the presence of bare or dead patches, according to the methods published by the 

National Turfgrass Evaluation Program (Morris and Shearman, 2008).  Observations ceased 

when snow permanently covered the ground in December and began again in March once snow 

cover had melted. 

TORO brand, frequency domain, Turfguard soil sensors installed in each plot wirelessly 

transmitted temperature, moisture and electrical conductivity data in real time to an online 

database.  Proprietary software displayed data in charts from which trends could be observed and 

monitored.  Moisture levels were monitored with particular attention to ensure successful 

irrigation and to identify irregularities that would indicate any problems with irrigation. 

3.9 Leachate Sample Collection and Storage 

Soil pore water leachate was collected from beneath turfgrass plots during two separate 

events, one prior to (September 20) and one following (November 3) the 5 week tailored water 

treatment.  A vacuum sampling system developed was capable of applying a vacuum to 18 

porous cup soil suction lysimeters, or six plots at three depths, simultaneously (Figure 3-6).  The 

lysimeters and vacuum sampling system were tested on two separate occasions after field 

installation to confirm functionality, flush out remaining DI rinse water and prime them with soil 

pore water more representative of future soil leachate samples.  A detailed description of design 

parameters and construction for the multiple-sample vacuum system, as well as more images 

from vacuum sampling, are available in Appendix A.  

In order to capture representative soil pore water samples, leachate collection began 24 

hours after the end of the previous irrigation event.  Depending on the duration of irrigation 

events, about 18 to 23 hours could theoretically pass before an individual plot received a new 

plug of irrigation water.  Twenty four hours therefore allows some extra time, compared to 

typical irrigation events, for a plug of tailored water to affect and be affected by the various 
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mechanisms of uptake, removal and leaching taking place in the subsurface, before the 

subsequent plug arrives.  Considering the frequency of irrigation events, conditions at the end of 

this treatment process, immediately prior to the arrival of the subsequent plug, were thought to 

be the most representative of the local environment’s ability to affect the nutrient content of 

tailored water leaching through the subsurface. 

 

 
Figure 3-6: Vacuum sampling system used in conjunction with soil suction lysimeters. 

A vacuum was applied to lysimeters for 24 hours in order to acquire adequate volumes of 

leachate for chemical analysis.  Initial tests using 3-6 hour vacuum applications at 500 kPa did 

not provide sufficient leachate volumes in many of the lysimeters to complete full chemical 

analyses.  In order to avoid major disruptions in irrigation schedules and facilitate sampling 

logistics, a 24 hour vacuum application at 500 kPa was shown to provide adequate leachate 

volumes from most lysimeters. 

For both sampling events, complete turfgrass site sampling took place over the course of 

4 days.  On day 1, stations 1, 2 and 7 were temporarily shut off and the vacuum sampling system 

set up.  Samples were collected from stations 1, 2 and 7 on day 2, and irrigation of those stations 

resumed on a temporary delayed schedule.  Regular irrigation schedules resumed for stations 1, 2 

and 7 on day 3.  Stations 4, 8 and 9 were simultaneously subjected to the same schedule though 

delayed by one day, or in other words starting on day 2.  Similarly, sampling activities for 

stations 3, 5 and 6 were delayed from stations 1, 2 and 7 by two days and began on day 3.  By 

day 4, all three groups of stations had been sampled and by day 5 all irrigation schedules 

returned to normal.  A detailed example of the sampling schedule is available in Appendix E. 
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Samples were extracted from lysimeters using a vacuum side-arm flask and transferred to 

50 mL polypropylene centrifuge tubes for storage.  After each sample was collected, the vacuum 

flask and tubing were rinsed with DI water several times and shaken upside down to void as 

much rinse water as possible to minimize subsequent sample dilution.  Samples were stored 

overnight at 4ºC before the first set of analyses was completed. 

3.10 Soil Sample Collection and Storage 

Soil samples were collected during both sampling events from all 18 plots at 10, 20 and 

60 cm depths within a single borehole dug at a random location in each plot.  Soil was collected 

with a vacuum and used to back-fill the boreholes after sample acquisition.  The first layers of 

soil were scraped away from the wall of the borehole using a spatula sterilized with ethanol.  The 

spatula was sterilized again before scraping the newly uncovered soil.  For the purpose of DNA 

extraction, soil was collected at 10, 20 and 60 cm depths into 50 mL polypropylene centrifuge 

tubes for storage.  Soil closely associated with roots was not avoided, but roots and large stones 

were not collected in sample vials.  Samples were immediately placed in the freezer at -20ºC for 

storage.  For the purpose of soil chemical analysis, about 500 g of soil were collected in 1 quart 

Ziplock bags during the second sampling event and stored overnight at 4ºC before being shipped 

to a commercial soil testing laboratory. 

3.11 Chemical Analysis of Leachate and Soil Samples 

Two sets of leachate analyses were performed for samples collected from both sampling 

events.  The first set of analyses was done using handheld pH (Thermo Fisher Scientific Inc., 

Waltham, MA.) and EC (Oakton Instruments, Vernon Hills, IL.) meters, and HACH TNTplus
TM

 

kits with a HACH DR2800 Spectrophotometer (HACH Company, Loveland, CO.) for nutrient 

quantification.  After recording the volume of collected leachate, samples were filtered to 0.45 

µm (PALL Supor ® - 450, 25 mm ø, Pall Corporation, Port Washington, NY.) and finally stored 

overnight at 4ºC prior to analysis the following day.  Specifications for all HACH TNTplus
TM

 

kits used are provided in Table 3-6.  In addition to the nitrogen species listed therein, dissolved 

organic nitrogen was calculated as the difference between total nitrogen and the three aqueous 

nitrogen species: nitrate, nitrite and ammonia. 

Following the first set of analyses and within 2 weeks of sample acquisition, a second set 

of analyses was performed to measure anions of interest and plant micronutrient levels.  Anions 

were measured using anion chromatography on a Dionex ICS-90 ion chromatography system 
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according to EPA Method 300.1 (Hautman and Munch, 1997), and elemental composition was 

measured using inductively coupled plasma mass spectrometry using a Perkin-Elmer Optima 

3000 (or 5300 CV) similarly to EPA Method 200.7 (Martin et al., 1994).   

Table 3-6: Details of HACH TNTplus
TM

 kits for nutrient analyses. 

HACH TNTplus
TM

 kit Product number Range  

(mg L
-1

) 
Method EPA* 

Total Nitrogen, LR TNT826 1 - 16 
Persulfate 

Digestion 
 

Nitrogen as Nitrate, LR TNT835 0.23 - 13.5 Dimethylphenol + 

Nitrogen as Nitrite, LR TNT839 0.015 - 0.600 Diazotization + 

Nitrogen as Ammonia, ULR TNT830 0.015 - 2.000 Salicylate + 

*EPA “ ” indicates an EPA-approved, accepted or equivalent method for reporting purposes. 

Soil samples collected during the second sampling event underwent a standard turf-soil 

analysis package to quantify several plant nutrients as well as levels of potentially harmful soil 

components.  Analyses were performed by AgSource Laboratories – Harris, Lincoln, NE, using 

standard methods outlined in Table 3-7. 

3.12 Molecular Analysis of Soil Samples 

Quantitative PCR was performed on DNA extracted from soil samples in order to 

estimate nirK gene copy numbers.  Primers were obtained from the literature and used according 

to published methods.  Instead of Roche LightCycler software, raw fluorescence data were 

analyzed using LinRegPCR (Ruijter et al., 2009) which uses an improved baseline calculating 

algorithm and an average efficiency for estimating copy number. 

 DNA Extraction 3.12.1

Genomic DNA was extracted in duplicate from soil samples collected during both 

sampling events using PowerSoil® DNA Isolation Kits (Mo Bio Laboratories, Carlsbad, CA) 

according to manufacturer’s instructions.  Frozen soil samples were thawed after   months 

storage, dried in an ethanol- and UV-sterilized laminar flow hood and sieved to 2 mm by hand 

using ethanol-sterilized tweezers.  Approximately 0.4 grams of soil from each sample collected 

were immediately transferred to bead beating tubes and returned to the -20ºC freezer until 

needed. 
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Table 3-7: Methods of soil analysis utilized by AgSource Harris Labs.  Modified from Agsource 

(2006).  

Analysis Units Description 

Soil pH n/a 1:1 Soil/Water Slurry 

Buffer pH n/a Sikora Method 

Organic Matter % Loss of Ignition 

Soluble Salt mmhos/cm 1:1 Soil/Water Slurry 

Salinity Evaluation n/a Saturated Paste extraction 

Cations (Ca, K, Mg, Na) ppm Ammonium Acetate Extraction 

Phosphorus ppm Bray I extraction 

Nitrate Nitrogen ppm Cadmium reduction 

Ammonium Nitrogen ppm SME 

Total Nitrogen % Kjeldahl Digestion 

 

Bead beating tubes were removed from the freezer, thawed and submitted to extraction 

procedures 10 at a time from May 18 through May 22, 2013.  Manufacturer protocol was 

followed accordingly except for these modifications: 1 minute of bead beating in step 1, 400 µl 

of supernatant were transferred in step 7, 700 µl of supernatant were transferred in step 13, and 

DNA was eluted using 50 µl of nuclease-free water which was passed through the spin disk filter 

twice.  Duplicate extracts were pooled and DNA concentrations were quantified on a NanoDrop 

ND-1000 spectrophotometer (NanoDrop, Wilmington, DE) before storage at -20ºC.  DNA 

sample purity was also measured by comparing light absorption at 230, 260 and 280 nm, which 

correspond to humic acid, pure DNA, and proteins, respectively.  A260/A280 and A260/A230 ratios 

indicate the level of protein and humic acid contamination, respectively, a DNA sample may 

contain (Yeates et al., 1998). 

 qPCR Assay 3.12.2

The primer sequences used to amplify nirK gene fragments were developed by Henry et 

al. (2004), and in the case of the reverse primer, based on the sequence designed by Braker et al. 

(1998) and Hallin and Lindgren (1999).  The degenerate primer sequences described in Table 3-8 

were expected to produce a 165 bp amplicon (Henry et al., 2004) and the numbering is based on 

nirK in Sinorhizobium meliloti 1021.  The nirK gene and S. meliloti 1021 Genbank accession 

numbers are NP_435927.1 and NC_003037.1 respectively. 
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Table 3-8: Forward and reverse primer sequences targeting nirK. 

Primer Sequence (5’ – 3’) 

Forward - nirK876 ATY GGC GGV AYG GCG A 

Reverse - nirK1040 GCC TCG ATC AGR TTR TGG TT 

 

PCR products were amplified with a LightCycler 480 (Roche Applied Science, 

Indianapolis, IN) using SYBR Green (Quanta Biosystems, Gaithersburg, MD) for quantification 

by fluorescence detection.  To both generate nirK standards and quantify extracted soil DNA, 

qPCR reaction mixture composition and PCR cycling conditions were used as outlined in Table 

3-9 and  respectively.  PCR product purity was assessed by way of a single melt peak and in 

some cases by single band of expected size after electrophoresis in a 1% agarose gel with 

ethidium bromide. 

Table 3-9: qPCR reaction mixture composition. 

Component Volume (µL) Component concentration 

Forward primer nirK876 3 4 µM 

Reverse primer nirK1040 3 4 µM 

Perfecta® SYBR® Green PCR Supermix 

with AccuStart™ Taq DNA polymerase 
10 12.5X 

DNA template 2 37 ng µL
-1

 (average) 

Nuclease-free water 2 - 

Reaction total 20 - 

 

To generate nirK standards, a selection of soil samples were chosen at random and 

subjected to PCR using 96 well plates.  Amplicons were purified in 1% agarose gel and 

quantified in an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) using a DNA 

7500 Assay Kit before diluting 10-fold in series to generate a standard curve for each qPCR 

plate. 

To quantify nirK copy number in soil samples, extracted DNA was subjected in duplicate 

to PCR using 96 well plates.  qPCR raw fluorescence data, with uncorrected baselines, were 

imported into LinRegPCR for analysis and quantification.  LinRegPCR performs a more 

accurate baseline correction compared with conventional methods based on the algorithm 

described in Ruijter et al. (2009).  LinRegPCR calculates both individual well amplification 

efficiency, as well as average efficiencies, to estimate copy numbers.  Average efficiency across 
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all plates was used to estimate copy numbers for this study.  A linear regression was generated 

using LinRegPCR results for the standard dilution series with known concentrations and used to 

convert LinRegPCR data into estimated copy number for each sample. 

Table 3-10: qPCR cycling conditions. 

Time 

(s) 

Temperature 

(ºC) 
Cycles Notes 

300 95 1 Initial denaturation and polymerase activation 

15 95 
6 

(touchdown) 

Denaturation 

30 63 – 58 Annealing 

30 72 Extension 

15 95 

40 

Denaturation 

30 58 Annealing 

30 72 Extension 

15 95 
1 

Denaturation 

0.1 deg s
-1

 55 - 99 Melt curve  

 

3.13 Statistical Analysis 

The 9 m x 18 m experimental test site was designed as a randomized complete block 

split-plot with treatment factors in triplicate.  The whole block treatment (3 m x 6 m) was water 

quality (tailored vs potable) and subplot treatments were soil depth (10, 20, 60 cm) and grass 

type (Kentucky bluegrass and buffalograss).  Due to the low quantity of data generated during 

this investigation, data from treatment replicates were not grouped as such and all data were 

treated as unique measurements.  Means were therefore calculated from available data that met 

the experimental effect under examination.  For example, mean leachate quality by depth was 

calculated using leachate quality for each depth across all treatment types, from both sampling 

dates and for all replicate plots.  Analysis of variance on data was performed using SAS Proc 

Mixed (SAS, Ver. 9.2, 2002).  Significant differences among means were identified with Fisher’s 

protected LSD at the 0.05 probability level.  A Pearson correlation coefficient was used to assess 

the dependency between nirK abundance and other measured variables. 
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 CHAPTER 4 

 RESULTS 

 

The following chapter presents results generated or obtained from several data sources 

including automated, local, meteorological measurements, tests on irrigation delivery equipment, 

and chemical and biological analyses of soil lysimeter leachate and soil samples collected on 

three occasions.  Although some explanations of particularly noteworthy results are provided, a 

comprehensive interpretation and discussion of the results presented here will follow in Chapter 

5.  Unless noted otherwise, figures present arithmetic means +/- estimated 95% confidence 

intervals defined as 1.96 times the standard error of the mean.  Analysis of variance (ANOVA) 

tests are summarized in Appendix F along with post-hoc mean comparisons. 

4.1 Irrigation Requirements  

In order to prevent over-saturation of turfgrass plots and minimize nutrient leaching, 

reference ET calculated from local meteorological data was used as an indication of irrigation 

requirements.  Evapotranspiration data were converted to irrigation volume per 18 m
2
 irrigation 

station and subsequently converted into length of irrigation event based on flow rate tests 

performed on each irrigation station. 

 Evapotranspiration 4.1.1

Weekly average daily irrigation volumes were calculated using average daily reference 

ET values from the previous seven days (Appendices G1 through G4).  Although average weekly 

reference ET values varied considerably from September through early December, reference ET 

was generally greater in September and declined as winter weather predominated (Figure 4-1).  

Total yearly reference ET for 2011 and 2012 were 1443 and 1630 mm, respectively, averaging 

1537 mm year
-1

.  Evapotranspiration as a function of solar radiation and temperature typically 

peaks during warm seasons and falls during the colder months.  This trend is exemplified by 

historical data presented in Figure 4-1.  The station-specific flow rates presented in the following 

sub-section were used to calculate irrigation volumes (Appendix C) based on referenced ET data 

and to schedule irrigation times per station. 

 Irrigation Station Flow Rate Tests 4.1.2

Tests were performed on all irrigation stations to characterize individual station flow 

rates in order to match irrigation times with reference ET requirements and to compare tailored 
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water pump function with potable water delivery.  During a single irrigation event, flow rates for 

all stations slowed after an initial interval of higher flow.  Station flow rates during the first 2 

minutes of irrigation were 10 to 80 % greater than flow rate values for the remaining duration of 

irrigation.  This behavior is normal as drip tubing fills before pressure compensating emitters 

exhibit control over flow rates within the lines.  A plot of cumulative irrigation volume over time 

for station 2 exemplifying this characteristic of drip tubing is presented in Figure 4-2.  Flow 

through emitters was presumed to begin after 2 minutes of irrigation, and 2 minutes were 

therefore added to all irrigation times to account for a fill period. 

 

 
Figure 4-1: Historical trends in reference evapotranspiration for 0.12m tall reference surface as 

calculated using the Penman-Monteith method (Equation 2-4) with meteorological measurements 

collected from CSM’s Met Station (CSM, 2013).  Trendlines represent 7 day moving averages for data 

logged from  ctober 2010 through May 201 .  Data points marked by red x’s indicate weekly averages 

used during turfgrass site operation in 2012 to calculate weekly irrigation volume. 

Further analysis on effective flow rates after initial fill periods revealed slight differences 

in average flow between irrigation stations.  However, all flow rates were within expected values 

of 380 – 750 L hr
-1

 based on drip tubing emitter flow rate specifications (1.9-3.8 L hr
-1 

per 

emitter) and approximately 200 emitters per 18 m
2
 station (Table 4-1).  Station flow rates 
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grouped by treatment type were not significantly different (p <0.01) and functionality of the 

tailored water pump was considered successfully matched to potable public water delivery. 

 

 
Figure 4-2: Irrigation flow over 6 minutes for 

station 2 during a flow rate test. Flow rates 

before and after 2 minutes of irrigation were 704 

and 378 L hr
-1

, respectively.

Table 4-1: Effective irrigation flow rates per 

station, and averages by treatment type. 

Effective flow rates represent flow rates after 

initial 2 minute fill periods.  

 

4.2 Tailored Water Nutrient Content 

Irrigation volumes applied to all test plots steadily declined throughout test site operation 

(Table 4-2), following the trend in reference ET discussed in Section 4.1.1.  Irrigation volume for 

the week of 10/22 was one exception reflecting higher reference ET from the week before 

(Figure 4-1) which was relatively warm, dry and windy (Appendix G). 

The nutrient content of tailored water treatment was relatively consistent during the 

application period (Table 4-2).  Average tailored water nitrate-nitrogen (NO3
-
 -N) concentration 

was 7.0 mg L
-1

 and with the exception of the first and final weeks of treatment application, 

nitrate levels throughout treatment application deviated little from the overall average.  The 

initially lower tailored water nitrate concentration of 3.1 mg L
-1

 for the week of 9/24 is most 

likely a result of the lag period between the implementation of different Mines Park SBMBR 

operational parameters, and the response of the microbial community mediating wastewater 

treatment to the changes in environmental conditions.  Historically, periods of several days to 

two weeks have elapsed before effluent quality reflected changes in SBMBR operational 

Treatment Station Flow Rate (L hr
-1

) 

Potable 

1 400 

2 378 

3 431 

Average 403 

SD 22.1 

Tailored 

4 460 

5 494 

6 539 

7 539 

8 375 

9 392 

Average 467 

SD 65.1 
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parameters (Holloway, 2013) which could account for the slow increase in nitrate concentration 

from September 19, 2012, when SBMBR operation shifted from full treatment to tailored water 

production, until the application of tailored water treatment on September 30, 2012.  Although 

varying influent N content can affect effluent NO3
-
 concentrations, influent total N concentration 

was consistent with long-term averages throughout tailored water generation (Table 4-2).  

Similarly, the spike in NO3
-
concentration during the final week of tailored water treatment does 

not appear to be due to influent nutrient loading fluctuations and may have been caused by a 

random disturbance to the system as the following week (after tailored water application had 

ended) the concentration returned to 7.3 mg L
-1

.   

Fluctuating PO4
3-

 concentrations in tailored water do not appear to have been influenced 

by the operational changes implemented for the generation of tailored water with elevated nitrate 

concentrations (Table 4-2).  Frequency of sludge wasting and degree of P storage in biomass 

exert the greatest control over phosphorus removal in the SBMBR (Benecke, 2012).  Prior to and 

during tailored water generation the SBMBR solids retention time was 20 and 23 days, 

respectively.  This change would not affect effluent phosphate concentrations to the extent that 

variations therein would be distinguishable from regular, daily fluctuations, according to trends 

in historical data (not shown).  Influent P loading rates during tailored water generation were 

consistent and therefore the fluctuations in tailored water PO4
3-

 levels can be attributed to typical 

variations in daily SBMBR function and effluent quality. 

Equivalent rates of yearly application were calculated for N, P and K and are also 

presented in Table 4-2 for reference.  These values assume a 6-month growing season from mid-

May through mid-November.  Due to the simultaneous weekly changes in both irrigation volume 

and tailored water nutrient content, and the short time frame within which treatment was applied 

to turfgrass, equivalent application rates do not follow a predictable trend.  The apparent 

exception is K, however its concentration in tailored water is an average of previous 

measurements and the application rate is therefore directly correlated with irrigation volumes. 

4.3 Turfgrass Monitoring 

Turfgrass quality was monitored as an indicator of turfgrass health as described in 

Section 2.3.2.  Turfgrass visual quality ratings were recorded every week as of August 27, 2012, 

according to standard methods, and are presented in Figure 4-3 as averages for both grass types 

from the Fall 2012 operating period through site startup at the beginning of the 2013 growing 
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season.  Mean weekly soil temperatures are also presented in Figure 4-3.  Kentucky bluegrass 

turfgrass plots averaged a rating of 8.9 throughout the monitoring period except when snow 

covered the ground and prevented observations.  The visual quality of these plots rarely deviated 

from the highest rating and did not exhibit any signs of stress or injury. 

Table 4-2: Weekly averages of daily irrigation volumes and tailored water nutrient content 

applied during the Fall 2012 operation of turfgrass test plots.  Irrigation volumes applied to 18 

m
2
 stations were calculated using average weekly reference ET values from the previous week.  

Equivalent rates of yearly nutrient application were calculated using total yearly reference ET 

based on 2011 and 2012 which averaged 1537 mm year 
-1

.  Tailored water was applied from 9/30 

through 11/2, 2012. 

Date 

(2012) 

Daily 

irrigation 

volume 

(L) 

Nutrient Content 

(mg L
-1

) Rate of yearly application 

(g m
-2

 year
-1

) SBMBR 

influent 

Tailored water 

(SBMBR effluent) 

Total N NO3-N PO4-P K
 

N P K
 

9/3 
 

  

9/10 123.0  
 

9/17 100.3 Tailored water production initiated on 9/19. 

9/24 96.4 52.5
a
 3.1

a 
13.7

a 
11.4

d 4.8 21.1 17.5
d
 

10/1 64.2 54.0
a
 6.6

a 
9.8

a 
 10.2 15.1 

 

10/8 53.1 51.3
a
 7.1

a 
12.5

a 
 10.9 19.2 

 

10/15 55.3 49.91
b
 6.2

b 
12.2

b 
 9.5 18.7 

 

10/22 80.4 49.67
b
 6.9

b 
9.0

b 
 10.5 13.8 

 

10/29 32.5 54.17
b
 12.0

b 
12.3

b 
 18.4 18.8 

 
11/5 53.4 57.25

bc
 7.3

bc
 Tailored water application terminated for Winter. 

11/12 49.2  
 

11/19 42.2  
 

11/26 48.2  
 

12/3 37.5  
 

Average 68.8 53.1 7.0 11.6  10.7 17.8 
 

SD 31.4 2.72 2.9 1.8  4.4 2.8  

a
 Average of measurements from 2 samples taken the week indicated by the date. 

b 
Measurement from a single sample taken during the week indicated by the date. 

c 
Values for reference only.  Tailored water application had been terminated. 

d
 Tailored water potassium content is an average of several measurements taken prior to tailored water 

application. 
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Figure 4-3: Turfgrass visual quality rating averages by turfgrass type from Fall 2012 test site 

operation through startup in Spring 2013.  n = 9 plots for each turfgrass type.  Visual quality ratings 

between 1 and 9 representing bare dirt and the highest quality turfgrass, respectively, were recorded once 

per week.  Snow cover through the winter prevented observations from being made. 

On the other hand, plots growing BG were never given quality ratings as high as for KBG 

plots.  Throughout the summer months of 2012, BG test plots were uniformly distributed with a 

small fraction of brown leaf blades, and as summer transitioned into fall, this fraction increased 

and plots became patchy with dead grass or bare soil.  A considerable number of plant weeds 

were manually removed as part of turfgrass maintenance which also contributed to the poor 

visual rating of BG test plots.  The bare patches of soil remaining after weed removal were not 

recolonized by BG plants throughout fall 2012 operation.  It is worth noting that KBG plots were 

never afflicted by invasive weeds.  By mid-November, average BG plot quality rating was 3; 

turfgrass had become dormant, turned brown and small patches of soil were exposed.  These 

plots remained in this state throughout the winter months and until snow cover melted.  There 

was never any indication that disease was the cause of the brown patches that appeared before 

the BG entered dormancy. 

In mid-March, KBG plots revealed the impact of snow and cold temperatures.  Brown 

leaf blades were sparsely distributed among the otherwise lush, dark green plots which dropped 

average quality ratings to 8.  Buffalograss plots were still dormant and retained an average 

quality rating of 3 until scalping and the startup of irrigation in early May 2013.  Scalping BG 

plots temporarily lowered their average visual quality ratings to 2 due to the exposure of bare 

soil, but BG plots responded positively with the return of regular irrigation and warmer air and 



57 

soil temperatures (Figure 4-3), resulting in the growth of healthy new grass raising average 

quality ratings to 6 by the end of May 2013.  It is worth noting that BG plot visual quality ratings 

closely followed the decline in mean soil temperature changes during fall 2012 as well (Figure 

4-3). 

4.4 Leachate Analysis 

Leachate was collected from 54 lysimeters prior to and following treatment of turfgrass 

plots with either tailored water containing elevated nitrate levels or potable water.  A third 

sampling event took place several months after treatment application and focused on leachate 

from 18 particular lysimeters.  Results from the third sampling events will not be presented in as 

much detail as for the two main sampling events.  The full data set can be found in Appendix H. 

A summary of important leachate parameters measured from samples collected during 

the first two sampling events is provided in Table 4-3.  One lysimeter did not provide leachate on 

any sampling occasions and so the total number of samples from the two main sampling events is 

106.  The difference between ‘n’ and the total number of samples represents the number of 

measurements that were below the detection limit (BDL) for chemical analyses, or in the case of 

pH and EC readings, insufficient sample volume remained.  It is important to note that 96 % of 

phosphate measurements were below detection limit (0.5 mg L
-1

) and 11 samples were unable to 

be tested due to insufficient sample volume. 

 Volume 4.4.1

ANOVA results indicated average leachate volumes collected across both main sampling 

events were significantly different by depth.  The mean volume of leachate collected from 60 cm 

lysimeters was almost 3 times greater than for both 10 and 20 cm depths (Figure 4-4; Fischer-

LSD; p<0.0001). 

Spatially oriented differences in leachate yields were attributed to subsurface drip tubing 

automatic flush valve overflow.  Plots in column C (see plot labeling scheme in Figure 3-1) 

yielded average leachate volumes up to 2 times greater than for either columns A or B across 

both sampling dates.  These plots form the northern edge of the turfgrass test site along which 3 

irrigation boxes house 3 terminal ends each of the 9 total irrigation station drip tubing circuits.  

Automatic flush valves were fixed to terminal ends of drip tubing circuits for automated 

maintenance flushing of drip tubing.  Whereas irrigation water purged from flush valves drained 

away from turfgrass plots upon installation, further examination revealed a shift in drainage 
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towards turfgrass plots.  Although not excessive, this extra dose of water each irrigation pulse 

was believed to have caused the increase in average leachate volume collected from column C 

plots at 60 cm depths compared to plots in columns A and B (Figure 4-5).  An improved 

drainage solution was installed which directs all flush valve purge water several meters outside 

and down-gradient from the test plot area. 

Table 4-3: Descriptive statistics for select leachate parameters measured during the first two 

sampling events on September 20 and November 3, 2012. 

Parameter Units Mean SD 
Estimated 

95% CI 
Min Max n 

pH - 7.30 0.48 0.10 6.3 8.99 89 

Volume mL 75.47 63.41 12.01 10 250 106 

EC dS m
-1

 0.80 0.42 0.09 0.03 2.69 89 

NO3
-
 -N mg L

-1
 6.66 10.49 2.01 0.50 58.53 105 

NO2
-
 -N mg L

-1
 0.058 0.062 0.013 0.015 0.325 85 

NH3 –N mg L
-1

 0.575 1.416 0.60 0.022 9.798 98 

Total N mg L
-1

 10.60 11.52 2.19 2.17 77.20 106 

DON -N mg L
-1

 3.42 3.16 0.60 0.20 18.40 106 

*Total PO4-P mg L
-1

 0.70 0.21 0.21 0.51 0.99 4 

*Fl
- 
 mg L

-1
 0.37 0.27 0.05 0.09 1.51 96 

*Cl
-
 mg L

-1
 23.81 13.70 2.73 7.21 90.46 97 

*Br
-
 mg L

-1
 0.23 0.14 0.04 0.10 0.72 57 

*SO4
2-

 mg L
-1

 193.59 242.03 48.17 10.94 2093.67 97 

*Total P and anions were tested as part of the second set of analyses and insufficient sample volumes 

remaining from the first set of analyses reduced the total number of samples tested to 97. 

 Electrical Conductivity 4.4.2

Mean electrical conductivity (EC) was significantly (p<0.01) lower at 60 cm depths 

compared to samples collected at 10 or 20 cm depths (Figure 4-6).  The difference between mean 

EC at the two higher depths was not statistically significant, nor were the differences in EC 

between treatment groups (Figure 4-7) or over time (Table 4-4).  Applied potable and tailored 

water treatments had EC’s of 0.28 – 0.31 and 0.5 – 0.7 dS m
-1

, respectively.  Sample EC was not 

strongly correlated with volume of leachate collected. 
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Figure 4-4: Mean leachate volumes by 

depth.  N=36.  Means with different letters are 

significantly different (Fischer’s LSD, 

p<0.0001).  n=36, 35, 36. 

 
Figure 4-5: Mean leachate volumes by depth 

and plot column letter as described by plot 

coordinates in Figure 3-1.  n=12 except for A-20 

cm for which N=11.

 

 
Figure 4-6: Mean leachate electrical 

conductivity by depth.  n=32, 34 and 33.  

Means with different letters are significantly 

different (Fischer’s LSD, p<0.0 ). 

 

Figure 4-7: Mean leachate electrical 

conductivity by sampling date and 

treatment.  n=10, 14, 30 and 35. 

 

 Nitrate 4.4.3

There were no significant differences in NO3
-
 -N concentrations between treatment 

groups before or after application of tailored water containing between 3 and 12 NO3
-
 -N mg L

-1
, 

or between grass types, according to ANOVA results.  Nitrate concentrations were not strongly 

correlated with volume of leachate collected.  Nitrate-nitrogen concentration significantly 
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increased between sampling dates from an average of 4.2 mg L
-1

 on September 20, 2012, to an 

average of 9.0 mg L
-1

 on November 3, 2012 (p<0.01; Table 4-5).  Applied irrigation NO3
-
 -N 

concentrations averaged 7.0 mg L
-1

 for tailored water over the treatment duration, while potable 

water nitrate levels were always below the detection limit.  Leachate sample NO3
-
 -N 

concentrations (p<0.05; Table 4-5) were also significantly different by depth.  Average NO3
-
 -N 

concentrations at 10 cm were 8.5 mg L
-1

compared with 5.1 mg L
-1

 at 20 cm.  The difference 

between average NO3
-
 -N concentrations at 10 and 20 cm compared with the concentration at 60 

cm was not significant.  Overall, a high level of variability in NO3
-
 -N concentrations was 

revealed by plotting individual lysimeter data in three-dimensions to represent the spatial 

orientation of sample locations at the turfgrass test site (Figure 4-8). 

Table 4-4: Mean electrical conductivity (EC) of leachate by sampling date.  Standard deviations 

(SD) and estimated 95% confidence intervals, defined as 1.96 times the standard error of the 

mean, are also presented. 

Sampling 

Date 

EC 

(dS m
-1

) 
SD 

Estimated 

95% CI 
n 

20-Sep 0.75 0.36 0.11 40 

3-Nov 0.85 0.45 0.13 49 

 

Table 4-5: The effects of depth and sampling date on leachate nitrate concentrations.  Arithmetic 

means, standard deviations, estimated 95% confidence intervals defined as 1.96 times the 

standard error of the mean, and ANOVA p-values are presented.  Means with differing letters 

indicate significant differences (Fischer’s LSD; p<0.0 ).   

Effect 
NO3

-
 -N 

(mg L
-1

) 
SD 

Estimated 

95% CI 
n 

ANOVA 

Pr > F 

Sampling 

Date 

20-Sep 4.2 a 7.2 1.9 53 

0.009 3-Nov 9.0 b 12.6 3.4 53 

Depth 

10 8.5 a 14.8 4.8 36 

0.019 

20 5.1 b 7.4 2.5 34 

60 6.3 ab 7.4 2.4 36 
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Figure 4-8: Spatial representation of nitrate-nitrogen concentrations of leachate across three 

sampling events and at 3 depths categorized by treatment type (potable and tailored) and turfgrass type 

(Kentucky bluegrass: KBG; buffalograss: BG).  Turfgrass test site plot orientation is given by 

alphanumeric coordinates using 1 through 6 for rows, and A, B and C for columns (see Figure 3-1). 
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 Nitrite and Ammonia 4.4.4

Nitrite-nitrogen concentrations in all samples throughout testing were very low, often 

below the detection limit (0.015 NO2
- 
-N mg L

-1
).  Mean nitrite-nitrogen concentration was 0.06 

mg L
-1

 (SD = 0.06; se = 0.01) and 21 of 106 samples were recorded as below the detection limit. 

There were no statistically significant differences in lysimeter leachate ammonia-nitrogen 

(NH3 -N) concentrations as a function of treatment, grass type, depth, sampling date, or any 

combination thereof.  With the exception of a couple samples, NH3 -N concentrations were 

generally low (mean = 0.57 mg L
-1

), were lower and slightly less variable, after the second round 

of testing compared with the first (Table 4-6).  Results from the third round of sampling suggest 

this trend in vadose zone ammonia concentrations over time has continued, as indicated by the 

three-dimensional plots in Figure 4-9. 

Table 4-6: Mean ammonia-nitrogen concentrations in leachate by sampling date. Standard 

deviations (SD) and estimated 95% confidence intervals defined as 1.96 times the standard error 

of the mean are also presented. 

Sampling 

Date 

NH3 –N 

(mg L
-1

) 
SD 

Estimated 

95% CI 
n 

20-Sep 0.75 1.65 0.53 53 

3-Nov 0.36 1.07 0.45 45 

 

 Total Nitrogen and Dissolved Organic Nitrogen 4.4.5

Mean total N concentrations for all samples were not statistically different with respect to 

treatment, grass type, depth, sampling date, or any combination thereof.  Due to the 

predominance of very low NH3- and nitrite-N concentrations throughout samples, total N was 

mainly a function of nitrate-nitrogen and DON concentrations.  Total nitrogen concentrations 

were not strongly correlated with volume of leachate collected. 

Dissolved organic nitrogen-nitrogen (DON -N) concentrations were calculated by 

subtracting NO3
-
, nitrite and NH3 concentrations from total N concentrations in each sample.  

Dissolved organic nitrogen concentration averages were significantly lower (p<0.0001) in 

samples collected at 60 cm compared to levels from 10 or 20 cm depth leachate samples (Figure 

4-10).  Differences between concentrations at 10 and 20 cm were not significant.  Dissolved 

organic N concentrations were not strongly correlated with leachate volume collected. 
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Figure 4-9: Spatial representation of ammonia-nitrogen concentrations of leachate across three 

sampling events and at 3 depths categorized by treatment type (potable and tailored) and turfgrass type 

(Kentucky bluegrass: KBG; buffalograss: BG).  Turfgrass test site plot orientation is given by 

alphanumeric coordinates using 1 through 6 for rows, and A, B and C for columns (see Figure 3-1). 
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Figure 4-10: Mean leachate dissolved organic nitrogen concentration by depth.  n=34, 35 and 36.  

Means with different letters are significantly different (Fischer’s LSD, p<0.0 ). 

 Soil Analysis 4.4.6

Soil collected during the second sampling event was sent to commercial soil testing 

laboratory to undergo a typical turf-soil health analysis package in order to provide more detail 

on turfgrass plot characteristics and compare experimental effects.  Overall, the soil was slightly 

acidic, low in organic matter and non-saline.  Descriptive statistics for some important 

parameters measured are displayed in Table 4-7.  Soil acidity, CEC, SAR and concentrations of 

all ions, except chlorine and ammonium which did not exhibit a clear trend, decreased with 

depth.  The mean CECs at 10 and 20 cm were 11.3 and 8.3 meq 100 g
-1

, respectively.  Mean pH 

was 5.7 at 10 cm (SD=0.26), 5.9 (SD=0.28) at 20 cm and 6.4 (SD=0.23) at 60 cm.  This caused 

the H
+
 fraction of CEC to be greatest at 10 cm and an increase in the overall percentages of 

sodium and calcium cations with depth.  

The effect of depth on percent organic matter (OM %), total phosphorus (TP) and NO3
-
 

was significant (p<0.0001, p<0.0001, p<0.05, respectively), and OM % and TP were weakly 

correlated (R
2
= 0.30; p<0.0001).  Concentrations of all three constituents were significantly 

lower as depth increased (Figure 4-11).  Scrutiny of three-dimensional spatial orientation plots of 

TP revealed highest concentrations in the southwestern corner of the turfgrass test plots (Figure 

4-12).  Soil sample concentrations declined outside of a 1- to 2-plot radial distance from the 

southwestern most corner.  The trend existed at all depths and was strongest at 10 cm.  Figure 

4-13 and Figure 4-14 provide support for this trend by plotting mean TP concentration by plot 

coordinate row number and plot column letter, respectively. 
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Table 4-7: Descriptive statistics for select parameters measured in soil samples collected on the 

second sampling events on November 3, 2012.  Standard deviations and estimated 95% 

confidence intervals, defined as 1.96 times the standard error of the mean, are also presented. 

Parameter Units Mean SD 
Estimated 

95% CI 
Min Max 

pH - 6.01 0.38 0.10 5.10 6.70 

Organic Matter % d.w. 1.79 0.90 0.24 0.60 4.10 

Total Phosphorus mg kg
-1

 14.94 15.31 4.08 2.80 89.80 

Nitrate-nitrogen mg kg
-1

 5.41 4.09 1.09 1.00 21.00 

Ammonium-nitrogen mg kg
-1

 2.40 3.09 0.82 0.20 13.90 

Cation Exchange Capacity meq 100 g
-1

 8.47 2.61 0.70 4.00 15.10 

Sodium Absorption Ratio meq L
-1

 0.61 0.24 0.06 0.11 1.59 

Potassium mg kg
-1

 175 52 14 67 303 

Calcium mg kg
-1

 1059 279 75 466 2033 

Magnesium mg kg
-1

 112 26 7 71 212 

Boron (BO3
3-

) mg kg
-1

 0.11 0.06 0.02 0.02 0.35 

Chlorine (Cl
-
) mg kg

-1
 24.52 12.31 3.28 9.22 58.50 

Percent cation on exchange complex 

Calcium 

% 

63.95 7.36 1.96 37.2 77.3 

Magnesium 11.47 2.29 0.61 6.7 17.1 

Potassium 5.48 1.28 0.34 2.90 8.80 

Sodium 1.99 0.54 0.14 1.20 4.60 

H 17.11 9.67 2.58 0 52.10 
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Figure 4-11: Effect of depth on percent organic matter (a), phosphorus (b), and nitrate (c) in soil 

samples.  Means with different letters are significantly different (Fischer’s LSD, p <0.0 ).  n 18. 

 

 

Figure 4-12: Spatial representation of total phosphorus concentrations in soil samples from the 

second sampling event and at 3 depths categorized by treatment type (potable vs tailored) and turfgrass 

type (Kentucky bluegrass: KBG; buffalograss: BG).  Turfgrass test site plot orientation is given by 

alphanumeric coordinates using 1 through 6 for rows, and A, B and C for columns (see Figure 3-1). 
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Figure 4-13: Mean soil total phosphorus 

concentration by depth and plot row number 

as described by plot coordinates in Figure 3-1.  

n=3. 

 

Figure 4-14: Mean soil total phosphorus 

concentration by depth and plot column 

letter as described by plot coordinates in Figure 

3-1.  n=6. 

 

4.5 Molecular Analysis 

Soil from both sampling events yielded DNA extracts of varying concentrations which 

were quantified and analyzed prior to their use as qPCR templates.  Concentrations of DNA and 

extract contamination varied considerably between samples, as did the abundance of nirK with 

respect to experimental factors. 

 DNA Extractions 4.5.1

Concentrations of genomic DNA extracted from soil samples varied considerably 

(mean=209 µg DNA g
-1

 dry soil; SD=172.71).  Sample depth had the largest effect on soil 

sample DNA concentrations which were significantly lower (p<0.001) at 60 cm depths compared 

with 10 and 20 cm (Figure 4-15).  Plot treatment and grass type did not appear to affect soil 

DNA concentrations, nor were concentrations correlated with nutrients measured in leachate or 

soil samples.   

Extract purity was correlated with concentration in that A260/A280 and A260/A230 ratios 

were closest to optimal values (>1.8 and >2.0, respectively; (Yeates et al., 1998)) for extracts 

with higher DNA concentrations compared with low concentration extracts (Figure 4-16).  Mean 

A260/A280 and A260/A230 ratios were 1.81 (SD= 0.23) and 1.50 (SD=0.43), respectively, of which 

the former meets the quality standard but the latter does not.  Mean A260/A280 ratios were 

significantly lower for DNA extracts from 60 cm compared with extracts from 10 (p<0.01) and 
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20 cm (p<0.05; Figure 4-17), and to a greater extent mean A260/A230 ratios as well (p<0.001 for 

both depth comparisons; Figure 4-18).  Differences between 10 and 20 cm ratios were not 

significant. 

 

Figure 4-15: Mean Soil DNA concentration by depth.  n=18. 

 

 

Figure 4-16: Relationship between purity and DNA concentration of soil DNA extracts.  Purity is 

measured by A260/A280 and A260/A230 ratios for which optimal values are >1.8 and >2.0, respectively 

((Yeates et al., 1998)). 
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Figure 4-17: Mean A260/A280 ratios by depth 

for soil DNA extracts.  n=18. 

 

Figure 4-18: Mean A260/A230 ratios by depth 

for soil DNA extracts.  n= 18.

 PCR Assay 4.5.2

Amplicon purity and concentration for use as a quantification standard was assessed by 

gel purification.  Albeit faint, unique bands can be seen for sample amplicons in Figure 4-19 (a) 

below the 200 bp marker in a 100-1000 Kbp ladder.  Bands were excised, DNA was purified, 

and all samples were pooled before being measured on a bioanalyzer which reported the bands to 

be 174 bp in length.  This was close enough to the expected size of 165 bp while using 

degenerate primers on environmental samples to be deemed the correct nirK fragment and only 

product of the PCR assay. 

 

 

Figure 4-19: Gel electrophoresis of qPCR amplicon using primers nirK876 and nirK1040, several 

soil sample DNA extracts and cycling conditions described herein.  Lanes 1 through 5 correspond to 

samples C-2-10, B-2-20, B-5-10, 3-B-20 and C-6-10, collected on September 30, 2012 (a).  These bands 

were excised, the amplicon was purified and pooled before being measured on a bioanalyzer for which 

results are shown in (b).  Amplicon size was 174 bp at 3.23 ng ul
-1

. 
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 Quantification of nirK 4.5.3

Descriptive statistics for nirK gene copy number estimates and the efficiencies used to 

calculate them are presented in Table 4-8.  Mean efficiencies were significantly higher 

(p<0.0001) for 60 cm samples compared with 10 and 20 cm samples, (Figure 4-20).  They were 

also much less variable compared with 10 and 20 cm sample efficiencies as evidenced by the 

error bars flanking the means.  Mean nirK gene copy numbers per gram of soil, on the other 

hand, were significantly lower for 60 cm depth samples compared with samples from 10 and 20 

cm (Figure 4-21).  Finally, nirK copy numbers were weakly correlated with nitrate 

concentrations when comparing them across all tailored water plots (r= 0.33, n= 72, p= 0144).  

This correlation becomes slightly stronger when restricting the comparison to samples from the 

second sampling event (r= 0.36, n= 54, p= 0074), after tailored water application, and even 

stronger if further restricted to only tailored water plots from the second sampling event (r= 0.46, 

n= 36, p= 0047).  The correlations coefficients reach their maxima when comparing nitrate and 

nirK concentrations individually by grass type for samples taken from tailored water plots after 

treatment (r= 0.50, n= 18, p= 0356 and r= 0.50, n= 18, p= 0351 for BG and KBG plots, 

respectively).  For reference, r values for the “opposite” treatment groups, such as potable water 

plots and the first sampling date instead of tailored water and the second date, were in each case 

about half of the values presented here and not significant according to the Pearson correlation 

coefficient test. 

Table 4-8: Descriptive statistics for nirK gene copy number and qPCR efficiency as calculated 

by LinRegPCR.  Standard deviations and estimated 95% confidence intervals, defined as 1.96 

times the standard error of the mean, are also presented. 

 Parameter Mean SD 
Estimated 

95% CI 
Min Max 

qPCR efficiencies 1.682 0.112 0.014 1.233 1.991 

nirK copy number  

per gram of soil 
7.40E+06 9.02E+06 1.70E+06 8.08E+03 4.08E+07 
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Figure 4-20: Mean amplification efficiencies 

by depth for soil DNA extracts.  Means with 

different letters indicate significant differences 

(Fischer’s LSD; p<0.0 ).  n=36. 

 

Figure 4-21: Mean soil nirK copy number 

by depth.  Means with different letters indicate 

significant differences (Fischer’s LSD; p<0.0 ).  

n= 36. 
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 CHAPTER 5 

 DISCUSSION 

 

The goal of this investigation was to make a preliminary assessment of the feasibility of 

turfgrass irrigation with tailored water.  This was done by collecting initial data on subsurface 

water and soil quality at three depths to compare the effects of potable and tailored water 

treatments, and warm- and cool-season grass types on nutrient leaching and soil salinity.  Also of 

interest was quantifying denitrifying genes in microbes beneath turfgrass plots at three depths in 

order to gain insight into their role in subsurface nitrate fate.  The discussion of results presented 

in Chapter 4 will begin by assessing the status of turfgrass health and quality after the first 

growing season and treatment application.  This will be followed with an analysis of the 

quantities of nutrients applied and the methods by which tailored water was generated and 

delivered to the field.  Explanations for the trends and levels of constituents in the leachate and 

soil samples will be evaluated before the microbial analysis and denitrification gene abundance 

is examined. 

5.1 Turfgrass Health 

The feasibility of turfgrass irrigation with tailored water as a wastewater reuse strategy 

relies on the success of several factors including maintaining healthy, high quality turfgrass.  

Turfgrass health was regularly monitored using visual quality ratings as a suitable surrogate.  At 

the start of visual quality rating observations in August, which took place several weeks prior to 

the application of tailored water treatment, there was already a clear difference in qualities 

between grass types.  The BG plots were consistently less visually appealing throughout the 

study, even when considering the naturally grey-green color of healthy BG, the reason for which 

remains unknown but is likely due to cooler fall temperatures. 

As a cool-season grass type, BG goes dormant when stressed by drought (Maurer et al., 

2001) or the first fall frost event (Koski and Cox, 2012).  Drought does not appear to have been 

the cause for the development of brown patches prior to widespread winter dormancy in BG 

plots.  Buffalograss requires less water than KBG (Koski, 2012), both grass types share irrigation 

stations and KBG did not appear to suffer from drought stress.  It is more likely that mean soil 

temperatures fell below the suitable range for warm-season turfgrass which slows down or halts 

active turfgrass growth (Beard, 1973).  This is supported by the apparent correlation between soil 

temperatures and BG visual quality ratings seen in Figure 4-3.  As temperatures neared freezing, 
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BG plots entered dormancy and lost all green color.  Figure 4-3 also shows the close relationship 

between increasing soil temperatures in spring 2013 and the simultaneous improvement in BG 

plot visual quality ratings. 

The scope of this thesis only included a 5 week long treatment application period which 

took place during the final quarter of the 2012 growing season.  Although the turfgrass health did 

not appear to be affected by treatment application, this short observation period did not allow for 

sufficient data collection.  Because the difference between tailored water and potable water 

treatments is subtle – daily aqueous application compared with several times per year granularly 

at the same rate – the effects would be most comprehensively interpreted after treatment 

application had lasted at least one full growing season.  Published turfgrass studies typically 

describe changes over this time frame and longer (Hayes et al., 1990a, Qian and Mecham, 2005, 

Thomas et al., 2006, Michitsch et al., 2008) unless they are specifically examining short term 

effects (Boufford and Carrow, 1980). 

5.2 Nutrient Application 

Assuming that meeting published minimum supplementary nutrient application rates 

(fertilizing) and soil nutrient content would promote the growth of healthy turfgrass, the tailored 

water application strategy was successful.  Average equivalent nutrient application rates during 

Fall 2012 turfgrass test site operation, calculated using a yearly evapotranspiration rate of 1537 

mm year
-1

 (the average of 2011 and 2012 historical rates), were within or above published 

turfgrass requirement values (Table 5-1).  The average estimated N application rate for the 

turfgrass test site was 10.7 g m
2
 year

-1
, low but within the range of suggested values.  Average 

estimated rates of P and K exceeded recommendations by several fold in the case of P, and by a 

small amount in the case of K.  However, due to the lack of regular K measurements, this value 

is not necessarily as accurate as the values calculated for N and P.  

Although the P and K application rates are above recommended values, there is no reason 

to believe these excesses would be harmful to turfgrass health.  Nus et al. (1993) applied P at 

rates up to 25.8 g m
2
 year

-1
 to KBG for 5 years and did not observe negative impacts on the 

turfgrass.  Carrow et al. (1975) applied up to 40 g m
2
 to low-P soil within which KBG seeds 

were sown and grown for 56 days (equal to a P addition of 261 g m
2
 year

-1
) and reported positive 

germination and shoot growth responses.  Potassium application rates are not assessed per se, 
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and are most often referred to in the context of soil salinity, EC, and CEC.  These will be 

discussed below. 

Table 5-1: Comparison of nutrient requirements and application rates for Fall 2012 turfgrass test 

site operation.  Turfgrass equivalent rates of application were extracted from Table 4-2 and 

nutrient requirements were summarized from Table 2-3. 

Nutrient 

Equivalent Rate of Application 
Turfgrass requirements 

(g m
-2

 year
-1

) Mean 

(g m
-2

 year
-1

) 

SD 

Nitrogen 10.8 4.4 6 - 30 

Phosphorus 17.8 2.8 1 – 6 

Potassium 17.5 - 0 - 16 

 

5.3 Tailored Water Generation and Treatment Delivery 

Although the tailored water fertigation strategy delivered nutrients at or above 

recommended rates of application, the nutrient delivery method used in this study requires some 

improvement for several reasons.  The variation in the Mines Park SBMBR effluent nutrient 

levels and resulting fluctuation in weekly applied nutrient content hindered the robustness of the 

comparison of potable and tailored water treatment effects on turfgrass quality, soil salinity and 

nutrient leaching.  Three sources exist for this variation – the natural dynamism of the biological 

community performing the treatment within the SBMBR, the differences in both hourly and 

daily influent loadings, and seasonal fluctuations as a function of the wastewater source.  The 

habits of students residing in the housing complex from which wastewater is generated cause 

SBMBR influent loadings to vary over the course of a year.  Students often vacate the premises 

during summer months and influent loadings are reduced compared to times during the academic 

school year.  For example, SBMBR influent total nitrogen was around 40 mg L
-1

 in July and 

August of 2011, and rose to 50 – 60 mg L
-1

 from September through November, 2011.  

Similarly, influent phosphorus concentrations were 10 – 14 mg L
-1

 during summer months and 

closer to 20 mg L
-1

 during the school year (data not presented). 

It was necessary to fertilize the potable water plots at the time of treatment initiation in 

order to compare the source and method, and not quantity, of fertilizer delivered.  It was 

impossible, however, to accurately predict turfgrass evapotranspiration requirements and tailored 

water nutrient content ahead of time to calculate the mass of nutrients required by potable water 
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treatment plots as granular fertilizer.  Therefore, nutrients were applied according to 

manufacturer and expert recommendations for homeowner fertilization strategies.  This further 

weakens the comparison because potable and tailored water plots did not receive equivalent 

nutrient mass inputs. 

The time of day chosen to deliver irrigation was another factor that weakened the 

comparison between turfgrass treatment strategies.  The choice to irrigate at noon each day in 

order to capture the highest daily nitrate levels from the diurnal trend meant the calculated 

nitrogen application rate was a slight underestimate of the true value.  Although turfgrass benefit 

from higher nitrogen inputs, it would be impossible to calculate the mass of nutrients applied 

without real-time monitoring of effluent quality.  This strategy is not sustainable considering the 

short time frame within which nitrate levels are highest each day.  Nutrient application rates 

throughout one growing season would become inconsistent as higher reference ET resulted in 

irrigation times lasting through and beyond the peak daily nitrate concentrations, in addition to 

the lack of control this gives researchers. 

5.4 Leachate Content 

Before examining the various trends in leachate contents, it is important to discuss the 

assumptions made in using porous cup soil suction lysimeters.  Fares et al. (2009) suggest 

installation of soil samplers at least one year prior to their use for quantification in order to allow 

for equilibration of the soil with the lysimeter surface.  This includes sorption and desorption of 

ions to the ceramic cup, ensuring good physical contact between the cup and the surrounding 

soil, and settling of the disturbed soil (Lord and Shepherd, 1993).  Other studies also reported 

adsorption of ammonia, ammonium, phosphorus and potassium (Nagpal, 1982) as well as certain 

metal ions (McGuire and Lowery, 1994) to ceramic cups.  In a study by Lord and Shepherd 

(1993) on nitrate leaching below several crops, the authors found variations in mean values 

between recently installed and older lysimeters that suggested preferential flow towards new 

cups.  In an adjacent experiment they also found no such difference.  Comparing results between 

lysimeters and for the same lysimeter over time revealed considerable spatial variation in nitrate 

concentrations, but samples from the same lysimeter were highly correlated and all lysimeters 

showed consistency over time (Lord and Shepherd, 1993).  The authors also accurately 

calculated total nitrogen losses from the field using porous cup concentrations over time 
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combined with evapotranspiration values, matching these values with losses measured in 

drainage lysimeters. 

Due to time constraints, installation of lysimeters far in advance was not possible for this 

thesis, so leachate collected for the first 6-12 months after installation may be less representative, 

and vulnerable to higher variability, than otherwise expected.  However, consistency should be 

expected in the long-term and although individual sample means may not ever accurately 

represent a larger spatial area greater than that sampled by the lysimeter, replicate plots could 

provide sufficient reduction in variability to allow for absolute quantification of nitrate 

concentrations in the leaching fraction.  Equilibration of suction cup surfaces with the 

environment will be assumed to have taken place.  Considering these factors, the discussion on 

leachate collected during fall 2012 operation will not focus on absolute values but on apparent 

trends. 

Leachate volumes varied significantly by depth but were not correlated with any other 

quantitative measures of leachate content.  Leachate content analysis was therefore considered an 

accurate representation of soil pore water content surrounding lysimeters and volume was a 

function of heterogeneities in hydraulic conductivity and/or bulk density in that area.  If leachate 

volume and content had been correlated it may have indicated preferential sampling of either 

macro- or micropore spaces within which concentrations differed (Webster et al., 1993).  

Sampling preference for micropores can occur if vadose zone saturation is low, if the range of 

pore sizes is large and tends towards smaller pores, or if suction pressures are much higher than 

necessary to overcome capillary action (Webster et al., 1993).  Assuming the flush valve 

drainage was responsible for the higher volumes collected from plots in column C of the 

turfgrass test site, future sampling events should not be affected by this disparity. 

 Nitrogen 5.4.1

Nutrient leaching as measured by the means of 60 cm lysimeters does not violate federal 

regulations of 10 mg L
-1

 NO3
-
 -N (US EPA, 2009) based on the average value for all 60 cm 

samples.  Six of 36 samples collected at 60 cm violated this limit, 8 samples had concentrations 

between 5 and 10 mg L
-1

, and the final 21 were below 5 mg L
-1

.  Highest NO3
-
 -N concentrations 

occurred at 10 cm and were significantly different from 20 cm concentrations, but not from 

concentrations at 60 cm.  This difference is strongly influenced by the few samples with very 

high NO3
-
 -N concentrations relative to the majority of samples (Figure 4-8) which may not 
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accurately represent the long term trend in nitrate flux, even if a temporal spike in nitrate actually 

occurred.  The statistically significant trend in NO3
-
 -N reported appears be an artifact of the high 

level of variability at the early stage in the turfgrass site operation.  The overall increase in mean 

NO3
-
 -N concentration after treatment application is presumably a result of the nitrogen applied 

to plots in the tailored water and as granular fertilizer. 

Ammonia concentrations in leachate samples, particularly from the first round of 

sampling, appear to have been the result of factors related to lysimeter installation.  Ammonia 

concentrations were not expected to be high due to the activity of nitrifying microorganisms and 

assimilation by both turfgrass plants and microbes.  The same fate awaited the ammonia in 

tailored water delivered above the 10 cm lysimeters, levels of which were rarely appreciable.  It 

is very likely organic matter from the surface such as turfgrass leaf blades, roots, and other litter, 

was introduced into the soil slurry used to back-fill the lysimeter boreholes.  Attention was not 

paid to the contents of soil passing through the 1 cm sieve which could have included smaller 

extraneous organic material.  The decomposition of these organics within the borehole could 

have supplied the lysimeters with ammonia otherwise restricted to the upper portions of the soil 

profile.  Elevated ammonia levels in lysimeters from the first sampling event were much lower 

by the second sampling event indicating the finite nature of the NH3 source and its relatively 

rapid removal.  This trend continued through the third event in all but one of the lysimeters 

sampled, at 10 cm.  Ammonia in leachate at 10 cm is not out of the ordinary as the upper soil 

horizon is the site of a substantial portion of ammonia generation by mineralization of organic 

matter (Jones and Shannon, 2004). 

Dissolved organic nitrogen, calculated as the difference between total N and aqueous 

inorganic N, was significantly lower at 60 cm compared with 10 and 20 cm samples.  Dissolved 

organic nitrogen, particularly low molecular weight amino acids and proteins, can be taken up by 

plant roots in the upper portions of the soil profile.  Microbes compete with plant roots for the 

same labile fraction of DON while high molecular weight, hydrophobic fractions rich in humic 

substances can sorb to dissolved organic matter as they travel deeper in the vadose zone, thereby 

changing the composition of the remaining DON at depth (van Kessel et al., 2009). 

 Phosphorus 5.4.2

The rarity of P detection in leachate was evidently due in part to the high affinity of soil 

colloids for phosphate as indicated by the elevated P levels in the soil analyses, and also a result 
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of sorption to the lysimeter ceramic cups as reported by other studies (Hansen and Harris, 1975, 

Nagpal, 1982).  For the few plot leachate samples that returned phosphate-P levels above the 

detection limit (0.5 mg L
-1

), the mean and standard deviation were 0.70 mg L
-1

 and 0.20, 

respectively.  Assuming P sorption to lysimeters is negligible compared with sorption to soil 

colloids, this suggests a limited short-term risk of P leaching from turfgrass plots at the current 

rates of application. 

5.5 Soil Content 

The mean soil total P concentration from turfgrass test plots in this study was 14.94 mg 

kg
-1

 (SD 1 . 1) which can be categorized as “high” according to  osen et al.(2008), and 

“moderate” by Sims et al. (1998) who goes on to say that leaching from soils with P values 

within these ranges is not likely to be of environmental concern.  Most soils have a very high 

capacity for P sorption, which also minimizes leaching, as long as organic matter is not high 

(Sims et al., 1998), large networks of macropores do not exist (Geohring et al., 2001), and upper-

soil levels of P are not already high as a result of previous inputs (Heckrath et al., 1995).  

Organic matter measured in turfgrass plot soils was low, with a mean of 1.79% and standard 

deviation of 0.90.  For comparison, the soil examined in Nus et al. (1993) that received 5 years 

of P input at 25.8 g m
2
 year

-1
 with little consequence to turfgrass had an organic matter content 

of 2.3%.  High organic matter soils presumably have lower fractions of clays and iron and 

aluminum oxides responsible for retaining P. 

Albeit low in total content, organic matter was significantly higher at shallower depths 

and can be explained by the abundance of source organic material at and near the surface.  

Similarly, P was significantly higher in 10 cm soil samples compared with 20 and 60 cm 

samples.  Phosphorus binds tightly to clays and metal oxides wherever it enters the soil matrix, 

which prevents it from leaching into deeper strata of the soil profile under most circumstances, a 

trend confirmed by a study of P in forest soils (Slazak et al., 2010).  The odd spike in P content 

which is most pronounced in the southwest corner of the turfgrass plots is most likely due to the 

presence of a large oak tree near that corner.  The tree canopy extends over plot A-1 so when leaf 

litter and acorns are dropped during the fall, they land on and disperse around plot A-1.  The 

decomposition of the leaves and acorns most likely released P, among other nutrients, into the 

soil in the southwestern region of the turfgrass site.  Of the measured nutrients, P was noticeably 
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higher in that corner because of its capacity to bind to the soil, whereas NH3 generated during 

decomposition was quickly nitrified to mobile nitrite and NO3
-
 ions that do not persist.  

Mean soil CEC measured at the turfgrass site is relatively low: 8.47 meq 100 g
-1

 overall 

and 11.3 meq 100 g
-1

 at 10 cm depths.  Low values are not uncommon to sandy soils (Sahrawat, 

1983, Duncan et al., 2000, Skorulski, 2001) and are to be expected considering the soil is 

classified as an Ascalon sandy loam.  Low values also indicate low clay and organic matter 

which form the negatively charged soil content primarily responsible for binding cations (Parfitt, 

1995, Sahrawat, 1983).  Decomposition of live organic matter at the surface, such as plants, 

increases the soil organic matter content at shallow depths.  Soil analysis found significantly 

higher organic matter content at shallower depths which can also explain the higher CEC 

measurements at 10 cm compared with deeper soil samples.  Although low CEC values represent 

low supplies of cationic plant nutrients, the regular application of reclaimed water should keep 

CEC exchange sites filled and deficiency in any of these nutrients would not be expected. 

The distribution of cations on CECs as measured by the soil analyses are within 

acceptable ranges (Rosen et al., 2008) but display the effects of low overall soil pH, particularly 

at the soil surface.  This acidity at shallower depths does not seem to be affecting turfgrass 

growth, despite its potential for limiting available cationic plant nutrients.  Kentucky bluegrass 

and BG prefer slightly acidic soil pH for which the turfgrass site mean is 6.0, but a minimum of 

5.1 is reached at 10 cm.  Hydrogen toxicity is not expected until pH drops below about 4.6 

(Smyth, 2012).  Soil acidity at the surface can be caused by many factors, including the 

dissolution of carbon dioxide released from the decomposition of organic matter, assimilation of 

ammonia from both decomposition and supplementary inputs, and environmental or atmospheric 

conditions such as low pH rainwater (Rowell and Wild, 1985). 

The salinity, pH and SAR levels measured in soil samples are not cause for concern when 

comparing them with the classifications presented in Table 2-5.  This is not surprising as the EC 

of both potable and tailored waters are considered low and not a salinity hazard for turfgrass 

(Carrow and Duncan, 1998).  However, depending on the level of leaching that takes place 

relative to the total dissolved salt content of irrigation water, salinity can accumulate in the upper 

soil strata and lead to problems after sustained irrigation with reclaimed water (Tchobanoglous et 

al., 2003).  A small leaching fraction has been shown capable of managing high salt inputs 

(Mancino and Pepper, 1992). 
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5.6 Denitrifying Gene Abundance 

The large variation in DNA concentration extracted from soil samples was mainly 

restricted to the 10 and 20 cm depths where there was significantly more DNA per gram of soil 

than at 60 cm.  This discrepancy in DNA abundance as a function of depth is likely related to the 

distribution of nutrients which was demonstrated in the previously described leachate and soil 

sample analyses.  This characteristic of soil profiles is not uncommon and other studies have also 

reported decreasing concentrations of extracted DNA with respect to depth of sample for similar 

reasons, particularly the importance of carbon availability to vertical distribution of biomass 

(Henckel et al., 2000, Fierer et al., Agnelli et al., 2004). 

It is important to recognize that the variations in DNA concentrations between samples 

can also be partially attributed to DNA extraction techniques.  Mumy and Findley (Mumy and 

Findlay, 2004) demonstrated a range of DNA recoveries among replicates using several 

commercially available extraction kits.  This emphasizes the need to perform replicate extracts to 

minimize extraction bias, and the benefit of using a recovery standard as Mumy and Findley 

(Mumy and Findlay, 2004) propose in their report. 

DNA extracted from environmental samples is often contaminated with PCR inhibitors 

(Wilson, 1997, Courtois S, 2001, Olson and Morrow, 2012).  These can be organic compounds 

such as proteins and humic acids, chemicals such as phenol, or salts.  The A260/A280 and 

A260/A230 absorbance ratios measured for the soil DNA extracted from beneath turfgrass plots 

indicate some protein contamination and comparatively more humic acid contamination.  This 

contamination is worse, as indicated by absorption ratio values deviating further from optimal 

values, in soil samples from which lower concentrations of DNA was extracted (Figure 4-16).  

This isn’t necessarily a function of the absolute levels or types of contaminants in each sample, 

but more likely the revelation of a masking effect caused by larger relative quantities of DNA.  

As DNA concentrations increase, its absorbance at 260 nm dominates the absorbance ratio and 

the effect of contaminant absorption on the overall ratio is diminished, resulting in samples with 

relatively low contamination. 

The difference in mean absorption ratios with respect to depth is also a function of the 

DNA content of each sample.  The A260/A230 ratio in Figure 4-16 can be seen dropping quickly as 

the concentration of DNA in the sample falls below about 200 µg g
-1

.  The rate of change in the 

A260/A230 ratio as less DNA is recovered from each sample reflects both the large difference in 
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mean ratio values between the 60 cm depth DNA extracts and extracts from the upper two depths 

(Figure 4-18), and a similarly large difference in the quantity of DNA extracted from the lowest 

depth compared with 10 and 20 cm depth soil extracts (Figure 4-15). 

The mean qPCR efficiency calculated by LinRegPCR was 1.68 whereas 2.0 would 

indicate perfect amplification efficiency.  Efficiencies above 1.8 are desirable for they signify a 

reproducible level of qPCR assay precision and robustness.  Achieving high qPCR efficiencies is 

challenging due to the variety of causes for poor efficiency, the limited feedback gleaned from 

evaluating qPCR fluorescence graphs, and the number of possible solutions requiring testing.  

Due to the inherent variability in the subsurface environment reflected in the leachate and soil 

results presented, an average efficiency of 1.68 was considered of high enough quality to begin 

making simple comparisons between experimental factors and results from gene quantification.  

As the turfgrass project progresses, further qPCR refinement will improve efficiency, precision 

and accuracy.  The turfgrass site should simultaneously provide more reliable data as the effects 

of subsurface disturbances from turfgrass establishment and equipment installation subside, and 

the number of samples reduces variability. 

Assuming adequate amplification efficiency, there are many plausible explanations for 

the decline in nirK abundance with depth reported here.  Firstly, it follows the same trend in 

organic matter composition which represents the carbon substrate heterotrophic denitrifiers 

consume.  Similarly, the decline could reflect the higher concentration of nitrate at shallower 

depths with which the measured gene is associated.  On the other hand, higher numbers of 

denitrifier genes could imply a higher level of denitrification activity in which case one would 

expect lower concentrations of nitrate where nirK was abundant.  It is important to recall that the 

factors controlling denitrification may not be as simple as previously thought (Luo et al., 

Cavigelli and Robertson, 2000).  nirK abundance was in fact weakly correlated with treatment 

type, grass type and sampling date, but more statistically significant data would be required to 

support these, or suggest alternate, theories.  Gene abundance does not necessarily infer 

expression, nor does nirK abundance represent the population of denitrifiers – nirS abundance 

could be assessed, as well as the abundance of organisms capable of denitrifying via mechanisms 

different from nitrate respiration.  In order to address denitrification from the point of view of 

functional capacity, more detailed interpretation of representative site conditions is necessary, in 

addition to improving the quality of qPCR assays. 
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 CHAPTER 6 

 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions  

Turfgrass fertigation with tailored water appears to be a feasible strategy for wastewater 

reuse.  Considering the seasonal characteristics of each turfgrass type, turfgrass health was 

equally maintained under both tailored water and control treatments.  The tailored water strategy 

was also capable of delivering sufficient nutrients and irrigation volume to meet reference ET.  

Although there was some evidence of NO3
-
 leaching from 60 cm depths, the small number of 

values that surpassed the federally mandated limit of 10 NO3
-
 -N mg L

-1
 did not necessarily 

represent the average concentration from all leaching fractions which fell below the limit.  These 

results suggest that tailored water fertigation as it is presented herein does not contribute to 

nutrient leaching.  Irrigation with reclaimed water at the rates described produced a sufficiently 

voluminous leaching fraction to mitigate any potential accumulation in soil salinity. 

It is important to recognize the limits of the conclusions presented.  The short-term nature 

of this study, which inevitably highlights small-scale variability, may not accurately represent 

seasonal and long-term trends in measured experimental parameters.  The behavior of turfgrass 

during peak growth may have a different effect on subsurface soil and water qualities compared 

with that observed in this study near the end of a growing season.  Furthermore, the maturity 

level of the turfgrass stands in question, which were in establishment during this study, may 

influence these parameters.  These two points stress the importance of extending data collection 

through multiple, full-length growing seasons to capture seasonal and yearly trends and the 

effects of turfgrass maturity on those trends.   

Of the two turfgrass types tested, the cool-season KBG was more appealing, and possibly 

more appropriate for this wastewater reuse strategy, compared with BG.  As indicated by the 

visual quality ratings, bluegrass plots were consistently green, lush and dense, and therefore 

more aesthetically pleasing compared with lower-scoring BG plots.  However, a larger volume 

of irrigation water is required to maintain this level of turfgrass quality, especially during 

summer months when elevated temperatures and drought can cause cool-season turfgrass to go 

dormant.  This may in fact be beneficial to the wastewater reuse strategy presented because it 

enables larger additions of treated effluent to soils, thereby theoretically increasing the 

replenishment of local water subsurface water supplies.  If this elevated level of irrigation can be 

maintained without simultaneously increasing leachate NO3
-
 -N concentrations, bluegrass may 
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out-compete BG in water stressed localities both as a more desirable turfgrass and by facilitating 

aquifer recharge. 

6.2 Recommendations for Future Growing Seasons 

 Perform weekly maintenance on turfgrass including raking of dead leaves and other litter, 

weed removal and spring dethatching to maintain the highest quality turfgrass possible 

and to prevent artificial spikes in nutrient content due to decomposition of residual litter. 

 Confirm modified flush valve drainage solution is functioning by verifying leachate 

volumes are not elevated in column C plots relative to other plots. 

 Change irrigation scheduling to late afternoon/early evening to take advantage of 

consistent, even if lower, nitrate levels.  Regularly measure sequencing batch membrane 

bioreactor effluent nitrate levels and supplement effluent with calcium nitrate in order to 

accurately meet a fixed application rate. 

 Continue monitoring soil content for phosphorus and measures of salinity as both are 

capable of accumulating in soil irrigated with reclaimed water. 

 Use historical reference ET and recent weather trends to predict month-to-month potable 

water treatment fertilization rates and apply them at the start of treatment application. 

 Perform a tracer test to assess vadose zone flow paths and their effect on leachate content 

understanding the that flux will be underestimated before it passes the ceramic cup 

lysimeters and overestimated after the peak moves past (Brandi-Dohrn et al., 1996). 

 Conduct sorption isotherms on ceramic cup lysimeters to better understand the extent of 

their effect on leachate content. 

 Perform factorial qPCR assays modifying reaction composition and concentrations in 

order to achieve higher efficiency. 

 Consider simultaneously investigating additional denitrification genes, such as nirS, for a 

more complete picture of denitrifier abundance, as well as the possibility of qPCR on 

mRNA to evaluate gene expression. 

 Investigate the limits of the current leaching fraction as it relates to simultaneous salt 

removal and nutrient leaching.  



84 

 REFERENCES 

 … 

Agnelli A., Ascher J., Corti G., Ceccherini M.T., Nannipieri P., Pietramellara G. (2004) 

Distribution of microbial communities in a forest soil profile investigated by microbial 

biomass, soil respiration and DGGE of total and extracellular DNA. Soil Biology and 

Biochemistry 36 (5): 859-868. 

AgSource (2006) AgSource Harris Laboratory Test Methods. Available online at 

http://agsource.crinet.com/page2491/AgSourceHarrisLaboratoryTestMethods.  Accessed 

2013/04/01. 

Alberts B., Bray D., Hopkin K., Johnson A., Lewis J., Raff M., Roberts K., Walter P. (2004) 

Essential Cell Biology. 2 ed. Garland Science, New York, NY. 

Asano T., Levine A.D. (1996) Wastewater reclamation, recycling and reuse: past, present, and 

future. Water Science and Technology 33 (10–11): 1-14. 

Asano T., Burton F., Leverenz H., Tsuchihashi R., Tchobanoglous G. (2007) Water Reuse. 

McGraw Hill Professional, New York, NY. 

Badra A., Parent L.-E., Desjardins Y., Allard G., Tremblay N. (2005) Quantitative and 

qualitative responses of an established Kentucky bluegrass (Poa pratensis L.) turf to N, P, 

and K additions. Canadian Journal of Plant Science 85 (1): 193-204. 

Barton L., Colmer T.D. (2006) Irrigation and fertiliser strategies for minimising nitrogen 

leaching from turfgrass. Agricultural Water Management 80 (1–3): 160-175. 

Beard J.B. (1973) Turfgrass: Science and Culture. Prentice-Hall, Englewood Cliffs, NJ. 

Beard J.B., Green R.L. (1994) The Role of Turfgrasses in Environmental Protection and Their 

Benefits to Humans. Journal of Environmental Quality 23 (3): 452-460. 

Benecke J. (2012) Wastewater reuse for Urban Irrigation - Tailored Nitrogen Removal in a Full-

Scale Decentralized Hybrid Sequencing Batch/Membrane Bioreactor, Master's Thesis, 

Technical University, Berlin, Germany. 

Bock E., Schmidt I., Stven R., Zart D. (1995) Nitrogen loss caused by denitrifying Nitrosomonas 

cells using ammonium or hydrogen as electron donors and nitrite as electron acceptor. 

Arch. Microbiol. Archives of Microbiology 163 (1): 16-20. 

Boufford R.W., Carrow R.N. (1980) Effects of Intense, Short-Term Traffic on Soil Physical 

Properties and Turfgrass Growth. Transactions of the Kansas Academy of Science 83 (2): 

78-85. 

Bowman D., Cramer G., Devitt D. (2006) Effect of Salinity and Nitrogen Status on Nitrogen 

Uptake by Tall Fescue Turf. Journal of Plant Nutrition 29 (8): 1481-1490. 

Bowman D.C., Devitt D.A., Engelke M.C., Rufty Jr T.W. (1998) Turfgrass Science - Root 

Architecture Affects Nitrate Leaching from Bentgrass Turf. Crop science 38 (6): 1633-

1639. 

Boyle S.A., Rich J.J., Bottomley P.J., Cromack K., Myrold D.D. (2006) Reciprocal transfer 

effects on denitrifying community composition and activity at forest and meadow sites in 

the Cascade Mountains of Oregon. Soil Biology and Biochemistry 38 (5): 870-878. 

Braker G., Fesefeldt A., Witzel K.-P. (1998) Development of PCR Primer Systems for 

Amplification of Nitrite Reductase Genes (nirK and nirS) To Detect Denitrifying 

Bacteria in Environmental Samples. Applied and environmental microbiology 64 (10): 

3769-3775. 

Braker G., Zhou J., Wu L., Devol A.H., Tiedje J.M. (2000) Nitrite Reductase Genes (nirK 

andnirS) as Functional Markers To Investigate Diversity of Denitrifying Bacteria in 

http://agsource.crinet.com/page2491/AgSourceHarrisLaboratoryTestMethods


85 

Pacific Northwest Marine Sediment Communities. Applied and environmental 

microbiology 66 (5): 2096-2104. 

Brandi-Dohrn F.M., Dick R.P., Hess M., Selker J.S. (1996) Suction Cup Sampler Bias in 

Leaching Characterization of an Undisturbed Field Soil. Water Resources Research 32 

(5): 1173-1182. 

Brankatschk R., Töwe S., Kleineidam K., Schloter M., Zeyer J. (2011) Abundances and potential 

activities of nitrogen cycling microbial communities along a chronosequence of a glacier 

forefield. The ISME Journal 5 (6): 1025-1037. 

Burian S., Nix S., Pitt R., Durrans S.R. (2000) Urban Wastewater Management in the United 

States: Past, Present, and Future. Journal of Urban Technology 7 (3): 33-62. 

Carrow R.N., Duncan R.R. (1998) Salt-Affected Turfgrass Sites: Assessment and Management. 

Wiley, Hoboken, NJ. 

Carrow R.N., Duncan R.R. (2011) Best Management Practices for Saline and Sodic Turfgrass 

Soils: Assessment and Reclamation. CRC Press, Boca Raton, FL. 

Carrow R.N., Rieke P.E., Ellis B.G. (1975) Growth of Turfgrasses as Affected by Soil 

Phosphorus and Arsenic. Soil Science Society of America Journal 39 (6): 1121-1124. 

Cavigelli M.A., Robertson G.P. (2000) The Functional Significance of Denitrifier Community 

Composition in a Terrestrial Ecosystem. Ecology Ecology 81 (5): 1402-1414. 

CDPHE. (2013) 5 CCR 1002-41 - Regulation No. 41: The Basic Standards For Ground Water 

Coloraodo Department of Public Health and Environment Water Quality Control 

Commision. Available online at http://www.colorado.gov/cs/Satellite/CDPHE-

Main/CBON/1251595703337. Accessed 2013/04/01. 

Cetin O., Bilgel L. (2002) Effects of different irrigation methods on shedding and yield of cotton. 

Agricultural Water Management 54 (1): 1-15. 

Chèneby D., Hartmann A., Hénault C., Topp E., Germon J.C. (1998) Diversity of denitrifying 

microflora and ability to reduce N2O in two soils. Biology and fertility of soils 28 (1): 

19-26. 

Chèneby D., Perrez S., Devroe C., Hallet S., Couton Y., Bizouard F., Iuretig G., Germon J., 

Philippot L. (2004) Denitrifying bacteria in bulk and maize-rhizospheric soil: diversity 

and N2O-reducing abilities. Canadian Journal of Microbiology 50 (7): 469-474. 

Courtois S F.A. (2001) Quantification of bacterial subgroups in soil: comparison of DNA 

extracted directly from soil or from cells previously released by density gradient 

centrifugation. Environmental Microbiology 3 (7): 431-439. 

Crawford N.M., Glass A.D.M. (1998) Molecular and physiological aspects of nitrate uptake in 

plants. Trends in Plant Science 3 (10): 389-395. 

CSM (2013) Colorado School of Mines Weather - Mines Park Meteorological Station. Available 

online at http://hydrology.mines.edu/csm_met_stn/.  Accessed 2013/03/01. 

Dandie C.E., Burton D.L., Zebarth B.J., Henderson S.L., Trevors J.T., Goyer C. (2008) Changes 

in Bacterial Denitrifier Community Abundance over Time in an Agricultural Field and 

Their Relationship with Denitrification Activity. Applied and environmental 

microbiology 74 (19): 5997-6005. 

David K.M., Dennis R.H. (2013) Nutrients in the Nation's Waters - Too Much of a Good Thing? 

U.S. Geological Survey Circular 1136. Available online at 

http://pubs.usgs.gov/circ/circ1136/circ1136.html#PHOS.  Accessed 2013/3/1. 

http://www.colorado.gov/cs/Satellite/CDPHE-Main/CBON/1251595703337
http://www.colorado.gov/cs/Satellite/CDPHE-Main/CBON/1251595703337
http://hydrology.mines.edu/csm_met_stn/
http://pubs.usgs.gov/circ/circ1136/circ1136.html#PHOS


86 

Davidsson T.E., Stepanauskas R., Leonardson L. (1997) Vertical Patterns of Nitrogen 

Transformations during Infiltration in Two Wetland Soils. Applied and environmental 

microbiology 63 (9): 3648-3656. 

Dong L.F., Smith C.J., Papaspyrou S., Stott A., Osborn A.M., Nedwell D.B. (2009) Changes in 

benthic denitrification, nitrate ammonification, and anammox process rates and nitrate 

and nitrite reductase gene abundances along an estuarine nutrient gradient (the Colne 

estuary, United Kingdom). Applied and environmental microbiology 75 (10): 3171-9. 

Duncan R.R., Carrow R.N., Huck M. (2000) Understanding water quality and guidelines to 

management. USGA Green Section Record 38 (5): 14-24. 

Fane A.G., Fane S.A. (2005) The role of membrane technology in sustainable decentralized 

wastewater systems. Water science and technology : a journal of the International 

Association on Water Pollution Research 51 (10): 317-25. 

Fares A. (2009) Review of vadose zone soil solution sampling techniques. Environmental 

Reviews 17 (NA): 215-234. 

Fierer N., Schimel J.P., Holden P.A. (2003) Variations in microbial community composition 

through two soil depth profiles. Soil Biology and Biochemistry 35 (1): 167-176. 

Follett R.F. (2008) Chapter 2 - Transformation and Transport Processes of Nitrogen in 

Agricultural Systems, in: J. L. Hatfield and R. F. Follett (Eds.), Nitrogen in the 

Environment (Second Edition), Academic Press, San Diego, CA. pp. 19-50. 

Geisseler D., Horwath W.R., Doane T.A. (2009) Significance of organic nitrogen uptake from 

plant residues by soil microorganisms as affected by carbon and nitrogen availability. 

Soil Biology and Biochemistry 41 (6): 1281-1288. 

Geohring L.D., McHugh O.V., Walter M.T., Steenhuis T.S., Akhtar M.S., Walter M.F. (2001) 

Phosphorus transport into subsurface drains by macropores after manure applications: 

Implications for best manure management practices. Soil Science 166 (12): 896-909. 

GIA. (2009) Membrane bioreactors - A global strategic business report:  Global Industry 

Analysts, Inc. 

Gikas P., Tchobanoglous G. (2009) The role of satellite and decentralized strategies in water 

resources management. Journal of Environmental Management 90 (1): 144-152. 

Haley M., Dukes M., Miller G. (2007) Residential Irrigation Water Use in Central Florida. 

Journal of Irrigation and Drainage Engineering 133 (5): 427-434. 

Hallin S., Lindgren P.-E. (1999) PCR Detection of Genes Encoding Nitrite Reductase in 

Denitrifying Bacteria. Applied and environmental microbiology 65 (4): 1652-1657. 

Hallin S., Jones C.M., Schloter M., Philippot L. (2009) Relationship between N-cycling 

communities and ecosystem functioning in a 50-year-old fertilization experiment. The 

ISME Journal 3 (5): 597-605. 

Halliwell D.J., Barlow K.M., Nash D.M. (2001) A review of the effects of wastewater sodium on 

soil physical properties and their implications for irrigation systems. Australian Journal of 

Soil Research 39 (6): 1259-1267. 

Hansen E.A., Harris A.R. (1975) Validity of Soil-Water Samples Collected with Porous Ceramic 

Cups1. Soil Science Society of America Journal 39 (3): 528-536. 

Hautman D.P., Munch D.J. (1997) Method 300.1 Determination of Inorganic Anions in Drinking 

Water by Ion Chromatography:  National Exposure Research Laboratory, Office of 

Research and Development, U.S. Environmental Protection Agency. 



87 

Hayatsu M., Tago K., Saito M. (2008) Various players in the nitrogen cycle: Diversity and 

functions of the microorganisms involved in nitrification and denitrification. Soil Science 

and Plant Nutrition 54 (1): 33-45. 

Haydu J.J., Hodges A.W., Hall C.R. (2006) Economic Impacts of the Turfgrass and Lawncare 

Industry in the United States. Institute of Food and Agricultural Sciences, University of 

Florida, Gainesville, FL. 

Hayes A.R., Mancino C.F., Pepper I.L. (1990a) Irrigation of Turfgrass with Secondary Sewage 

Effluent: I. Soil and Leachate Water Quality. Agronomy Journal 82 (5): 939-943. 

Hayes A.R., Mancino C.F., Forden W.Y., Kopec D.M., Pepper I.L. (1990b) Irrigation of 

Turfgrass with Secondary Sewage Effluent: II. Turf Quality. Agronomy Journal 82 (5): 

943-946. 

Heckrath G., Brookes P.C., Poulton P.R., Goulding K.W.T. (1995) Phosphorus Leaching from 

Soils Containing Different Phosphorus Concentrations in the Broadbalk Experiment. 

Journal of Environment Quality 24 (5): 904-910. 

Henckel T., Jäckel U., Schnell S., Conrad R. (2000) Molecular Analyses of Novel 

Methanotrophic Communities in Forest Soil That Oxidize Atmospheric Methane. 

Applied and environmental microbiology 66 (5): 1801-1808. 

Henry S., Baudoin E., López-Gutiérrez J.C., Martin-Laurent F., Brauman A., Philippot L. (2004) 

Quantification of denitrifying bacteria in soils by nirK gene targeted real-time PCR. 

Journal of Microbiological Methods 59 (3): 327-335. 

Holloway R. (2013) Effluent quality data and experience with the CSM SBMBR. In a personal 

communication to V. Roux. Golden, CO. 

Holtan-Hartwig L., Dörsch P., Bakken L.R. (2000) Comparison of denitrifying communities in 

organic soils: kinetics of nitrate and nitrous oxide reduction. SBB Soil Biology and 

Biochemistry 32 (6): 833-843. 

Hood E.W., Williams M.W., Caine N. (2003) Landscape Controls on Organic and Inorganic 

Nitrogen Leaching Across an Alpine-Subalpine Ecotone, Green Lakes Valley, Colorado 

Front Range. Ecosystems 6 (1): 31-45. 

Icon. (2008) The 2009-2014 world outlook for membrane bioreactor systems for wastewater 

treatment:  Icon Group Publications. 

IFA. (1998) The Fertilizer Industry, World Food Supplies and the Environment. International 

Fertilizer Industry Association, Paris, France. 

IPCC. (2007) Climate Change 2007: The Physical Science Basis.  Contribution of Working 

Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate 

Change. 

Jetten M. (1998) The anaerobic oxidation of ammonium. FEMS Microbiology Reviews 22 (5): 

421-437. 

Jiang Z., Sullivan W.M. (2004) Nitrate Uptake of Seedling and Mature Kentucky Bluegrass 

Plants. Crop Science 44 (2): 567-574. 

Jiang Z., Hull R., Sullivan W.M. (2002) Nitrate uptake and reduction in C3 and C4 grasses. 

Journal of Plant Nutrition 25 (6): 1303-1314. 

Jones D.L., Shannon D. (2004) Role of dissolved organic nitrogen (DON) in soil N cycling in 

grassland soils. Soil Biology and Biochemistry Soil Biology and Biochemistry 36 (5): 

749-756. 

Judd S. (2011) The MBR Book: Principles and Applications of Membrane Bioreactors for Water 

and Wastewater Treatment. Elsevier, Oxford, UK. 



88 

Kenny J.F., Barber N.L., Hutson S.S., Linsey K.S., Lovelace J.K., Maupin M.A. (2009) 

Estimated use of water in the United States in 2005: U.S. Geological Survey Circular 

1344, U.S. Geological Survey. 

King K.W., Balogh J.C., Harmel R.D. (2000) Feeding turf with wastewater. Golf Course 

Management 68 (1): 59-62. 

Kjelgren R., Rupp L., Kilgren D. (2000) Water Conservation in Urban Landscapes. HortScience 

35 (6): 1037-1040. 

Knobeloch L., Salna B., Hogan A., Postle J., Anderson H. (2000) Blue Babies and Nitrate-

Contaminated Well Water. Environmental Health Perspectives 108 (7): 675-678. 

Koski T. (2012) Colorado Master Gardner Program - Buffalograss Lawns, Colorado State 

University Extension. 

Koski T., Skinner V. (2012) Lawn Care Fact Sheet No. 7.202, Colorado State University 

Extension. 

Koski T., Cox R. (2012) Lawn Care Fact Sheet No. 7.224, Colorado State University Extension. 

Kraft B., Strous M., Tegetmeyer H.E. (2011) Microbial nitrate respiration – Genes, enzymes and 

environmental distribution. Journal of Biotechnology 155 (1): 104-117. 

Kubista M., Andrade J.M., Bengtsson M., Forootan A., Jonák J., Lind K., Sindelka R., Sjöback 

R., Sjögreen B., Strömbom L., Ståhlberg A., Zoric N. (2006) The real-time polymerase 

chain reaction. Molecular Aspects of Medicine 27 (2–3): 95-125. 

Leinauer B. (2012) Turfgrass nutrient requirements. In a personal communication to V. Roux. 

Golden, CO. 

Liu H., Hull R.J., Duff D.T. (1993) Comparing cultivars of three cool-season turfgrasses for 

nitrate uptake kinetics and nitrogen recovery in the field. Int. Turfgrass Soc. Res. J 7 

(NA): 546-552. 

Liu H., Hull R.J., Duff D.T. (1997) Comparing Cultivars of Three Cool-Season Turfgrass for 

Soil Water N −  Concentration and Leaching Potential. Crop Science    (2):  26-534. 

Loch D.S. (2006) Soil Nutrient testing: how to get meaningful results Department of Primary 

Industries and Fisheries, Redlands Research Station, Cleveland, Australia. 

Lord E.I., Shepherd M.A. (1993) Developments in the use of porous ceramic cups for measuring 

nitrate leaching. Journal of Soil Science 44 (3): 435-449. 

Lowe K.S., Siegrist R.L. (2002) Site evaluation report for the wastewater reclamation test site. 

Final Report prepared for Jefferson County Department of Health and Environment. 

Colorado School of Mines. Golden, CO: 80401-1887. 

Luesken F.A., van Alen T.A., van der Biezen E., Frijters C., Toonen G., Kampman C., 

Hendrickx T.L., Zeeman G., Temmink H., Strous M., Op den Camp H.J., Jetten M.S. 

(2011) Diversity and enrichment of nitrite-dependent anaerobic methane oxidizing 

bacteria from wastewater sludge. Applied microbiology and biotechnology 92 (4): 845-

54. 

Luo J., Tillman R.W., Ball P.R. (1999) Factors regulating denitrification in a soil under pasture. 

Soil Biology and Biochemistry 31 (6): 913-927. 

Ma W.K., Bedard-Haughn A., Siciliano S.D., Farrell R.E. (2008) Relationship between nitrifier 

and denitrifier community composition and abundance in predicting nitrous oxide 

emissions from ephemeral wetland soils. Soil Biol. Biochem. Soil Biology and 

Biochemistry 40 (5): 1114-1123. 



89 

Maltby E., Jewkes E.C., Baker C.J., Mockler N.J., Flynn N., Gardner P.J. (1998) A simple 

method for estimating nitrate removal from floodwaters in river marginal wetlands. Soil 

Use and Management 14 (2): 90-95. 

Mancino C.F., Pepper I.L. (1992) Irrigation of turfgrass with secondary sewage effluent: soil 

quality. Agronomy Journal 84 (4): 650-654. 

Martin T.D., Brockhoff C.A., Creed J.T., Group E.M.W. (1994) Method 200.7 Determination of 

Metals and Trace Elements in Water and Wastes by Inductively Coupled Plastma-Atomic 

Emission Spectrometry:  National Exposure Research Laboratory, Office of Research and 

Development, U.S. Environmental Protection Agency. 

Maurer M.A., Auld D.A., Murphy C.L., McKenney C.B., Johnson P.G., Kenworthy K.E. (2001) 

Evaluation of Twenty-six Buffalograss Cultivars and Accessions for Use as Turfgrass on 

the High Plains of West Texas. 

McGuire P.E., Lowery B. (1994) Monitoring drainage solution concentrations and solute flux in 

unsaturated soil with a porous cup sampler and soil moisture sensors. Ground Water 32 

(3): 356-362. 

Meuler S., Paris S., Hackner T. (2008) Membrane bio-reactors for decentralized wastewater 

treatment and reuse. Water Science & Technology 58 (2): 285. 

Michitsch R.C., Chong C., Holbein B.E., Voroney R.P., Liu H.W. (2008) Fertigation of Cool 

Season Turfgrass Species with Anaerobic Digestate Wastewater. Floriculture and 

Ornamental Biotechnology 2 (2): 32-38. 

Milesi C., Running S.W., Elvidge C.D., Dietz J.B., Tuttle B.T., Nemani R.R. (2005) Mapping 

and Modeling the Biogeochemical Cycling of Turf Grasses in the United States. 

Environmental Management 36 (3): 426-438. 

Morris K.N., Shearman R. (2008) NTEP turfgrass evaluation guidelines. Online. Nat. Turfgrass 

Eval. Prog., Beltsville, MD. 

Mumy K.L., Findlay R.H. (2004) Convenient determination of DNA extraction efficiency using 

an external DNA recovery standard and quantitative-competitive PCR. Journal of 

Microbiological Methods 57 (2): 259-268. 

Nagpal N.K. (1982) Comparison among and evaluation of ceramic porous cup soil water 

samplers for nutrient transport studies. Canadian Journal of Soil Science 62 (4): 685-694. 

Nogales B., Timmis K.N., Nedwell D.B., Osborn A.M. (2002) Detection and diversity of 

expressed denitrification genes in estuarine sediments after reverse transcription-PCR 

amplification from mRNA. Applied and environmental microbiology 68 (10): 5017-

5025. 

Nus J.L., Christians N.E., Diesburg K.L. (1993) High Phosphorus Applications Influence Soil-

available Potassium and Kentucky Bluegrass Copper Content. HortScience 28 (6): 639-

641. 

Olson N.D., Morrow J.B. (2012) DNA extract characterization process for microbial detection 

methods development and validation. BMC research notes 5 (1): 668. 

Oota S., Murakami T., Takemura K., Noto K. (2005) Evaluation of MBR effluent characteristics 

for reuse purposes. Water science and technology : a journal of the International 

Association on Water Pollution Research 51 (6-7): 441. 

Parfitt R.L. (1995) Contribution of Organic Matter and Clay Minerals to the Cation Exchange 

Capacity of Soils. Communications in soil science and plant analysis. 26 (9-10): 1343-

1355. 



90 

Patra A.K., Abbadie L., Clays-Josserand A., Degrange V., Grayston S.J., Loiseau P., Louault F., 

Mahmood S., Nazaret S., Philippot L. (2005) Effects of grazing on microbial functional 

groups involved in soil N dynamics. Ecological Monographs 75 (1): 65-80. 

Pessarakli M. (1999) Handbook of plant and crop stress. Dekker, New York. 

Peter-Varbanets M., Zurbrügg C., Swartz C., Pronk W. (2009) Decentralized systems for potable 

water and the potential of membrane technology. Water Research 43 (2): 245-265. 

Petrovic A.M. (1990) The Fate of Nitrogenous Fertilizers Applied to Turfgrass. Journal of 

Environmental Quality 19 (1): 1-14. 

Philippot L. (2002) Denitrifying genes in bacterial and Archaeal genomes. Biochimica et 

Biophysica Acta (BBA) - Gene Structure and Expression 1577 (3): 355-376. 

Philippot L. (2006) Use of functional genes to quantify denitrifiers in the environment. 

Transactions. 34 (1): 101-103. 

Pintar M. (2005) The impact of nitrate and glucose availability on the denitrification at different 

soil depths. Fresenius environmental bulletin 14 (6): 514-519. 

Priemé A., Braker G., Tiedje J.M. (2002) Diversity of Nitrite Reductase (nirK and nirS) Gene 

Fragments in Forested Upland and Wetland Soils. Applied and environmental 

microbiology 68 (4): 1893-1900. 

Qian Y.L., Mecham B. (2005) Long-Term Effects of Recycled Wastewater Irrigation on Soil 

Chemical Properties on Golf Course Fairways. Agronomy Journal 97 (3): 717-721. 

Raghothama K.G. (1999) Phosphate Acquisition. Annual review of plant physiology and plant 

molecular biology. 50 (1): 665-693. 

Raghothama K.G. (2000) Phosphate transport and signaling. Current Opinion in Plant Biology 

Current Opinion in Plant Biology 3 (3): 182-187. 

Rich J.J., Myrold D.D. (2004) Community composition and activities of denitrifying bacteria 

from adjacent agricultural soil, riparian soil, and creek sediment in Oregon, USA. Soil 

Biology and Biochemistry Soil Biology and Biochemistry 36 (9): 1431-1441. 

Rich J.J., Heichen R.S., Bottomley P.J., Cromack K., Myrold D.D. (2003) Community 

Composition and Functioning of Denitrifying Bacteria from Adjacent Meadow and 

Forest Soils. Applied and environmental microbiology 69 (10): 5974-5982. 

Richardson A.E., Barea J.M., McNeill A.M., Prigent-Combaret C. (2009) Acquisition of 

phosphorus and nitrogen in the rhizosphere and plant growth promotion by 

microorganisms. Plant Soil Plant and Soil 321 (1-2): 305-339. 

Robertson L.A., Kuenen J.G. (1990) Combined heterotrophic nitrification and aerobic 

denitrification in Thiosphaera pantotropha and other bacteria. Antonie van Leeuwenhoek 

57 (3): 139-52. 

Rosen C.J., Horgan B.P., Mugaas R.J. (2006) Fertilizing Lawns. Minnesota Extension Fact Sheet 

FO-03338. 

Rosen C.J., Bierman P.M., Eliason R.D. (2008) Soil Test Interpretations and Fertilizer 

Management for Lawns, Turf, Gardens and Landscape Plants, University of Minnesota 

Extension. 

Rowell D.L., Wild A. (1985) Causes of soil acidification: a summary. Soil Use and Management 

1 (1): 32-33. 

Ruijter J.M., Ramakers C., Hoogaars W.M.H., Karlen Y., Bakker O., Van den Hoff M.J.B., 

Moorman A.F.M. (2009) Amplification efficiency: linking baseline and bias in the 

analysis of quantitative PCR data. Nucleic acids research 37 (6): e45-e45. 



91 

Sahrawat K.L. (1983) An analysis of the contribution of organic matter and clay to cation 

exchange capacity of some philippine soils. Communications in Soil Science and Plant 

Analysis 14 (9): 803-809. 

Siemens J., Haas M., Kaupenjohann M. (2003) Dissolved organic matter induced denitrification 

in subsoils and aquifers. Geoderma 113 (3-4): 253-271. 

Sims J.T., McGrath J. (2012) Soil Fertility Evaluation, in: P. M. Huang, et al. (Eds.), Handbook 

of Soil Sciences: Resource Management and Environmental Impacts, Taylor & Francis 

Group, Second Edition, Boca Raton, FL. 

Sims J.T., Simard R.R., Joern B.C. (1998) Phosphorus Loss in Agricultural Drainage: Historical 

Perspective and Current Research. Journal of environmental quality. 27 (2): 227-293. 

Skorulski J.E. (2001) Unlocking the mysteries: Interpreting a soil nutrient test for sand-based 

greens. USGA Green Section Record 39 (1): 9-11. 

Slazak A., Freese D., Matos E.d.S., Huttl R.F. (2010) Soil organic phosphorus fraction in pine–

oak forest stands in Northeastern Germany. Geoderma 158 (3): 156-162. 

Smyth T.J. (2012) Soil Acidity and Liming, in: P. M. Huang, et al. (Eds.), Handbook of Soil 

Sciences: Resource Management and Environmental Impacts, Taylor & Francis Group, 

Second Edition, Boca Raton, FL. 

Snyder G.H., Augustin B.J., Davidson J.M. (1984) Moisture Sensor-Controlled Irrigation for 

Reducing N Leaching in Bermudagrass Turf1. Agronomy Journal 76 (6): 352-358. 

Snyder R., Eching S. (2013) UC Davis Biometeorology Program - Evapotranspiration. Available 

online at http://biomet.ucdavis.edu/evapotranspiration.html.  Accessed 2013/03/01/. 

Soldat D.J., Petrovic A.M. (2008) The Fate and Transport of Phosphorus in Turfgrass 

Ecosystems. Crop Sci. 48 (6): 2051-2065. 

Stanford G., Vander Pol R.A., Dzienia S. (1975) Denitrification Rates in Relation to Total and 

Extractable Soil Carbon1. Soil Science Society of America Journal 39 (2): 284-289. 

Tchobanoglous G., Burton F.L., Stensel H.D. (2003) Wastewater Engineering: Treatment and 

Reuse. McGraw-Hill Education, New York, NY. 

Tchobanoglous G., Ruppe L., Leverenz H., Darby J. (2004) Decentralized wastewater 

management: challenges and opportunities for the twenty-first century. Water Science 

and Technology: Water Supply 4 (1): 95-102. 

Thomas J.C., White R.H., Vorheis J.T., Harris H.G., Diehl K. (2006) Environmental Impact of 

Irrigating Turf with Type I Recycled Water. Agronomy Journal 98 (4): 951-961. 

Throbäck I.N., Enwall K., Jarvis Å., Hallin S. (2004) Reassessing PCR primers targeting nirS, 

nirK and nosZ genes for community surveys of denitrifying bacteria with DGGE. FEMS 

Microbiology Ecology 49 (3): 401-417. 

Throbäck I.N., Johansson M., Rosenquist M., Pell M., Hansson M., Hallin S. (2007) Silver 

(Ag+) reduces denitrification and induces enrichment of novel nirK genotypes in soil. 

FEMS Microbiology Letters 270 (2): 189-194. 

Tucholke M.B. (2007) Statistical Assessment of Relationships Between Denitrification and 

Easily Measurable Soil Properties: a Simple Predictive Tool for Watershed-scale 

Modeling, Colorado School of Mines. 

US EPA. (1993) Manual: Nitrogen Control:  Office of Resarch and Development, U.S. 

Environmental Protection Agency, Washington, DC. 

US EPA. (2002) Onsite Wastewater Treatment Systems Manual:  Office of Water, Office of 

Research and Development, U.S. Environmental Protection Agency. 

http://biomet.ucdavis.edu/evapotranspiration.html


92 

US EPA. (2009) National Primary Drinking Water Standards:  U.S. Environmental Protection 

Agency. 

US EPA (2012) Impaired Waters and Total Maximum Daily Loads. Available online at 

http://water.epa.gov/lawsregs/lawsguidance/cwa/tmdl/index.cfm.  Accessed 2013/04/01. 

US EPA (2013) WaterSense - Smart Outdoor Practices. Available online at 

http://www.epa.gov/WaterSense/outdoor/index.html.  Accessed 2013/04/01. 

USDA. (2009) 2007 Census of Agriculture: United States Summary and State Data:  U.S. 

Department of Agriculture, National Agricultural Statistics Service. 

USDA (2013) Web Soil Survey. Soil Survey Staff, Natural Resources Conservation Service, 

United States Department of Agriculture. Available online at 

http://websoilsurvey.nrcs.usda.gov/.  Accessed 2013/03/01. 

van Kessel C., Clough T., van Groenigen J.W. (2009) Dissolved Organic Nitrogen: An 

Overlooked Pathway of Nitrogen Loss from Agricultural Systems? Journal of 

Environment Quality 38 (2): 393-401. 

Van Loosdrecht M.C.M., Jetten M.S.M. (1998) Microbiological conversions in nitrogen 

removal. Water science and technology 38 (1): 1-7. 

Vuono D.C., Benecke J., Pepe-Ranney C., Henkel J., Cath T.Y., Munakata-Marr J., Spear J.R., 

Drewes J.E. Bacterial diversity recovery is not a prerequisite for ecosystem function, in 

preparation. 

Wallenstein M.D., Myrold D.D., Firestone M., Voytek M. (2006) Environmental Controls on 

Denitrifying Communities and Denitrification Rates: Insights from Molecular Methods. 

Ecological Applications 16 (6): 2143-2152. 

Walter I.A., Allen R.G., Elliott R., Jensen M.E., Itenfisu D., Mecham B., Howell T.A., Snyder 

R., Brown P., Echings S., Spofford T., Hattendorf M., Cuenca R.H., Wright J.L., Martin 

D. (2000) ASCE's standardized reference evapotranspiration equation, ASAE Publication 

701P0004, American Society of Agricultural Engineers. pp. 209-215. 

Waskom R.M., Bauder T., Davis J.G., Andales A.A. (2012) Soil Fact Sheet No. 0.521, Colorado 

State University Extension. 

Webster C.P., Shepherd M.A., Goulding K.W.T., Lord E. (1993) Comparisons of methods for 

measuring the leaching of mineral nitrogen from arable land. Journal of Soil Science 44 

(1): 49-62. 

Wilson I.G. (1997) Inhibition and facilitation of nucleic acid amplification. Applied and 

environmental microbiology 63 (10): 3741-3751. 

Yeates C., Gillings M.R., Davison A.D., Altavilla N., Veal D.A. (1998) Methods for microbial 

DNA extraction from soil for PCR amplification. Biological Procedures Online 1 (1): 40-

47. 

Yoshida M., Ishii S., Otsuka S., Senoo K. (2010) nirK-Harboring Denitrifiers Are More 

Responsive to Denitrification- Inducing Conditions in Rice Paddy Soil Than nirS-

Harboring Bacteria. Microbes and Environments 25 (1): 45-48. 

Zhang K., Farahbakhsh K. (2007) Removal of native coliphages and coliform bacteria from 

municipal wastewater by various wastewater treatment processes: Implications to water 

reuse. WR Water Research 41 (12): 2816-2824. 

Zhou Z.-F., Zheng Y.-M., Shen J.-P., Zhang L.-M., He J.-Z. (2011) Response of denitrification 

genes nirS, nirK, and nosZ to irrigation water quality in a Chinese agricultural soil. 

Environmental Science and Pollution Research 18 (9): 1644-1652. 

http://water.epa.gov/lawsregs/lawsguidance/cwa/tmdl/index.cfm
http://www.epa.gov/WaterSense/outdoor/index.html
http://websoilsurvey.nrcs.usda.gov/


93 

Zumft W.G. (1997) Cell biology and molecular basis of denitrification. Microbiology and 

Molecular Biology Reviews 61 (4): 533-616. 

 



94 

 APPENDIX 

 SUPPLEMENTAL ELECTRONIC FILES 

 

The supplemental electronic files contain images, measurements and calculations for 

reference purposes as well as to preserve raw data.  They provide procedures, methods and 

results from this thesis in more detail than what was presented in the written document and may 

be useful for further analyzing the data in the future, or for replicating the approaches taken.  The 

files contained in this appendix have been labeled with letter suffixes that correspond to the order 

in which they are referenced in the text. 

 

 

File name Description 

Appendix_A_images.pptx 

PowerPoint file that contains detailed 

images and descriptions of equipment 

assembly and installation.  This 

includes lysimeter and soil sensor 

installations as well as vacuum 

manifold assembly and usage for 

sample collection. 

Appendix_B1_PMday_documentation.pdf 

PDF that explains the data required and 

method for estimating daily reference 

ET using the Penman-Monteith 

equation as described by the American 

Society of Civil Engineers.  This 

methodology is used in the PMday 

Excel spreadsheets for calculating daily 

reference ET. 

Appendix_B2_PMday_Mines_Park_2010.xlsx 
Excel file containing the calculations 

for daily reference ET from 2010. 

Appendix_B3_PMday_Mines_Park_2011.xlsx 
Excel file containing the calculations 

for daily reference ET from 2011. 

Appendix_B4_PMday_Mines_Park_2012.xlsx 
Excel file containing the calculations 

for daily reference ET from 2012. 

Appendix_B5_PMday_Mines_Park_2013.xlsx 
Excel file containing the calculations 

for daily reference ET from 2013. 

Appendix_C_Irrigation_scheduling_and_volumes.xlsx 

Excel file that contains the weekly 

summary of reference ET, irrigation 

volumes, station flow rates and method 

for calculating irrigation times used 

throughout turfgrass site operation as 

well as the summary of tailored water 

nutrient content from available data. 
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File name Description 

Appendix_D_Diurnal_nitrate_cycling.xls 

Excel file containing the SBMBR 

effluent data for 24 hours and the figure 

describing the diurnal trend in effluent 

nitrate concentrations. 

Appendix_E_Sampling_schedule.xlsx 

Excel file presenting an example 

schedule for lysimeter sampling over 

the course of 4 days. 

Appendix_F_Statistical_Analyses.xlsx 

Excel file containing the results of the 

ANOVA statistical analysis, the LSD 

comparisons and the Pearson 

correlation matrices between nirK 

abundance and the nitrogen species 

measured in lysimeter leachate samples. 

Appendix_G1_ET_raw_2010.xlsx 

Excel file containing raw data from 

2010 collected from the Mines Park 

meteorological station used to calculate 

reference ET in Appendix B2. 

Appendix_G2_ET_raw_2011.xlsx 

Excel file containing raw data from 

2011 collected from the Mines Park 

meteorological station used to calculate 

reference ET in Appendix B3. 

Appendix_G3_ET_raw_2012.xlsx 

Excel file containing raw data from 

2012 collected from the Mines Park 

meteorological station used to calculate 

reference ET in Appendix B4. 

Appendix_G4_ET_raw_2013.xlsx 

Excel file containing raw data from 

2013 collected from the Mines Park 

meteorological station used to calculate 

reference ET in Appendix B4. 

Appendix_H_Complete_leachate_and_soil_data.xlsx 

Excel file containing the complete set 

of raw data for leachate and soil 

characteristics as well as DNA 

abundance and qPCR data. 

 


