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ABSTRACT

COMPARISON OF SOIL PROPERTIES AND KENTUCKY BLUEGRASS SHOOTS
MINERAL COMPOSITION PRIOR TO AND AFTER 201 YEARS IRRIGATION

WITH RECYCLED WATER

In Colorado, fresh water is one of the most valuable and limited natural resoureds. Du
population growth, an increase of fresh water withdrawal has been reported byebl&yical
Survey. Irrigation with recycled water has been utilized as a mealisv@te the stress on
potable water supplies and facilitate the reuse of treated wastewater. Recyeledrigation is
taking place at landscape sites such as public parks, golf courses, and school playgrounds
Research information is needidbetter understand the lotem effects of recycled water
irrigation on urban landscapes. Therefore, the objectives of this researclowlgradsess
changes in soil chemical properties after 5 and 11 years of recycledmwgétion, 2) determine
if there is any heavy metal accumulation in soil after 11 yefarscycled water irrigation, 3)
evaluate Kentucky bluegradBoa pratensisL.) (KBG) turf quality grown on golf courses
irrigated with recycled water, and 4) determine the relationship fodjtatity to shoot mineral
concentrations and soil chemical properties.

To address Objectives 1 and 2, soil samples were collected and analyzed at the
commencement (in 2004) and 11 years after recycled water irrigation ondhreeugses, 5
metropolitan parks, 1 school ground, and 1 zoo. Samples were taken at 0-20, 20-40, 40-60, 60-
80, and 80-100 cm depths on golf courses and at 0-20 and 20-40 cm depths at other locations.
Soil was analyzed for texture, soil pH, soil organic matter, soil salinityqkamtrical

conductivity (EC)], exchangeable sodium percentage (ESP), cation exchangeyd&aC,



nitrateN, chloride (CI), boron (B), and AB-DTPA extracted phosphorus (P), iron (Fe),
manganese (Mn), arsenic(As), chromium (Cr), cadmium (Cd), cobalt (Co), mtkdead (Pb),
zinc (Zn) and copper (Cu). Averaging over all sites, soil pH was 0.25-0.3 higher in 2015 and
2009 than in 2004. The increase was greater at deeper depths. Solil salinity (EC) was 0.84, 0.88,
and 0.98 dS ffin 2004, 2009 and 201%spectivelyThe magnitude of increase in ESP after
recycled water irrigation indicated potential sodicity problems. Calcisadproduct
applications reduced ESP at soil surface depths. In contrast, significaase in ESP was
found at deeper soil depths. No increase in soil nitrate-N was observed over 5 ang fitlyear
recycled water irrigation, therefore, leaching of nitrogen to the groundwatenot a great
concernAB-DTPA extracted As, Co, and Ni decreased after 11 years of recycled water
irrigation. Soil CdCr, Cu, Pb, andZn did not show significant change from 2004 to 2015.
Results revealed that there was no sign of heavy metal accumulation.

To address Objectives 3 and 4, research was conducted on eight golf courses, including
three courses in Denver after 10 years of recycled water irrigation, thnesegan the nearby
cities receiving recycled water for more than 10 years, and two coursesnmgceish surface
water for irrigation. Rsults indicated that Na concentratiorKBG shoottissues increased by
4.3-9.9 times, Cl by 1.5-1.3 times, B by B%times whereas K/Na ratio was reduced by 74
90%. Multiple regression analysis indicated shoot Na accumulation hhgytest association
to turf quality decline (B= 0.65). Soil sodium adsorption ratio (SAR) in 0-20 cm depth was

highly associated with KBG shoot Na concentratigfr 0.70).
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CHAPTER 1: COMPARISON OF SOIL CHEMICAL PROPERTIES PRIOR TO ANDI15
YEARS AFTER RECYCLED WATER IRRIGATION

SUMMARY

Increasing demand on fresh water supplies in the arid andasighviestern US and more
stringent watewater discharge standards henasle recycled water a common water source for
irrigating golf courses and urban landscapes. This has createdeti¢o study the effects of
recycled water irrigation on soil chemical properties. We collected andzadadpil samples at
the commencement (in 2004) and 5 and 11 years after recycled water irrigation @olhree
courses, 5 metropolitan parks, 1 school ground, and 1 zoo. Samples were taken at 0-20, 20-40,
40-60, 60-80, and 80-100 cm depths on golf courses and at 0-20 and 20-40 cm depths at other
locations. Soil samples were tested for soil texture, soil pH, soil organic msattesalinity [soll
eledrical conductivity (EC)], exchangeable sodium percentage (E3Ryd Bconcentration
and AB-DTPA extracted P, K, Zn, Fe, Mn, and Cu. Nitratevas determined using flow-
injection Cd reduction analysis. Average soil EC was 0.84, 0.88, and 0.98 th2604, 2009,
and 2015, respectively. On average, soil pH was 0.25-0.3 units higher in 2009 and 2015 when
compared to 2004. The degree of soil pH increase was greater at deeperhbfovetrsolil
depths. Samples collected in 2004, 2009, and 2015 had an average ESP of 2.65%, 5.35%, and
4.43%, respectively. The increase in ESP suggested that sodicity was ef goeaern than
salinity when recycled water is used for irrigati@ypsum application after aerification
displacel sodium and reducdelSP at thesurface deptli0-20 cm) However, soil ESP increased
significantly at deeper soil depths. No increase in soil nitdateas observed over 5 and 11 years
with recycled water irrigatianiTherefore, leaching of nitrogen to the groundwater was not a great

concern.



INTRODUCTION

Water is essential for human beings. However\todd Resources Institute (2015)
predicted that due to uneven distribution of rainfall, increasing population growth and
urbanzation,at least 3.5 billion people on earth will face water inseccbyit025.

In order to manage finite water sources, western states of thén&l@Aong implemented reuse
programs for municipal wastewater. The strategy behind that is to reciinctease volume
of wastewatedue to the population boom, and furthermorbdtance the potable water demand.

Californiabeganwater recyclingn 1910,with annual reusef 826 million cubic meters
recorded by Californi®epartment of Water Resource2idi1 3.Sixty percent of the recycled
waterused for urban and agricultural irrigati@md the restvas for geothermal energy
production, groundwater recharge and industrial usageoselli 2010). Currently, more than
250 wate recycling plants are iaperation Similarly, the Arizona Department of Water
Resources reported 320 million cubic meters recycled water reused in 2014 (Argmaréniznt
of Water Resources 20140hirty-three million cubic meters of recycled water was used in
southern Nevada for golf courses, green belts and median irrigation, coolimdongi@ver
plants and dust control (Southern Nevada Water Authority, 2009).

Situated in the front range of Colorado, Denver is geographically classfeedemarid
climate with average annual precipitat@B91mm (Western Regional Climate Center, 2016).
Rainfall throughout the ye#s concentrate in March to October. Colorads a fast growing
state angopulation has increased by 65% during the past 25 years (U.S. Census Bureau, 2015).
Since aticipating population growth over the next 50 years, recycled wabeation is deemed
to be areffective solution to mitigaterhited water resources. In Colorado, water conservation

through the use of recycled wastewater has been practiced since the 1960’s atselsaabé



sites. Qian (2006) reportéldat there werd0 majorwastewatetreatment facilities in Colorado
with an annual treatment capacity of 90 million cubic meters in 2006.

Denver Water is the primary water authority segvl.1 million customers (Denver
Water, 2013). Before 2004 when the new recycled water treatment plant becaniersiesia
large volume othe effluent water processed wibacondary treatments in the Metro Wastewater
Reclamation District’s treatment plant dischargedctlyinto the South Platte River. Even
though the majority of suspended solids were removed, high levels of nutrients (Nveere P)
found in the river basin (Litke, 1996). From 1994 to 1997, Denver Water launched the Integrated
Resource Planning study, planned for construction design of the Denver \&eyeliiy Plant
(DWRP) and the Phase One Recycled Water Distribution Syste2004, DWRP became
operational. The effluent from Metro Wastewater Reclamation DistRasert W. Hite
treatment facility wasransportedo DWRPfor further treatments includingological aerated
filtration, ferric phosphate coagulation and chlorination. The recycled dsteibution system
began operation in the spring of 2004. Our study area cpaeks, school grounds and golf
courses in the Phase One Recycled Water Distribution System.

Water reuse for irrigation in urban landscapes is a polwadans of water conservation,
water reclamation, and nutrient recycling. Due tartdense plant canopy and active root
systems, turfgrass landscapes are increasingly viewed as environnuggaHyple disposal sites
for recycled water. In fact, denseell-managed turfgrass areas are among the besttbation
systems available for removal of excess nutrients and further reclarobtreated wastewater.
While the conservation benefits of wastewater reuse in landscape and turfggassn are
clear, concerns associated with wastewater reuse may include potential saltlagon in the

soil profile and potential contamination of ground water caused by leaching of excesgsiut



Landscape and golf course soils rergjrecycled water irrigatinin Tucson, AZ were
found to have higher EC. Seven urban landscape sites irrigated with recycled wafeoiove
more years had average soil salimify3.2 dS ni at 0-40 cm soil depth. The EC value was 70%
higher than nearby soils irrigated with potable water (Schuch et al., 2008)trAftsitionng to
recycled water irrigation for 1.5 to 3.7 years, 3.97 d%n@an EC was recordéu golf Course
fairways in Las Vegas, NV. Soil salinity was 27% -32% higher fuals irrigated withfresh
water (Lockettet al., 2008).

There is limited information available in Colorado concerning effects oétroig with
recycled water on soil salinity, s@kchangesodium percentag&SP) soil pH, and nitrate and
phosphorus leaching potential (Qian and Mecham, 2603%earch is needed to examine the
impact of longterm recycled water irrigation on soil chemical properties in,@a@ and semi
arid regions. In this study, we 1) assess changes in soil chemical progtatiésaad 11 years
of recycled water irrigadn on many landscape facilities by collecting and analyzing soils at the
start of using recycled water for irrigation and after 5 and 11 yearsyaledovater irrigation,

2) determine whether the use of recycled water over time has an effeetrotigte and
phosphorus levels the soil, and 3) determine the primary effect of one particodaragement

regime (gypsum application following aerification) on soil ESP along the sdilgsto

MATERIALS AND METHODS
Ste Description
Our research sites have receivecycled water irrigation from the DWRP since 2004.
Facilities included in this study were: Swansea Park, Dunham Park, Schakfd&rlee

Randolph School, City Park, Washington Park, Park Hill Golf Course, City Park Golf Course
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Denver Zooandthe Denver Country Club. In 2004, soil baseline information was collected form
these sites. In 2009, five years after the initiation of recycled waterifgation, we collected
and tested soils again from the original sites. In 2015, 11 yearshaftstart of recycled water

irrigation ofthese sites, we sampled those sites again.

Sampling Procedures

FromJuly to September in 2004 (at the commencement of recycled water irrigation),
2009 (5 years after recycled water irrigation), and 2015 (11 years &fyetae water irrigation)
soil from aforementioned locations were sampled. At each locatiésjtdswere randomly
selected for sampling. At each sample site, three cores were collected usid¢haltdoring
tool. At parks, Bruce Randolph School, and Denver Zoo, samples were taken at 0-20 and 20-40
cm depths; at golf courses, samples were taker2@t 20-40, 40-60, 60-80, 80-100 cm depths.
Three cores at each site and depth were combined. Metal rods were buried at elct siéenp
in 2004 as a location reference. In 2009 and 2015, soil samples were collected 30 cm away from
the 2004 original sampling points. Established turfgraasgnown where soil samplingas
conducted. In the parks, school playgrounds, public zoos and golf courses, managemers practice
vary depending omaintenance staff.
Soil Analysis

All soil samples were allowed to air dgnd werehen ground and screened to pass
through a 10mesh (2mm) sieve. Soil samples were tested at the Soil, Water, and Plant Testing
Laboratory at CSU. Each soil sample was tested for soil organic matter \QWitelectrical
conductivity (EC), soil texture estimation, soil pH, exchangeable sodium perc¢a&igge
sodium adsorption ratio (SAR), sdilO3-N, soil P, soil B, Cl, Na, Cag, K, Zn, Fe, Mn, and

Cu.



Soil pH and EC were analyzed using a saturated paste extract. Deionized water was
added to ground and sieved soil and mixed uniformly until a saturated paste was obtened. T
EC value was measureging arelectrical conductivity meter. The saturated paste extracts were
transferred to autsampler tubes and analyzed for Ca, Mg, K and Na concentrations by using an
indudively coupledplasmaspectrophotomet (ICP-AES).

Ammonium-bicarbonate-DTPA solution was added to soil samples to analyze
exchangeable Ca, Mg, K,Na, Fe, Mn, Cu and Zn from ICP-AES. Phosphorus (P) concentration
was measured by colorimeter after adding ammorbigarbonatddTPA extracantand ascorbic
acid into the soil samples. Nitrateitrogen was determined by flow-injection Cd reduction
analysisTheWalkley Black test for organic matter uses potassium dichromater{R-) as the
oxidizer and ferrous sulfate (Fea®@H,0) to titrae dichromate solution. The organic matter
(OM %) is calculated by the difference between the total volume of dichrompatéeid and the
titration volume after reaction. 81d Clweredetermined by the procedure of adding 80°C hot
waterfiltering, and theranalyzing the extract with aon chromatograph. Soil Na, Ca and Mg
concentrations isaturated paste extract were using to determine sodium adsorptidis AdRp
by the followingthis equation SAR= Na/ [(Ca+Mg)/2]? . Cation Exchang€apacitywas
measuredising theNH,OA method at buffered pH. Exchangeable Na concentration was
measuredby ICPin soil ammonium acetagxtracts. Exchangeable sodium percentage was

calculated asal exchangeable Na divetl by CECESP= Na/CEC*104.

Satistical Analysis
Data were subjected amalysis of ariancelANOVA), and significant differences in soil
properties prior to, five, and eleven years after recycled water iomighégan were determined

by usingthe general linear moddPROCGLM) procedure using SAS 9(2011). Least
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significant difference test (LSD) was sefat 0.05. PROC Mixed modelwas used where year,
location, depth and their interaction were treated as fixed gff@atthe replicationsgtes)

within 10 locationsvas treated as a random effect.

RESULTSAND DISCUSSION
Water Quality
All locations in this study were irrigated with ditch water, potable water, or veténw
prior to recycled water irrigation in 2004. The average water qualitgsatirecycled water and

potable water provided by Denver Water are presented in Tahle
Soil pH

Soil pH measures the hydrogen ion concentration in soil. Despite the fact that dgeaver
pH of recycled water leaving the recycling plant is 7.16 (Taldlg &n average, soil pH was
0.25-0.3 units higher in 2015 and 2009 when compared to (@4 12). Results from 10
facilities indicatedhat soil pH increased from 2004 to 2015 for all sites exbeyfitenver Zoo
(Table :3). The level of pH increase is consistent with previous findings (Qian and Mecha
2005). Mancino and Pepper (1992) found thiajation withrecycled water for two years
increased soil pH by 0.2 units when compared to potable water irrigation. Moreovestile
showedhat along the @0 cmsoil profile, the degree of soil pH increase was greater at deeper
depths than at shallow soil depths at 3 golf courses where soils were sampled tald€f®cm
(Fig. 1-1).

The soil pH increase may be partially due to the bicarbonate concentratiog (99 in

recycled water. At many of tHacilities, recycled water is stored immigation ponds. During the
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storage, algae activity may increase water pH due the absorption,065G0pH measuring 6.1
to 7.0 is considered ideal for most trees and shrubs, although various species willisw@vive
range from 5.5 to 8.0+. A main irligation of increasing soil pH is plant nutrient availability.
The availability of certain nutrients in soil solution begins to decrease abové.pHFe, Mn,
and Zn), above ~7.0 (P and B), and above 8.5 (& Md"). Different plants respond
differenty to high soil pH. Consistent high soil pH often causeand/orMn deficiencies in
sensitive landscape plants, resulting in yellowing of leaves (chlorosig)ugh the critical pH
levels that resulin leaf chlorosis are variable among plants.

It is possible to amend soil and water with acidifying products including ammonium
sulfate and other sulfur-containing products to prevent significant soil pH inaredse
recycled water irrigationHowever, it is often necessary to re-apply these substances in order to
sustain the effect. In addition, it is difficult to prevent soil pH from increasirtigddeepersoil

profile.

Electrical Conductivity (EC)

Electrical conductivity of the saturatedilspaste extract is the most reliable indicator of
soil salinity level. In general, EC of soil higher than 4.0 dSisrconsidered saline soil.
However, salt sensitive plants may be injured below this vahesalt tolerant plants may
tolerate EC leval higher than 4 dS T When data from all facilities were pooled, the average
soil salinity was 0.84, 0.88, and 0.98 d$ im 2004, 2009, and 2015, respectively (Tab®)1-

All but one sample collected from the 10 sites in 2009 and 2015 had soilydaksithan
4 dS m. Five facilities, including Bruce Randolph School, City Park, City Park Golf Course
Denver Country Club, and Denver Zoo showed a trend of increasing soil salinity from 2004 to

2015 (Table 1-4). No clear trend of increasing soil Sglumder recycled water irrigation was
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observed from 2004 to 2015 at Swansea Park, Dunham Park, Schaefer Park, and Park Hill Golf
Course (Tabld-4). According to Qian and Mecham (2005), and Slates Qian(2013), soil on
golf course fairways irrigated with recycled wateanother region of Denver also recorded EC

increase after 4,5 and 9 years.

Exchangeable Sodium Percentage (ESP)

ESP is an indicator of sodium hazard for soil (sodicity). An ESP value of 12% tergrea
indicates aodic soil with exessive sodium. However, for finely textured saifgl heaity
traffic areas, an ESP>®will start to impose sodic effects. Soil wRhl clays are much more
prone to sodiity effecs on soil structural deterioration than 1:1 clays.

All samples collecteth 2004, 2009, and 2015 had an average ESP of 2.65%, 5.35%, and
4.43%, respectively (Table ). All facilities showed significant increases in ESP after figars
of irrigation with recycled water (Table5). Bruce Randolph Middle School, City Park Golf
Course, and Washington Park exhibited linear incréaseSP over timéP <0.05; R =0.90,
0.78 and 0.90respectively.

At the parks, soils were sampled for 2 depths (0-20 artDam); athegolf courses,
soil sampling to 100cm allozd for a more comprehensive soil profile examination. The site
description and management records were beneficial for evaluating the E&#spatéach
location. Supervisors in the panlslized little orno pactices to deal with soil sodicity. However,
golf courses conducted heavy aerification, gypsum application and sGlaipigction into the
irrigation water.

At theDenver County Club, the increase in ESP from 2004 to 2009 and 2015 at surface
0-20 cm depth was not statistically significant (Fie8). However, the increase became

significant from 2640cm, 40-60 cm, 60-80 cm, and 80-100 cm. The changes along the soil
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profile reflect soil types, environmentalraditions, and management that are conducivégto
leaching from the surface layer at thisfgmurse. The course was built on alluvial sand deposits
developed in association with Cherry Creek. Solls at this golf course are namstiyand drain
very well, and turf managers have employed aggressive aeration and gypsuom gaddgrams.
They gaeally aeratel-2 times a year for fairways and apply about 30 |b/1000 sq ft/year
gypsum following aerification. Additional gypsum is also injected irrigation water through a
“Diamond K” injection system. Apparently, the aggressive soil aerificatmmhgypsum addition
plus the dominant presence of sandy soil effectively prevented a significaagsacdn soil ESP
at the shallow soil depths (0-20 cm). This layer of soil (0-20 cm) is important fgrass since
most of the turf grass roots are present in this layer. Good permeability andyeraiosv for
leaching of excessivida from the root zone by periodic gypsum treatment followed by leaching.
Fine textured soils are slow to infiltrate, percolate and difficult to leacmifigate some of the
negative issues associated with hidgoin recycled water, the installation of dragetiles in
predominantly fingextured soils would aid the drainage effectiveness.

From 2004 to 2015, City Park Golf Course exhibaddhear increase in ESP over time
R?= 0.90(Fig. 1-3). This golf course has fine textured soil (clay loam to clay). The abilitlyeof
soil to retain cations is much higher for fitextured soils compared to sandy sdls a result,
ESPin finetextured soil increaseslowly at deeper deps; it took longer than five years to
exhibit significant ESP increasetht deepst sampling deptli80-100 cm) City Park Golf
Course is a public cours&ggressive Caopdressing programgere not financially feasible, and
no gypsum treatment to soil was done over the experiment period. The relatihelgveig of

Na concentration relative to Ca and Mg in recycled water along with the fioege soil and
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the lack of Ca addition resulted in increased soil ESP, especially at themsbaill depths (Fig.
1-3).

Park Hill Golf Course was previously irrigated with well water with aveEageand
sodium absorption ratio (SAR) values of 1.17 d§and 2.44%, respectively. The average soil
ESPlevel before recycled water irrigation began was 5B#. 1-3). Five and eleven years of
irrigation with recycled water did not result in significant changes in soi] @BPESP of 5.46
and 4.47 in 2009 and 201rfespectively (Tablé-2). The landscapmanagement program at this
golf course includes an aggressive soil aeration program and regular applidacid and Ca
products through the irrigation system. The loamy sand and sandy loam swé &his golf
course may also have helped to prevent the increase of soil ESP from 2004 to 2015. Yet, due to
the historic long-term exposure to poor quality well water which had high sadincentration
high bicarbonateoncentrationand high electrical conductivity (EC) for irrigation, salt injury on
many conifer trees and some stress in turfgrasses were observed.

Our results indicated that with no or minimal management (aggressive éenfiaad
Caadditions) such as at Bruce Randolph School, City Park Golf Course, and Washington Park,
ESP increasklinearly over time. With aggressive aerification &waaddition, the ESP increase
became apparent at deeper soil depths although ESP in surface soil could be nituesged.
results suggest that sodicity (as gauged by soil ESP) is a concern on tretesysence ESP
exhibited the most significant changes from 2004 to 2015 on many study sites. Soil arel/or wat
amendments witlCaor sometimedlg based products may help to displace sodium and reduce
ESP and SAR, especially at the surface depth. These treatments may be roive gffeandy
soil than in clay soil. Further increases of ESP could potentially cause lomget#uctions in

soil hydraulic conductivity, especially in deep soil profiles with bigbercentage aflay
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content More research iseeded to develop low cost, pragation water treatment strategies
and specific landscape management techniques to decrease sodicity.

Gypsum application is commonly recommended not onljafwdscapes irrigated with
recycled watebut also for agricultxal soils in Australia and the Middle East with sodic soils
(Naidu and Rengasmy, 1993; llyas et al., 1997; Qadir et al., 2005).

Several publicationsavealso stated that soil SAR is correlated with ESP (Qadir and
Schubert, 2002; Chi et al., 2011; U.S.DegftAgriculture 1954). In our study the SAR values in
every location, year (2004, 2009 and 2015) and depths correspwitd ESP measuremends

shown by asimple regression®0.95 (Fig. 14).

Cations (exchangeabl e sodium and potassium)

When all da& were pooled, soils in 2009 and 2015 exhibited 66% and 42% higher
concentration of exchangeala than soils sampled in 2004, respectively (TabR®.IFhe high
Na concentratiomeflectedNa addition via irrigation with recycled water; the averaie
concentration in the recycled water was 120 rifgémpared to 21 mgtin potable water
(Tablel-1). Soil Na increased either in 2009, 2015 or both years; Park Hill Golf Course was the
only location wheréa decreased both in 2009 and 2015. Although no consistent trend was
observed across experimerfatilities for K, a 10% and 20% higher concentration of AB-
DTPA-extractable potassium was observed for 2009 and 2015 soil samples when compared to
the2004 baskne (Tablel-2). The increase in soil K is desirable for turf grasses. The higher K
might be a result of the combination of potassiugsent in recycled water (&®) L") and the

application of Kfertilizers.
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Soil Nitrate-Nitrogen and Phosphorus (P)

There are concerns that the nutrients in recycled water can make thamavground or
surface water supplies when recycled water is used for landscape irri§gemific concerns
are that nitrate will move through the spibfile and cause groundater contamination, and that
phosphorus will run off into surface waters. As discussed earlier, the dedmampling
procedures at golf courses provided opportunities to examine nitrate and phosphorous movement
in the soil profiles. Nitratenitrogenconcentratiordecreaseavith soil depth ANOVA results
indicated mean nitrate concentratiord&0 cmdepth (7.88 mg k) was significantly higher
than deeper depths in the range of 1.98 to 3.68 idke&0.05).The evidencsuggest that the
turf grass root system was very effectivanitrate uptake (Fig. 5). Nitrate-N was lowest in
2015 when compared to 2004 and 2009. Nitrate—Np#opelow 2 mg kg beyond the
turfgrass rootzone in 2015, well below the EPA standard for potable water quality (d")ng
This indicates that nitrate contamination of groundwater should not be a great conaern whe
using recycled water for the irrigation of turf systems. Dense, actywelying, and well-
managed turf grass areas are among the kefttation systems available for removal of
excess nitrate.

When all datavere pooled for analysis, soil P was higher in 2015 than 2009 (Té)le 1-
When data from individual locations were analyzed separately, Bruce Randoph SchaeleSc
Park, Denver Zoo, and City Park Golf Course (0-20 cm soil depth) had higher soil P under
recycled water reuse (Talle7), whereas other sites showed no increase in soil P over 11 years
with recycled water irrigation (Tablke7). Phosphorus levels were, in general, lower at depths
deeper than 20 cm (Figuieb); this is because phosphorus is considered immobile (Bray, 1954).

However, movement of phosphorus through the soil structure is possible in sandy soils.
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Recycled water contains maenatrients [nitrogen (N), phosphorus (P), and potassium
(K)] essential for plant growth, which can contribute significantly to @iftion program.
When compared to agricultural sites, a properly managed turf grass site wouldgsggeblem
with nitrate leaching down into gnadwater, or phosphorus running off to surface waters if best
management practices are utilized, including fertilizing in several smaller @ppie instead of

one largedosage.

Boron and Chloride

The criteria forB concentratiorin soils are as follows: sensitive plants (such as some
fruit trees) show growth decline as soieBceeds 0-4.0 mg kg'. Moderately sensitive plants
will start to decline when soil boron exceeds 1.0-2.0 my Kgntucky bluegrass can tolerate
soil B corcentrationat 2.04.0 mg k. The recycled water from Denver Water’s reaygl
system contains about 0.8% L™ boron. All soil samples collected from the 10 sites in 2015
had an average sdl concentratiorof 1.4 mg kg and the range of B was from35 to 3.86 mg
kg! (Table1-2). This average level of soil B concentratigas higher compared to what was
measured in 2004 (0.67 mg kg

Recycled water tyipally contains about 50-200 mg'lchloride. Chloride is a negatively
charged ion and cannot be held by the soil CEC sites. Ther€lasehighly mobile in soil, and
will often move with the wetting front during infiltration and percolation. In addition t
contributing to the total soluble salt concentration of irrigation w@lanay have diredion
effects on plants when absorbed by roots and leaves, especially some trees anDaspitbs
the fact that recycled water contains higGélevels than potable water, no significant increases
in soil Cl concentratiorwere observed from 2004 to 2015. In fact, when data from all samples

were combined, an average illevel was 17.6 mg k§in 2009 whichwas lower than th€l
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level in2004 (Table 12). This is likely due to the great amouwftprecipitation(217 mm) that

occurred during Jun® July in 2015 (Colorado Climate Center, 2015).

Iron, Manganese, Copper and Zinc

Results of analysis of variance test (ANOVA) on soil Fe, Mn, Cu and Zn congamdrat
indicated there was no increasing trend. Stillevel was lover in 2009 and 2015 than in 2004
for all study location (Tablel-2). Soil micrenutrient(Fe**, F€* and Mrf*) availability decline

in anAustralian sodic soil simultaneously with increasing soil pH (Naidu and Rengasmy, 1993).

CONCLUSIONS
This study of 11 years of recycled water irrigation on Denver landstapadthat soil
salinity, pH and ESP increase@ompared to baseline data, soil salinity (EC) increased 17%, pH
increased 0-D.3 units, ESP increased most significaafier 5 years of recycled water
irrigation. Soil nitrate and phosphortesmained mostlyn the topsoil. Changes in soil Cl were
not observed, b slight B accumulation was observed in 2015. Cultural practices including
aerificationand gypsum applicatigiean reduce thgodicity hazardn surface soil (€20 cn).

Salinity should be monitored on a regular basisoils irrigated with recycled water.
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Table 1. Average water quality values of recycled water vs. potable water prdoydeenver
Water.

Water parameter Recycled water Potable water
pH 7.16 -
NH4-N (mg LY 0.25 -
NOs-N (mg LY 11.8 0.1
Total P 0.15 -
Total dissolved solidsiig L™ - 187
Electrical conductivity (EC) (dS 0.86 0.23
Ca fng LY 50 -
Mg (mg L) 12 -
Na (mg L) 121 21
Cl (mg LY 106 29
Bicarbonaterfig L) 92 -
Sulfate (ng LY 142 56
Boron (mg L) 0.27 -
K (mg L) 13 -
Fe (g L) 0.22 -
Sodium adsorption ratio (SAR) 1.7 -
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Table1-2. Mean soil chemical properties from the ten landscape facdittee initial
(baseline) and 5 add years after recycled water irrigation (seiere sampled to 1 m
at golf courses and 0.4 m at parks).

Soil Parameter Baseline 5 years after 11 years after
Cation Exchange Capacity (meg/10C  20.77a 18.51a 14.36b
pH 7.26b 7.55a 7.5a
SOM (%) 2 2 2
Electrical conductivity (ECdS nm") 0.84b 0.88ab 0.98a
Ca (meq/L) 3 3.1 3.4
Mg (meq/L) 1.34b 0.94c 1.78a
Na (meg/L) 4.35b 5.1b 9.85a
K (meqL) 0.58¢ 0.86b 1.08a
Mn (mg kg% 2.3a 1.4b 1.8b
Cu (mg kg') 4.4 4 3.6
Zn (mg kg") 13.9 13 13.5
Fe (mg kg) 22.8 24.3 27.2
Extractable P (mg kY 13.7ab 11.9b 15.5a
NO3-N(mg kg") 6.2a 6.2a 2.5b
Boron (mg k') 0.67b 0.51b 1.4a
Cl (mg kg") 27.68a 24.6a 17.6b
Exchangable sodium percentage (E< 2.65c 5.35a 4.43b
Sodium adsorption rati(SAR) 2.8c 5.32a 3.64b

The mean followed by a letter “a” is significantly higher than the meaowielll by a letter “b”
for individual parameters &< 0.05.
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Table1-3. Results o$oil pH at depth 0-2@m and 2040 cmfor assessment overrde different years (2004, 2009 and 2015) at 10
landscape locations in Denver.

0-20cm
Year BRS City Denver Dunham Schaefer Swansea Washington Denver City Park F|)—|6illrlk
" Park Zoo park Park Park Park Country Club GC GC
2004 7.57b 6.9b 7.7b 6.5b 6.8c 6.7b 6.8b 7.1a 7.1b 7.7a
2009 7.83a 7.2a 7.9a 7.0a 7.3a 7.0a 7.0a 6.8b 7.2a 7.6b
2015 7.93a 7.3a 7.7b 6.8a 6.9b 6.8a 6.9a 7.1a 7.2a 7.3C
20-40cm
2004 7.6b 7.1b 7.9b 6.7b 7.1c 6.6b N.A. 7.3b 7.3b 8.0a
2009 8.0a 7.5a 8.1a 7.1a 7.6a 7.2a N.A. 7.4a 7.6a 8.0a
2015 7.9a 7.5a N.A. 7.4a 7.3b 7.3a N.A. 7.5a 7.5a 7.8b
P value
?fgth 0.66"™ 0.07"™ 0.08™ 0.002 0.0009 0.018 N.A. <0.0001 0.005 0.0002

*BRS.= Bruce Randolph Schqalepthl= 0-20cm, depth 2 = 20-40 dnithin anindividual location, each depth with different
letters a,b,c are significdptdifferent atP < 0.05,ns=non-significant
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Table1-4. Results o$oil EC at depth 0-2@m and 2840 cmfor assessment over three different years (2004, 2009 and 2015) at 10
landscape locations in Denver.

0-20cm
Year BRS City Denver Dunham Schaefer Swansea Washington Denver City Park  Park Hill
" park Zoo park Park Park Park Country Club  GC GC
2004 1.2b 0.7b 0.5b 0.6b 0.8b 0.8a 0.7c 1.2b l.1a 0.9b
2009 0.8b 0.9a 1.0a 1.0a 1.0a 1.0a 1.0a 1.1b 1.2a 1.3a
2015 1.9a 1.2a 1.0a 0.8b 0.9a 0.9a 0.8b 1.6a l.1a 0.9b
20-40cm
2004 1.2b 0.6b 0.6b 0.5c 0.9b 0.8a N.A. 0.9c 0.8b 0.7b
009 0.5c 1.0a 0.8a 0.9a l.1a 0.8a N.A. 1.2b l.1a 0.8a
2015 2.4a 1.2a N.A. 0.6b 0.6c 0.6b N.A. l.4a 1.2a 0.6b
P value
1D>(<e|;th 0.83" 0.51"™ 0.87"° 0.44" 0.89" 0.81" N.A. 0.03 0.03 0.03

*BRS.= Bruce Randolph Schqalepthl= 0-20cm, depth 2 = 20-40 diithin anindividual location, each depth with different
letters a,b,c are significdptdifferent atP < 0.05, ns= norsignificant All units in two depths are dS
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Table1-5. Results of soil ESP at depth 020 and 2040 cm for assessment over three different years (2004, 2009 and 2015) at 10
landscape locations in Denver.

0-20cm
Year BRS City Denver  Dunham Schaefer Swansea Washington Denver City Park  Park Hill
" Park Z00o park Park Park Park Country Club GC GC
2004 293c 2.60b 1.23b 3.53b 2.57b 3.13b 2.16¢c 3.24Db 2.23b 3.30b
2009 3.97b 4.55a 3.60a 6.40a 6.07a 6.20a 3.87b 4.13a 6.16a 4.13a
2015 5.73a  2.92b 2.07b 2.30b 2.67b 2.60b 5.85a 3.28b 6.13a 2.20b
20-40cm
2004 1.8c 2.03b 1.53b 2.60b 1.73b 2.63b N.A. 2.80b 1.57b 4.30b
2009 4.83b 5.08a 5.07a 9.40a 6.83a 9.53a N.A. 4.83a 6.25a 5.27a
2015 6.73a 4.18a N.A. 4.37b 4.70b 4.60b N.A. 5.05a 6.30a 3.50b
P value
?fgth 063  023° 0.16°  0.007 020° 0.001 N.A, 0.05 0.006 0.007

*BRS.= Bruce Randolph Schqalepthl= 0-20cm, depth 2 = 20-40 diithin anindividual location, each depth with different
letters a,b,are significarly different atP < 0.05, ns= norsignificant
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Table1-6. Results ofoil NO3 at depth 0-2@m and 2040 cmfor assessment over three different years (2004, 2009 and 2015) at 10

landscape locations in Denver.

0-20cm

Yea BRS City Denver Dunham Schaefer Swansea Washington Denver City Park Park Hill

" Park  Zoo park Park Park Park Country Club GC GC
2004 1.7b 7.7a 3.3b 8.8a 13.0a 10.0a 6.9a 20.6a 12.9a 15b
2009 13.7a 9.5a 7.3a 2.4b 4.3b 5.63b 6.5a 15.2b 7.8b 30.9a
2015 3.3b 3.2b 8.1a 2.2b 3.5b 2.83c 5.1a 5.6¢ 5.0c 3.7c

20-40cm
2004 1.3b 3.2b 1.4b 2.3a 4.3a 2.9a N.A. 9.5a 3.0a 4.0b
2009 1l1l.6a 7.8a 5.8a 2.1a 1.9b 1.5b N.A. 4.9b 2.8a 6.3a
2015 1.7b  2.0c N.A. 1.7a 1.7b 1.7b N.A. 3.1c 2.8a 1.5¢
P value

lDprth 0.55" 0.14™ 0.53"™ 0.27™ 0.056™ 0.067" N.A. 0.001 0.0078 0.001

*BRS.= Bruce Randolph Schqalepthl= 0-20cm, depth 2 = 20-40 diithin anindividual location, each depth with different
letters a,b,c are significdptdifferent atP < 0.05, ns= norsignificant All units in two depths are mg Kg
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Table1-7. Results ofoil P(AB-DTPA extractedpt soil depth 0-28m and 2840 cmfor assessment over three different years
(2004, 2009 and 2015) at 10 landscape locations in Denver.

0-20cm
Year BRS. City Denver Dunham Schaefer Swansea  Washington Denver City Park Park Hill
Park Z00 park Park Park Park Country Club GC GC
2004 50.9b 6.5b 15.6¢ 18.7a 23.9b 15.2a 22.9a 20.6a 14.5b 17.0a
2009 26.2c 6.2b 16.8b 21.4a 34.9a 19.7a 14.6b 18.4b 15.6b 13.9b
2015 74.2a 15.9a 32.5a 17.6a 35.2a 17.6a 14.6b 19.0b 29.4a 15.5b
20-40cm
2004 9.7c 3.4a 28.6a 12.0a 11.6b 9.9b N.A. 9.7a 6.7b 15.2a
2009 12.8b 3.5a 15.4b 15.7a 17.0a 14.8a N.A. 7.9b 6.9b 9.1b
2015 17.9a 6.3a N.A. 15.6a 20.7a 15.3a N.A. 10.1a 9.6a 11.8b
Pvalue
Depth
1x 2 0.02 0.2%° 0.04 0.007 0.03 .0.001 N.A. 0.05 0.006 0.007

*BRS.= Bruce Randolph Schqalepthl= 0-20cm, depth 2 = 20-40 dnithin anindividual location, each depth with different letters

a,b,caresignificanty different atP < 0.05, ns= norsignificant All units in two depths are mg Rg
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Figurel1-1.Soil pH of 2004, 2009 and 2015 at Denver Country Club, City Park Golf Course and
Park Hill Golf Course. Letters indicate significant differenBe<(0.05) among years at each
depth no letters shown indicate not statistically significant
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Figurel-2.Soil EC of 2004, 2009 and 2015 at Denver Country Club, City Park Golf Course and
Park Hill Golf Course. Letters indicate significant differenee<(0.05) among years at each
depth no letters shown indicate not statistically significant
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CHAPTER 2: SOIL HEAVY METAL CONCENTRATIONSBEFOREAND 11 YEARS
FOLLOWING CONVERSION TORECYCLED WATER IRRIGATION

SUMMARY

The potential for heavy metal accumulation in slseivingrecycled water irrigation
has been a concern in recent years. To determine if there is any heavy metalatmum soil
after 11 years of recycled water irrigatiove tested the heavy metal concentrabbarchived
soil samples collected in 2004 rigr to the commencement of recycled water irrigation) and
2015 (11 years after recycled water irrigation) from five parks in Def\@rHeavy metals,
including arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), niikel (
lead (Pb), ad zinc (Zn) were extractdtom soil samplesising the ammonium bicarbonate-
diethylene triamine pentaacetic acid (AH PA extractant) and measured by ICP. Results
indicated that soil As and Co ammntrationglecreased by 50 to 83% and 66 to 83% from 2004 to
2015, respectively. Soil Ni decreased from 2004 to 2015 at Dunham Park, City Park, and
Washington Park, but the Ni reduction was not significant at Schaefer Park and SReankséd

all parks, soil Cd, Cr, Cu, Pb, a@d did not show significant change from 2004 to 2015.

INTRODUCTION
Recycled water can be utilized awater resource for decorative fountains, groundwater
recharge, cooling towersar washing and fire protection. In many states of America, a
substantial quantity of recycled watedistributed to farmlands and cities for irrigation purposes

(Parsos et al., 2010; Lewis and Wright, 2011).
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Heavy metal contamination in soils has been reported around the world (Wuana and
Okieimen, 2011). Lead (Pb), chromium (Cr), arsenic (As), zinc, @amium (Cd), copper (Cu)
and nickel (Ni) are metalsommonly found in excessive amouatgolluted sites. Sources of
heavy metals usually are from mining activities, industrial waste, and lahdadipm of
industrial or domestic sludge. For instanm@nmunities builnearbymine tailings and dumps in
Aspen, CO had high levels of Pb, Cd and Zn in home garden soils (Boon, 1985).

Heavy metal accumulation iarely a problem in agriculturabils with regular cropping
systems including sowing, cultivation, fertilization, chemegaplication and harvesting.
Nevertheless, Barbari@dnd Workmar(1987) observed high Zn and Btncentrationn wheat
when the plants were grown on soils where sewage sludge was app@aigoilasnendment. In
Florida, Hanlon et al. (1996) found that ammonium bicarbobDateA exracted Zn and Ni were
higher incalcareous soil receivirgewage sludge application when compared to the control. In
Turkey, heavy metatoncentratior(Mn, Zn, Cu, Ni, Pb and Cd) in red cabbage and cauldr
increased when the vegetables were grown on calcareous Aridisol irngttdgceated
municipal wastewater (Kiloglu et al., 2008). In Greece, broccoli and brussels sprouts grown
under recycled water irrigation had increased heavy metal accumutaptamt tissues
(Kalavrouziotis et al., 2010).

Recycled water has been primarily used for landscape irrigation in Coldtadever,
recently there is interest in planting community gardens on sites wher&eteasater has been
used for irrigation. Recled water irrigation has many positive effects such as savingviasi
and fertilizer, increasing crop yield, and reducing pollutant dischargetéssiads. In the
meantime, there are concerns regarding pollutants (such as heavy metdéstidis

byproducts, and pharmaceuticals) building up in soil. If heavy metals accamusatl to
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critical levels, there is a risk for increased plant uptake of these elementsetgasaterns for
vegetable and food crops. Leafy portions of plants geneedgup the highest concentrations
of heavy metals followed by roots (Kalavrouziotis et al., 2010; Khan et al., 2008 nknswn
whether there has beany heavy metal accumulation after 11 years of irrigation with Denver
Water’s recycled water.

To determine if there waany heavy metal accumulation in soil after over 11 years of
water reuse practices in Denveiiststudy was conducted to test the heavy metal concentration
of archived soil samples collected in 2004 and from soils sampled in 2015 from five plarks. A

five parks started to use recycled water for irrigation in August 2004.

MATERIALS AND METHODS

Ste Description and Soil Sampling

Ten locationsvhich wereswitched to Denver Water’s recycled water irrigation in 2004
were describeth Chapter 1. Selected faciligen this study were: Swansea Park, Dunham Park,
Schaefer Park, City Park and Washington Park.

Before switching to recycled water irrigation, 36 soil baseline samplesthre listed
five parks were collected. Samples were taken2 6m at Washington Park. Soils were
sampled to 0-20 cm and 20-40 cm depths atadbeparks. Three cores at eagite and depth
were combined. Anetal rod was buried at each sampling site in 2004 as a location reference.
Soil samples collecteid 2004 were air dried, ground, screened to pass througmee40-
(2mm) sieve, and stored in zip-lock bags. In 2015, after 11 years of recycledrigaéon, il
samples were collected 30 cm away from the 2004 original sampling points.

Heavy Metal Analysis
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Heavy metals, including arsenic (As), chromium (Cr), cadmium (Cd), c@Da)t nickel
(Ni), copper (Cu), lead (Pb), aathc (Zn) from soil samples were extracted using the
ammonium bicarbonateiethylene triamine pentaacetic acid (AH PA extratant. Heavy metal
concentration at baseline point in 2004 were compared to samples collected in 2015.
Samples were aftiried at room temperature and pulverized with porcelainanand
pestle. Ten g of soil sample were then passed thrat§hmesh (2mm}¥ieve. Ammonium
bicarbonatddTPA was used for metal element extraction. The[AB°A soil testing method
(Soltanpour and Schwab, 1977), modified by Soltanpour and Workman (1979) was developed
for extraction of exchangeable heavy metals. The extractedosolsis measured for heavy
metal concentration using ICP-AES method (indutyiv®upled plasma optical emission

spectroscopy).

Satistical Analysis
Data on heavy metal concentratiomsre subjected to analysis of variance (ANOVA) and
evaluate elements differerscat two soil depths between 2004 and 200 SAS PROC GLM

(SAS 9.3 2011)Least significant difference (LSD) was sePat 0.05.

RESULTS AND DISCUSSION
Heavy Metal Concentration
The averag@s concentrationn the baseline soil from five parks ranged from 0.29 to
0.42 mg kg Arsenic decreased to 0.19 to 0.28 mg kéfer eleven years of irrigation with
recycled wate(Fig. 2-1). Likewise, the averageo concentratiorfrom five parks was 0.05 mg
kg with a range of 0.03 to 0.08 mgkin 2004. Soil Co was reduced to 01y kg" after

eleven years of irrigating with recycled water (Fig. 213)ere are similar trends among the five
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parks regarding the changes in As and Co from 2004 to 2015. At all five parks, soil As and C
were similar betweetwo sampling depths (0-20 and 20-40 cm) (Fig. 2-1 and F8). 3oil As

and Co decreased by 50 to 83% and 66 to 83% from 2004 to 2015, respectively. Most bf the soi
samples had a lower As concentration than ER&rdened soil screen guidance for residential
contamination clean up level. Co concentration is considered to be only trace amount.

All archived samples collected from thg@&rks in 2004 had an average Cd, Cr, iy,
Pband Znconcentratiorof 0.60, 0.05, 7.07, 0.66, 11.62 and 2ha5kg’, respectively (Fig2-

2, 2-4, 2-5, 2-6, 2-&nd 28). Eleven years after irrigating with recycled water, the average soill
Cd, Cr, CuNi, Pb andZn concentratiorwere 0.46, 0.04, 4.75, 0.43, 11.38 and 257 &g",
respectivelyBased on ANOVA procedure analyzing metal concentration at two depths before
and 11 years after receiving recycledter irrigation, aall parks, soil Cr, CdCu, Pb and Zn did
not show significant change from 2004 to 2015.

Soil Ni decreaed from 2004 to 2015 at City Park, Dunham Reutt Washington Park,
but the Ni reduction was not significadndbm ANOVA resultsat Schaefer Park and Swansea Park
(Fig. 2-6).

Our results demonstratésatsoil heavy metal accumulation gvaot a concern on parks
irrigated with Denver Water’s recycled tea This is likelya result of very low heavy metal
concentrationn the recycled watemhe influent at Denver Water’s wastewater treatment plan
was likely from residential wastewater. Secondly, soil ply hreave played a role in the
extractable heavy metabncentration. Soil pH ranged from 6.4 to 7.6 in five parks with the
average of 6.8 in baseline 2004 year (see Chapter 1). After 11 years tddeugter irrigation,
the pH value increasda 0.3 up to 7.1. KabatBendiag2011) stated that whenever soil pH

increase over 5, the ion mobility of G Cc’*, Cu*, CP*, Mn**, Mo™*, Ni?*, P*, H" and
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Zn** can be impeded in soil solution. The reduction in AB-DER&acted As, Co anli may

attributeto plant uptake and the increase in soil pH.
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Figure2-1. Soil Arsenic(As) prior to recycled water irrigation in 2004 and 11 years after.
Means with different letters represent significant differences betweeyeave P < 0.05).
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Figure2-2. Soil Cadmium (Cd) prior to recycled water irrigation in 2004 and 11 years after.
Means with different letters represent significant differences betweeyeiave P < 0.05),
no lettersshownindicate not statisticallgignificant.
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Figure2-3. Soil Cobalt (Co) prior to recycled water irrigation in 2004 and 11 years after.
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39



0.16

Soil depth 0-20 cm
I 2004

0.14 4| =3 2015

0.12 -

0.10 -

0.08 -

0.06

0.04 WE

0.02

0.00 T T T | T

City Park Washington Park  Dunham Park ~ Schaefer Park Swansea Park

0.08

B 2004 Soil depth 20-40 cm

1 2015

0.06

AB-DTPA exchangeable Chromium in the park soil (mg kg-1)

0.04

0.02 A

0.00 | E— T T T
City Park Dunham Park Schaefer Park Swansea Park

Location

Figure2-4. Soil Chromium(Cr) priorto recycled water irrigation in 2004 and 11 years after.
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no lettersshownindicate not statistically significant
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Figure2-5. Soil Copper (Cu) prior to recycled water irrigation in 2004 and 11 years after.
Means with different letters represent significant differences betweeyeave P < 0.05),
no lettersshownindicate not statistically significant
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Figure2-6. Soil Nickel (Ni) prior to recycled water irrigation in 2004 and 11 years after.
Means with different letters represent significant differences betweeyeave P < 0.05),
no lettersshownindicate not statistically significant
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CHAPTER 3: MNERAL COMPOSITIONOF KENTUCLY BLUEGRASSUNDER
RECYCLED WATER IRRIGATION IN DENVER GOLF COURSES

SUMMARY

Golf courses in the western United States are increasingly being irrigiéttecteycled
water. Kentucky bluegrasPda pratensisL.) (KBG) is the most widely used turfgrass species in
Colorado. Research was conducted on eight golf courses, including three courses irafbemve
10 years of recycled water irrigation, three courses in the nearbyreiteging recycled water
for more than 10 years, and two courses receiving surface water foiomigaoil pH, EC,
organic matter, Ca, Mg, K, Na, B, andS of soil saturated paste were determined. Kentucky
bluegrass shoots were sampled from 25 roughs and analyzed for mineral caonentiaiding
Na, Ca, Mg, K, CI, B, S, P, Mn, Fe, Zn, Cu and Mo. Recycled water irrigation increasedglippi
Naby 4.3-9.%imes,Cl by 1.5- 1.3 times, B by 1.33.5 times, whereas tissue K/Na ratiasv
reduced by 74- 90%. Multiple regression analysis was conducted to identifyatensHips
between mineral concentration in clippings and turf quality. There wagatie linear
relationship betweeturf quality and sodium concentration in the clipping&=(B.65). Soil SAR
in 0-20 cm depth was highly associated with KBG shooa®Ndocumented bylagarithmic

regression of R=0.70.

INTRODUCTION
Water scarcity and egnding populatiomrethe impetuasfor the authorities to search
for alternative strategies to improve water conservation. In general, veditzency is well

known in western states such as California, Nevada, Arizona, Utah, Colorado and Neow Mex
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(National Drought Mitigation Center, 2016). Moreover, Denver, as it is situated in theagemi-
geographic location often has to deal with drought in the summer sesam#pril through
October, more than 50% of the city’s potable water is used for oututscape irrigation
purposes.

The total aga of golf courses in the U.S. was 608,732 hectares in 2007. It is estimated
that during 2003-2005, 80 percent of maintained turfgrass on 18-hole golf courses had been
irrigated annually with 285 million cubiceters of water (GCSAA, 2009RResidential turfgrass
is another turfgrass sector using water resources. According to consermstimates from the
EPA 1997 census, the 7.16 million hectares of home lawn in the whole nation consumed 4,369
million cubic meers of water (Watson et al., 2004). Dated back to 19@0&lifornia recycled
water irrigationwasalreadyadoptedor agriculturalirrigation. Recycled water can significantly
reduce fresh water and fertilizer requirements of turfgtdegever, salinity issues related to
recycled water irrigation have imposed challenges with this water conearpedctice. Qian
and Mecham (2005) examined the water quality of recycled water and foucttdeaxater had
higher level of soluble salts, when compared to fresh water. Sodium was accunmusaiés i
from golf courses under recycled water irrigation. Therefore, it is pedsilbthduce salinity
stress to turfgrass if toxic ions (Na and Cl) accumulate in leaf and shoot.tissues

A series of papers have investigated salinity tolerance of C3 and C4 tugpeasss
under controlled environmentslarcumand Murdoch (1990) found that shoot'Nad Cl
concentratioain C4 turfgrass increased relative to the increment of salinity treatments.
Bermuwagrass ‘Tifway’ Cynodon dactylon), centipedegras&femochloa ophiuroides),
zoysiagrassZoysia japonica and Zoysia matrella), seashore paspaluiaspal um vaginatum)

and St. AugustinegrasSténotaphrum secundatum) salinity tolerance was strongly associated
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with Na" and Cl exclusion in the shoot; salt tolerance also highly dependesir@ribn

concentratios retained in the shoot tissue (Gorham et al., 1985; Marcum and Murdoch, 1990). A
yield reduction of 50% was used as the parameter determining plant vigor statustiasder
Evidence showed that seashore paspalinysia matrella and St. Agustinegrass were more

tolerant to salinity stress (Marcum and Murdoch, 1994).

Kentucky bluegrassPpa pratensisL.) is the most commonly used cool-season turfgrass
species in Colorado and other regions with latitudes above the transition zone in iNeritaA
Alshammaryet al.(2004) examined salinity tolerance of Kentucky bluegrass, tall fescuei¢gest
arundinacea), alkaligrasByccinellia distans.) and saltgras (Distichlis spicata) in a greenhouse
experiment. Kentucky bluegrass was the most sensitive to salinity treatment thuesaépur
species, based on criteria of turf quality, shoot and root dry weight, and root to slwoot rati
‘Challenger’ Kentucky bluegrass suffered 50% shoot growth reduction at 4.9 dslinity
level. In other research, two Kentucky bluegrass cultivars, * Limousine’ amblde were
chosen by Qiaet al.(2001) to test leaf wateontent, osmotic potential and shoot mineral
concentréion under saline treatments ranging from 2.2 to14.2 dSGultivar ‘Limousine’ had
less shoot Naand Cl accumulation and a higher shoot K/Na ratio. Shoot growth reduction of
25% for ‘Limousine’ was observed at EC 4.7 d3.m

Many of the studies intending to uncover turf salinity toleramere conducted in
controlled environmentand received different levels of salt treatments (Suitidense et al.,
2002 ; Qian et al., 2001 and 2004 ; Alshammary et al., 2004).

The objectives of this researchnedo evaluate 1) turf quality of KBG a2) determine

the relationship between turf quality and shoot mineral concentrations and sagalhem
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properties for KBG grown on golf courses irrigated with recycled waten tfifferent wate

treatment authorities for differeperiods.

MATERIAL S AND METHODS
Ste Description

In the City and County of Denver, Denver Water esas the wastewater treatment
authority to roughly around 1.1 million people (Kenney et al., 2004). With the $78 million
facility completed in 2004, the capacity of 170,343 cubic metieeffluent per day was able to
be treated in the DenvVater Recyclig Plant. Withsimilar practice in Aurora, Thornton and
Westminster, Big Dry Creek wastewater treatment facilities in Westminster, then@itCounty
of Broomfield’s water treatment facility and Sand Creek reuse facildyunora operate with the
secondey or tertiary treatment processes and deliver recycled water for iongattigolf
courses, parks and greenways. Although their treatment capaaties a smaller scale than
Denver Water, reuse of treated municipal wastewater for golf courses &adiptad back to
1964 from Sand Creek water reuse facility.

The experiment was undertakentbnee courses within the City and County of Denver
that switched to recycled water irrigation from Denver Water in 2004. Addilyottaiee golf
courses from Thoton, Broomfield and Aurora that observed turfgrass decline after recycled
water irrigation for more than 10 years were also includede study. Recycled water in these
counties was separately treated in Big Dry Creek, Sand Creek and tle@puntyof
Broomfield's wastewater treatment faciliti@$he reuse program was initiated in these courses
more than 10 years ago, and superintendexpeessedoncern about the elevated EC and SAR

levels based operiodic soil testing ovaheyears. We refeto golf courses in this group as
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pioneer recycled water irrigation group. Other than these courses, two doigagsd with
surface water in the Rocky Mountain region were selected as contrabé.tAd eight courses

have 18 holes and had Kentucky bluegrass on roughs.

Climate Conditions

In Denver, average monthly rainfall ranges between 4.75 cm and 6.5 cm. May to August
arethe months thatypically precipitation havexceeding 5 cm. The reference
evapotranspiration in northern Colora@gmges fron95.25 to 120.65 cm durirthe growing

season (Clifford and Doesken, 2009).

Plant Materials

The experimental design was classified as a completejomized design. In the City
andCounty of Denver, three to four random holes from each golf course weendams
replications, turf samples were collected from eleven holes in 2014 (10 fteatba start of
recycled water irrigation). For th@oneer recycled water irrigation group, turf samples were
collected from three golf courses, and three holes were selected for sarguigocolrom each
course; the total number of holes included for sample collection in this group was nimel Cont
samples were collected from golf courses irrigated with surface watérgihdles from two
different golf courses thidad been established at least 15 ypdams in the Rocky Mountain
Region). We collected turf shoot samples on the roughs less than 4.5m away frammingst
corresponuhg to the subjectetioles. Turfgrass was mowed at the range betwW8dn 50 mm,
clipping samples were gathered after mowing. Three clipping sampleshreenrandom sites of
each hole were combined. All samples were sealed ilozkpplastic bags and placed in a cooler

for transportation to the lab.
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Turf Quality

Concurrent with clipping sample collection, turf quality was rated based on caleityde
and uniformity, with a rating of 1 representing brown, thin, dead turf. A rating of 6 was
considered minimum acceptallef and 9 was considered the best quality withegpance of

dense, uniform turf with aemerald green coldMorris and Shearman, 2010).

Analysis of Shoot Mineral Concentration

Turf shoots were rinsed with deionized water and dried in an oven at 70°C for 24 hours.
Afterwards, the materials were gralin a Thomas Wiley Mill to pass through a screen with
425-um openings. Approximately 1 g of screened and dried sample was weighed drfdrashe
h at 500° C. Ash was dissolved in 10 ml of 1N HCI and diluted with deionized water. Solution
aliquots were analyzezh inductively-coupled plasma atomic emission spectrophotometry (ICP-
AES) (Model 975 plasma Atomcomp, Thermo Jarrell Ash Corp., Franklin, MA02038). @hlori
concentratiorwas analyzedsingthe CI selective electrode (Thermo Electron Co. Orion

961BNWP).

Soil Analysis
The details for soil sampling and analyses were desdaib€tapter 1. Soil sampling
wasconducted in 2014 for pH, EC, organic matter, Ca, Mg, K, Na, B, CI, P levels and Sodium

Adsorption Ratio (SAR).

Satistical Analysis
Shootmineral concentrationscluding Na, Ca, Mg, K, Cl, B, S, P, Mn, Fe, Zn, Cu and
Mo were subjected to statistical analysis procedures to investigate thens#gis between

individual mineral ions and turf quality.
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Turf quality and mineral concentratiomsthe KBG shoots were tested by analysis of
variance (ANOVA).Comparison of the three different irrigation water growps accomplished
by the least significance difference method. The Pearson correlatiorageperiormed by
PROC CORR to obtain Pearsamatistic coefficients of individual minerals and its
correspondence to turf quality. Stepwise regression was conducted to deteemynefithe
minerals accumulated in shoot tissues were related to the decline of turf. (gtefiyise
multiple regresen (PROC REGusedturf quality as a response variable and 13 mineral
concentrationplus K/Na ratio as predictor variables. Significance was chosen at the prybabili
level of 0.05 (SAS 9.3, 2011). Shoot Na concentration and soil chemical properties were
compared between two groups (10 year recycled water irrigation vs. pionezedecster

irrigation groups) by PROC T-TEST (SAS 9.3, 2011).

RESULTS AND DISCUSSION

Recycled water irrigation affected turf quali§ompared to the control courses,yEar
recycled water irrigation (City and County of Denver golf courses) had®fr turf quality
ratings. Turf quality from surface water control had an average of 8.2. Quaailitgs were 7.8
for the City and County of Denver group and 7.1 for the pioneer group. Evaluation of turf quality
from courses in the pioneer recycled water irrigation group in Thornton, Aurdfd/@stminster
all represented lower turf quality scores when compared to the control sts 3. There
was a linear relationshifiR’=0.65,P < 0.05 between turf quality and Neoncentration in the
clippings(Table 33).

Recycled water irrigation increased clippiNg by 4.3 times in the City and County of

Denver group and 9.9 times in the pioneer recycled water irrigation group. B congentrat
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increased by 1.3 — 3.5 times adbincreased 1.51.3 times in the City and County of Denver

group and the pioneer recyclegter irrigation grougTable 31).
Soecific lon Concentration in Kentucky Bluegrass Shoots under Recycled Water Irrigation

Sodium accumulation in the shoots was found in all recycled water irrigated courses
(Table3-1). In the City and County of Denver group, Denver Country Club hole no. 4 recorded
the highest Naconcentratior(2,281mg kd) in shoot tissue. For the rest of the turf sample$, Na
concentratiorin KBG shoots ranged from 921 to 1698 mg kiylean N4 in this group was
1427 mg kd-. In contrast, in the pioneer recycled water irrigation courses, there weretighs
with Na* concentratiorover 4,000 mg Kg Three otthefour were from the Thorncreek Golf
Club. Theclippingmean N& at Thorncreek Golf Club was 4,122 mg'k@ne rough samelin
the Heritage Golf Course recorded shoot Beceeding 4,000 mg Kgwhile the othefive
roughs clippingNa’ ranged from 1,889 to 3,516 mgkgrhe overall mean from the pioneer
group (3,256 mg Kg was 2.28 times higher than the mean from the City and County of Denver
group (1,427 mg Kg. Kentucky bluegrass shoot samples from surface water irrigated sites
contained a mean Naoncentratiorof 329 mg k-

Potassium (K) stood out as the highest nutrient mineral in shoot tissue, ranging fr
11,780 to 26,804 mg Kgin all samples. Mean potassium concentration was 221§4j" in
KBG samples of the City and County of Denver group (Table 3-1). The lowest K caticantr
in this group was found in Denver Country Club hole no.2 with a reading of 17,16 7mgg
sample contained 24.2 % les§tan average, whereas Nabncentration was 13.5 % above the
average. In the pioneer group, meanaés 17,372 mg kb 16% lower when compared to the
surface water irrigation group (20,637 mg*kgAlthough KBG shoot Kvaried between holes

from recycled water irrigated courses, the lowest three readings all appetred horncreek
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Golf Club. On average, the Thorncreek Golf Club exhibited a mean shadtl,863 mg kd,
which was 32% lower than the average of pioneer group (17,372MglRterestingly, the three
highest shoot Naconcentrationsvere found at the Thorncreek Golf Club.

Chloride concentration in the City and County of Denver group ranged from 5,205 to
12,938 mg kg with an overall mean 7,545 mgkgn the pioneer group, the concentration
ranged between 3,950 to 10,670 md legd overall mean was 6,734 mg'kén contrast to the
surface water irrigated KBG clippings, tB&concentrationncreased by 1.5 and 1.3 times
respectively, withCity and County of Denver and pioneer recycled water irrigation groupse(Tabl
3-1).

Boron in the shoot tissue was increased in the holes irrigated with recycerdmitéie pioneer
group. From surface water irrigation controls, the average B concentrati@GrsKoots was
5.9 mg kg". In the City and County of Denver groupeBnantration(with a mean of 7.7 mg
kg?) was 30% higher. In the pioneer groupcdhcentratior{with a mean of 20.8 mg Ky was
3.5 times higher than control (Table 3-1). Butler and Hodges (1967) reported tissuks Bfiéve
and 9 mg kg in two Kentucky bluegrass species. Jones (1980) suggested that ti& ideal
concentratiorrange in cool and warm season turfgrass tissue is between 10 to 60.rigrkgr
(1980) found that turfgrass under 10 mg'iyin soils did not suffer deficiency symptoms.

Sulfur concentration in KBG shoots was in the range of 827 to 5,947 thdrk¢hethree
groups, the averagec®ncentratiorwas 1,285mg k{for the City and County of Denver group,
4,517 mg ki in pioneer group and 1,996 mg kfpr the surfae water group. Sulfur
concentration was higher in the pioneer group than others. Different managemesnprogy

affect sulfur variation in shoot tissues.
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Shoot Na, along with Ca ande@cumulated under recycled water irrigatiBegarding
for Pearsonarrelation resultsshootNa concentration negatively associated witlad K/Na
ratio (Table3-2). Magnesium was negatively correlated with S, P, Mn, Mo and Zn. Potassium
was positively correlated with P and Cu. Boron had moderate correlation with S anthly, F
Fe correlated with Zn; all correlation mentioned above achieved a signifieaetdigher or

equal toP <0.01.

Turf Quality and the Relationship with shoot Na" and K/Na Ratio

From Table3-2, three elements (Na, B, S) and K/Na ratio showed higher correlation
turf quality. Sodium posed negative effect(#0.81,P <0.001) to turf quality with the highest
significance level, followed b (r =-0.71,P <0.001), S(r = -0.66,P < 0.001) and K/Na ratio
(r =0.65,P <0.001). Stepwise regression results showed that, among all elements, the only
mineral with significanP-value was NgTable3-3). Turf quality ratingsfrom courses in the
pioneer recyled water irrigation group regpgated the lowest scores.
K/Na ratio differed significantly amoniipethree different irrigation regimen$able 31). The
highest K/Na ratio was observed in the surface water irrigation group (6Me8indan K/Na
dropped to 16.6 and 6.3 for the City and County of Denver group and the pioneer group. Drop
for the K/Naratio accompanied witturf quality declineqTable 32). This finding was in
agreement with previous published research (Qian et al., 2001; Wang et al., 2013nd&he sa
findings have also been highlighted in other papers ondomthseason and warm season
turfgrassegKrishnan and Brown, 2009; Marcum et al., 1998)

Results from this study showed that as Na accumulated in the Kentucky bluegrass
exceeding 4,000 mg Kygturf quality decreasedarrow (2001) explained two physiological

functions regarding how Na influences turfgrass growth: the ficstusingion toxicity to plant
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tissue and the other is causengion imbalance. Kentucky bluegrass in fheneer group
averaged a Nkevel ove 3,000 mg kg in the shoots and displayed lower turf quality. In a
greenhouse study (Wang et al., 2013), ‘ Brilliant’ Kentucky bluegrass had shodd89 mg
kg* when treated with saline irrigation water at 3d$and mowed at 50 mm heigfthis level

of shoot Na concentratiomas represented for samples collected at the Thorncreek Golf Club.

Soil Chemical Property Link to KBG Shoot Na Accumulation and Turf Quality

Apparently, shoot Naoncentratiorinfluenced turf quality with Ras high as 0.65 (Fig.
3-1). Thesurfacesoil SAR showed a logarithm nonlinear relationship to shoot RaQR0,P <
0.001) (Fig. 32). T-Testresultsconfirmed that soil SAR in the pioneer group was higher than
city and county of Denver group (Table 3-4). Kentucky bluegrass with lower turfyqualit
(courses in the pioneer group) had higher shaotoncentrationand higher SAR in the topsoill

(0-20cm).

CONCLUSIONS
Kentucky bluegrass shoot Na concentration was highteipioneer recycled water
irrigation group than in the City and County of Denver group. Based on stepwise regression
analyses, Naccumulation in KBG shoots was the major factor leading to negative influemces
turf quality. Additionally, soil SAR, EC, Ca and B were higher in the pioneer gg®05). A
lower turf quality was associated with higher &tancentration in the shoots, and higher SAR in

the top soil (020 cm) under recycled water irrigation.
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Table3-1. Mean separation of turf quality and clipping mineralcemtraion of Kentucky bluegrass grown on
golf course roughs under differeygars of recycled watémrigation.

City and County of Denver

Thomton, Westminster and

Surface Water (10 years) Aurora (0-21 year}
Turf quality 8.2a 7.8a 7.1b
Na 329c 1427b 3256a
Ca 3856b 3426b 5159a
Mg 1874b 2725a 1800b
K 20637a 22642a 17372b
Cl 5027b 7545a 6734a
B 5.9b 7.7b 20.8a
P 4513 3864 4517
K/Na 64.3a 16.6b 6.3c
S 1996b 1285c 4517a
Fe 282a 105b 271a
Zn 35.99a 25.29b 36.31a
Cu 5.28 5.4 4.42
Mn 51.77b 33.45b 104.64a
Mo 2.84 2.24 3.1

Means within a row followed by the same letter are not signifigalifferent based on LSD (0.05).
Units aremg kg exceptfor turf quality and K/Na ratio.
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Table3-2. Pearsogorrelation coefficients amont3 minerals, K/Na rati@nd turf quality in Kentucky bluegrass shoots.

Na Ca Mg K Cl B S P Fe Mn Zn Cu Mo K/Na
Na
Ca 0.55
Mg -0.04 -0.07
K -0.56 -0.43 0.1
Ccl 0.2 -0.05 0.47 -0.11
B 076 0.66" -0.37 -0.37 -0.17
S 0.717 0.56 -0.59 -0.42 -0.10 0.70"7
P -0.23 0.04 -0.58" 0.63 -0.13 0.05 0.22
Fe  0.22 0.31 -0.36 -0.10 -0.08 011 046  0.34
Mn  0.46 0.11 -0.66" -0.16 031 056 076 014 0.25
Zn  0.04 0.32 -0.58" 0.37 -0.15 022 046 088 057 0.20
Cu -0.39 -0.27 0.004 0.70" 0.05 -035 033 050 006 -0.24 0.30
Mo -0.1 -0.02 -0.45 0.21 -0.41 0.11 030 042 -019 050 046 0.07
K/INa -0.75  -0.02 -0.15 0.23 031 -049 035 022 026 -021 030 025 0.14 1
TQ -0.81" -0.36 0.15 0.51 -0.06 -071" -066 011 -0.20 -0.44 004 0.46 0.14 0.65"

TQ= Turf quality,* Significant atP < 0.05; ** Significant at® < 0.01;
*** Significant at P < 0.001
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Table3-3. Stepwise regression analysis of variables of leaf tissue mowreéntrationattributing
to Kentucky bluegrass turf quality.

Variables

Coefficient Partial R P value
Na

-0.00031 0.65 <0.001
Overall 0.65

*Included all variables to meet0®. significance level to enténefinal model; all the variables
except Na were nalignificant atp < 0.05
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Table3-4. Comparisoof Turf quality, sodium cocentrationin Kentucky bluegrass shoots and soil chemical properties
between two groups of golf courses under different regiments of recycledinigtgron.

City andCounty of Denver Thornton, Westminster and Auror. TTest

(10 years) (10-21 years) P value
Turf Quality 7.8 7.1 0.0013
Na in shootifg kg?) 1427 3256.4 0.0005
Na in soil (med.) 5.4 28.1 0.06
Soil EC (dS mi) 1.2 7.6 0.0217
Soil SAR (G:20cm) 3.5 9.4 0.0051
Ca (meq/L) 4.9 16.1 0.03
Mg (meq/L) 2.5 14.1 0.03
K (meqg/L) 1.52 1.75 0.63
B (mg kg 0.021 0.486 0.0002
P (mg kgY) 20.1 9.7 0.015
Cl (mg kg?) 4,51 2.94 0.033
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Figure3-1. Regression analysis of shoot Na concentration to turf quality under threemrggaups.
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