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Abstract

Water reclamation and reuse through municipal wastewater effluent (MWE) irrigation
reduces the pressure on global water resources and promotes environmemiahamd
health protection. The design MWE irrigation rate is usuatiited by the capacity of
the soil to transmit water and nitrate (N®) concentration in the percolate water.
Nitrogen (N}based irrigation depths (Lare often determined from an N redmlance,
which requires estimation of the fractional N lo§sl(ie to atmospheric N lossésough

denitrificationand ammonia (NEj volatilization.

Designf values are often chosen from the 0.15 to 0.25 range for secenekzied

effluents (C:N ratio = 0.9 t01.5) and 0.1 is suggested for tettiagged effluents (C:N

ratio <0.9). A temperatusieased guideline suggestsfaralue of 0.2 for "cold"” climates

and 0.25 for "warm" climates. However, no scientific investigations have verified these
values. Design procedures could be improvdegtimates were replaced by empirically
determined valueghe overall goal of this research study was, therefore, to quéntify
values over the growing season in an effluangated crop field. Thévalues were

estimated using atmospheric N losses quantified using three approaches: measurements,

model simulat o n s asd nkdoWNranvmss bal ances.

The field study was completed in 2011 and 2012 at the Pennsylvania State University
(PSU) Living Filter (LF) in a tall fescue grass field (8.4 ha) in Central Pennsylvania. The
bulk densityfor the 0 to12-cm depthof the surface soil horizon is 1.2%mi3, and the
predominant soil series in the grass field is Hagerstown (fine, mixed, semiactive, mesic

Typic Hapludalf) with loam and clay loam soil in thé¢o 30-cm depthof thesurface soil



horizon. The field is nigated with secondartreated effluent (including biological

nitrogen removal) at a rate fcmwk™. Annual application of effluent N was 220 kg N
ha'in 2011 and 153 kg N Han 2012, and on average, the effluent contained 70% and
87% NQ-N in 2011 ad 2012, respectively. Supplemental N fertilizer was added as urea
ammonium nitrate (30% N) (122 kg N"h&011) and 112 kg N H(2012). In

accordance witthe 2006USEPA design procedurésr land treatment of municipal

wastewater effluentghange irsoil N storage was assumed to be negligible.

Emissions of NH(gas) were measured in the field and laboratory with a photoacoustic
field gas monitor immediately after effluent application. The maximum measurgd NH
emission rate of Ibkg NHs-N ha' h was roughly equivalent to 1 kg N hgr?, which
was insignificant relative to the effluent N applied during the study period. Thus,

atmospheric N losses were mainly due to denitrification.

Thef values were estimated based on measured denitrificétmat), (Simulated

denitrification ¢sd) and a monthly N mass balanfrébj. Thefmd andfsd were estimated

for twelve Zday irrigation cycles. Denitrification gaseous fluxes (kg N hd) were
measured from intact soil cores, collected from the surfaté@mzon using 4.&€m i.d.

and 10.Zm long aluminum cylinders, 6 to 7 h before irrigat{&h) began and 4 to 5 h

after irrigation(Al) ceased. The cores were incubated in the laboratory for 6 h. Nitrous
oxide concentrations in the core headspace weegrdmed by gas chromatography.

Daily denitrification fluxes were extrapolated from the hourly fluxes and the
denitrification N loss per irrigation cycle (y) was estimated with the exponential equation
y = aé™ where x is the number of days after irrigatceased. The constants a and b were

determined using the Al and Bl estimated daily denitrification fluxes.
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Denitrification was also simulated using the DeNitrificationDeComposition (DNDC)
crop model. The model was parameterized in the site mode focdtegories of
simulations, namely: LD (DNDC default clay fraction = 0.19 and saturated hydraulic
conductivity (Ksa) = 0.025 m H for loam soil), CLD (DNDC default clay fraction = 0.4
and saturated hydraulic conductivitys(k= 0.009 m i for clayloam soil), LM
(measured clay fraction = 0.26 and saturated hydraulic conductivity £0.017 m H),
and CLM (measured clay fraction = 0.31 and saturated hydraulic conductivijyFK

0.017 m ).

Equation [1] was used to exprdab in terms of the measured and calculated monthly

system parameters from April to September.

N Leac
term Crop
Ef fl u removal
t oNal A term
f :[nc'n-cp\anr- ET. - RJ- 10U "
nb L C
n-n

Effluent N was quantified from the irrigation depth,Xandeffluent total N, G (mg L™).
The N leaching term was calculated from thesN\Dlevels (mean of 8 composite
samples per month),,@mg LY in soil water collected from 0.35-geep suction cup
lysimeters and the monthly water balancg<1P, - ET. - R). Rainfall, R(cm), was
recorded at the boundary of a riongated field near (< 2 km) the study siteof
evapotranspiration, ETcm) was estimated as a product of the monthly crop factyr (K
and monthly reference E{cm). The K factors used werd.85 (April), 0.9 (May), 0.92

(June), 0.92 (July), 0.91 (August), and 0.87 (September). The monthlydSTlsummed
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from the daily values calculated using the Peridiamteith methodRunoff, R (cm),

was estimated using the curve number metfibd.crop remeal due to N originating

solely from the effluent, U (kg N F, was estimated as the difference between the
measured monthly N removals and estimated monthly crop N removal due to fertilizer.
Thelatterwas estimated from the monthly aboveground biorpessortions for tall

fescue in PAand here ims 0 (January, February, March, November, and December) 0.05
(April); 0.3 (May); 0.2 (June); 0.12 (July); 0.15 (August); 0.12 (September); and 0.06
(October) and the annual fertilizer applicationss122 kgN ha' in 2011 and 112 kg N
ha'in 2012. If the difference was greater than the applied effluent N, U in Eq. [1] was

assumed to equal effluent N.

The denitrification fluxes anflestimates in July and November were likely least affected
by UAN-30 fertilizer applications that occurred in April and August in both years. The
measured and simulated denitrification fluxes followed similar trends and the Al fluxes
were generally greatéhan the Bl fluxes unless rainfall occurred within 2 days of the BI
date. The model simulated denitrification in 2012 better than in 2011 and the BI
denitrification rates better than the Al ratd$e mean absolute erroMAE) values for

the BI denitrifcationrateswere equa(for all the four simulation types),3 in 2011 and
0.15 in 2012andweresmaller than the MAE valuder theAl denitrificationrates
whichwere all 0.98n 2012and 5.2 (LD simulations), 5.13 (LM simulations), 4.97 (CLD

simulatons), and 3 (CLM simulations)in 2011

The averagésd (LM and CLM simulations)md values were: 0.03/0.4 (2 to 6 June
2011), 0.01/0.98 (12 to 18 July 2011), 0.08/3.25 (12 to 15 August 2011), 0.16/3.45 (16 to

22 August 2011), 0.02/0.50 (21 to 27 September 2011), 0.01/0.21 (27 September to 3
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October), 0.004/1.10 (25 to 31 October 201102/0.70 (15 to 21 November 2011),

0.05/0.03 (15 to 21 May 2012), 0.03/0.74 (21 to 25 June 2012), 0.01/0.19 (10 to 16 July

2012), and 0.14/2.87 (7 to 13 August 201Phe highfmd est i mat es i n Augu
probably due to UANBO fertilizer applicabn and thdmd estimate of 0.7 in November

was probably due to lack of plant N removiiie average (n=243d for the LM and

CLM simulation for 12 irrigations in both years was 0.05. Tduestimates were all

smaller than thémd estimates except fane irrigation cycle between 15 and 21 May

2012 when thésd (0.05) andimd (0.03) were similar. Thisd estimates were also

smaller than the desidrvalues apart from August when they were near the lower

boundary for desighvalues for secondattyeatedeffluent (0.15- 0.25).

Thefnb estimates were 0.13 (April and May 2011), 0.22 (July 2011), 0.09 (August 2011),
0.23 (April 2012), 0.05 (June 2012), 0.13 (July 2012), and 0.72 (September 2012).
Negativefnb estimates obtained in June 2011.85), Septmber 2011 {0.40), May 2012
(-0.13), and August 2012(0.44) were due to the sum of the crop N removal and leaching
exceeding the applied effluent N in these months . Apart from September 20, the
values were less than or within the range of the ddsiglues. Thdénb values generally

decreased with increase in crop N removal.

Thefmd estimates linearly decreased with the ratio of the Bl to Al denitrification rates
(R?= 0.69 and B=0.63 for Al and Bl rates thatere significantly different and thoskat

wer e n o t)and tbepOsitidh pstimates were negatively correlated to the
logarithm of the monthly crop N removal, with better correlatiof=(R99) in the warm
months (Julyand Augushont hl y me an Ckrtmpie thescoolernens,O 2 0
R?=0.2 (April, May, June, and Septembeonthly mean temperature <°2I). Also three
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of the fourfnb estimates in July and August were similar to the ddsiglues. Despite
the difficulty and complexity of quantifying atmospheric nitrogen losses §oil both in
the field and laboratory, the study results suggestues in MWE irrigation could be

refined especially during mo%ths with mean

In conclusion, empiricaligetermined values contribute to improved nitrogelaipning

and management in municipal wastewater effluent irrigation systems with crop removal.
At the study site, afivalue of 0.2 was deemed appropriate for the month of July and
values in the range of-0.1 for the months of May and June and-02 for August and
September. The research study results suggest that for highly nitrified effluents (C:N
ratios of <1) smallef values than those suggested by USEPA could be used for designing
municipal wastewater effluent irrigation depths in humid cleeaThe smallf values,

also suggest that the Cp value (see Eqn. 1) of 19NMg L* (maximum contaminant

level for drinking water) commonly used for design purposes should be revised
downward The smalff values are likely due to the additionrofrification and

denitrification treatment processeshe past two decades by many of the wastewater
treatment plants in order to comply with the increasing stringent regul&diomset

effluent N limits. Thusmorestudies to determine empiridatalues are needed to refine

f values used in designing municipal wastewater effluent irrigation systems with crop

removal.
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Chapter 1. INTRODUCTION

Wastewater is water that is discharged from homes, businesses, cities, industry and
agriculture, and includes industrial wastewasénrm waterand municipal wastewater
effluent (MWE) @Asano et al.2007) and teated wasigater is increasingly being
consideredhs a resource rather than simaliwaste"(USEPA, 2012).Water recycling is
a term that is generally used synonymously with water reclamation and water reuse
(Asano et al.2007).Water reuse applications include urban reuse, industrial reuse,
impoundments, environmental reuse, groundwater rechargagaocdtural reuse
(USEPA, 2012).

In the U.S. the main water reuggplications are agriculturatigation (29%)and
landscape/golf courserigation (18%)and he other half of the water reuapplications
aredistributed amongeveralpplicationssachcontributing smalproportions(Bryk et

al., 2011as cited by USEPA, 2012However, h Pennsylvaniathe main purpose of
effluent irrigation isto reduce nutrient (N and P) loading to surface waters while also
recharging groundwater (Schreffler and Gakea2005; Schreffler et al., 2005; Parizek,
2006; Walker and Lin, 2008According to Bryk et al. (2001) groundwater recharge
comprise$% of the U.S. water reuse applicatoAxc cor di ng t o O6Connor
the two most limiting conditions in desigwy effluent irrigation systems are the capacity
of the soil profile to transmit water and thigrate (NO3-N) concentration in the percolate
water.

Although thetypical regulatory maximum MWE irrigation ratesst a5 cmwk™
(USEPA, 2004Asano et al.2007) inthe US regulationsrequire the actual rates to be
determined, based on s#pecific conditions and the plant or crop to be irrigafeshfo

et al.,2007).



Thus, in designing effluent irrigation rafgsofessionals select the fraction oétMWE
total nitrogen (TN) expected tmelost to the atmosphesnd/orresult in change of soil N
(f), from state MWE irrigation guidelines or from the USEPA process design manual
(USEPA, 2006). However, the N loss facttyas not been adequately studied in actual
MWE irrigation systems to verify the design values and thus is the focus of this
dissertation. Thigshapterincludes the background and justification of MWE irrigation in
crop fields, motivation for the researdlndy, research goal, objectives, research

guestions, and the dissertation format.

1.1Background and justification

1.1.1 Global fresh water resources

About 2.5% of the ear t-1anditswithdraval isiprejected e s h w
to increase Vth the largest portion used for agriculture, followed by domestic and

industrial uses. Based on climatic and samonomic drivers, Alcamo et al. (2007)

projected that the percentage of the total global river basin area with severe water stress
(<1000 n? persoft yr'Y) would increase from 14.2% in 2007 to 18%he 2020s and

23% in the 205Qsand the number of people living in such areas would increase from 1.6

billion in 2007 to 3.7 Wion in the 2020s and 5.8 billion in the 2G50Due to the curren

and projected pressur e oformultipleuses amaludiigd s f r e s
sustaining ecosystentke world is acknowledging wastewater as a supplement to fresh

water sourced{NEP, UN-Habitat and GridArendal,201Q NRC, 2012).

Thus MWE irrigation lessens the pressure on freshwater resources needed to meet the

crop irrigation demandvhich is estimated to consume 70% of the renewable annual

global surface and groundwatesources (Lazarova and AsaB005; UNEP, 2009).
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Figure 1-1 Global fresh water resources and withdrawals(UNEP, 2008a; UNEP,
2008b)

1.1.2 Environmentalbenefits of effluentirrigation

The benefits of MWE land application that go beyond wastewater treatment "involve the
recovery and beneficial wastewateitrients and other elements through good

agriculture, silviclture and aquaculture practicescharge of groundwater aquifers,
reclamation of marginal land and preservation of open spaces for future greenbelts”

(USEPA, 1977).

Land application of wasteater is still a growingpractice even in areas that are not water
stressedWallach efal., 2005; Miller, 2006pecause it provides options for disposing
nutrients that would otherwise pollute surface water (Wallach et al., R0D&;, 2006;

O 6 Co n ralg 20083 Excess levels of N in surface and groundwater sources can result
in adverse environmental effects such as eutrophication. The US Environmental
Protection Agency defines eutrophication as "the process of fertilization that causes high
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productivty and biomass in an aquatic ecosystem. Eutrophication can be a natural
process or it can be a cultural process accelerated by an increase of nutrient loading to a
lake by human activity". Nitrates and nitrites can cause serious illnesses such as
methemaglobinemia commonly known as "blue baby syndrome" disease in infants,

which can result in serious ilinesses or even death (USEGFY. Nitrate and nitrite N

are listed as drinking water contaminants by the USEPA with maximum contaminant
levels (MCL) of D mg L* and 1 mg L}, respectively. Sources of contaminants include
runoff from fertilizer use; leakagieom septic tanks, sewage and erosion of natural

deposits (USEPA2009.

1.1.3Recycling effluent (water and nitrogen)via crop irrigation

In MWE irrigation, water and N recycling is achieved by applying effluent without
polluting water resources. Tleéfluent N undergoes transformations in the soill &
either removed via crop N uptakeaching, and atmospheric N losses or stored isdlhe
(Fig. 1-2). Atmospherid\ losses include the following gasemraonia (NH), NO,
nitrous oxide (MO), and dinitrogen (B (Fig. 1-2): however, in this dissertation

atmospheric N losses refer to B0, and N.
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Figure 1-2 Nitrogen transformations in a soil-plant matrix (original diagram
from Johnson et al., 2005).

Unlike N removal via crop N uptake and leaching, atmospheric N losses and soil N
storage are quitdifficult to quartify due tospatial and temporal variatiodifficulty in
determining residual N from added nitrogen sources such as-WIM/End also because

the atmosphere contains about 78%{d4s) Therefore, in designg MWE irrigation

Crop
Removal

N-O

systems thesH losses are accounteat fis theN loss factoff.




1.1.4 Desigrf values

A "sourcesink' N mass balance approach for the root zone (FR).is used to
determne the MWE irrigation rateTheMWE irrigation rate and the MWE total N

concentration are used to determiA@/E total nitrogenas showrn Figure 13.

Crop N
removal
A
_ Atmospheric N losses
MWE total nitrogen (NH3, NO, NO and N)
\l, No runoff

>
No change irsoil N (USEPA, 2006)

storage (USEPA, 1981)

!

Leaching N

Figure 1-3" Source-sink™ N mass balance in armop field irrigated wit h treated
municipal wastewater(USEPA, 1981 ,Crites et al., 2006;USEPA, 2006;
Asano et al, 2007).

In the N balancghe leachat® concentratiorbelow the root zone is usually considered

to be 10 mg [* (the USEPA MCL for N@N in groundwater) (Crites et al., 200%sano

et al, 2007), the crop N removal can beagified from information in state agronomy

guides, and Table-1 suggests desidrvalues. However, theris little scientificevidence

to supportthesef values.

Table 1-1 Designf values

MWE treatment ft MWE C:N f? MWE C:N
level ratio* ratio”
Primary 0.25t00.5 12108 00'_42 E)("(‘gg §|Iiim:tt:)) 3t05
Secondary 0.15t00.25 0.9 t01.2 06.225 ((‘é";:jmcﬁmg)e) 1t01.5
Tertiary 0.1 <0.9 0L (((‘;‘g’l‘g';“crlr']r;‘taet)e) <1

'USEPA (2006)*Crites and Tchobanoglous (1998)



1.1.5. Atmospheric N losses in the surface soil horizo

The greatest total denitrificationgnversion oNO3 to N,O andfinally Ny) in thesoll

profile is expected toazur in the cebonrich surfacesoil horizonwhere the greatest
activity of C andN cycling processes occur (Shaffer and Ma, 200a&)al denitrification

is commonlyestimatecasmeasurement s &,0 (gas)(as a proxyy inhibiting the
conversion of MO to N, since the atmosphere predominantly contaig)s IN addition to
denitrification fluxes andNHs (gas) measurementstmospheridN losses can also be
estimated from outputsf model simulations of th€ andN processesf thesoil horizon.
Agro-emsystem models that simuld@@eandN processes in sedrop-atmosphere systesn
support the evaluation of agricultural management and land use for sustainable
production systems (Shaffer and Ma, 2001). Models are either lurmpatlq significant
portion of the watershed or a whole watershed as one unit) or distributed (dividing the
watershed into smaller units assumed to be homogeneous) and can be designed to run on

an event bas or continuous basis (Novotny, 2003).

Continuaus process models operate on a time interval and balance the masses of water
and pollutants in a system continuously (Novotny, 2003). A synthesis of denitrification
models in terrestrial and aquatic ecosystems categorized the use of the
DeNitrificationDe@mposition (DNDC) biogeochemical model as an agronomist's
approach to modeling denitrification (Boyer et al., 2006). The DNDC model is a lumped
continuousprofile-based model, which simulates carbon and nitrqgenessefor theO

to 50-cm depthof thesurface soil horizon (DNDC, 2012) and can be applied to field/site

and regional scales (Boyer et al., 2006).



Bond (1998) noted that reseaidtallenges in effluent irrigation includeartitative
prediction of N transformatiorts develop good management practices and the
development of specific and more rigorous guidelines for effluent irrigaimpartly
address this challengBpphocleous et al. (2008) suggested a combination of continuous
field monitoring and use of simulationodels to enhancenderstanding the losses and
transformation processes of effluent N in the soil as well as N management for the

sustainable use of effluent irrigation in agriculture

Thus, using a combination of methods tmadify the atmospheric N loss&@s MWE
irrigation systens could lead to better estimation thfef values Previous studies in
effluent irrigation measured the maximum ammoniatitidation (Smith et al., 1996;
Saez et al., 2012) and denitrification N lasd®yden et al., 1981) within ® 48 h after

irrigation ceased.

1.2 Motivation for the research study

More broadly, the research gderewas to gain insight inteefining f values used in
designing MWE irrigation systemsSpecifically, he motivation for this study was to
elucidate thd values over the growing season in a crop field irrigated with MWE at

rate of5 cmwk™ andcompare thé valuesobservedo those suggested by USEPA

(2006) andCrites andrchobanoglous (1998Y &ble1-1), which arecommonly used in

designing MWE irrigation systems. In addition, the study also sought to esfiositg a
"sourcesink” N mass balance approach, which is conventionally used in designing MWE

irrigation rates for cropped fields.



1.3Reseach goal, djectives andquestions

The overall goal of thisesearclstudy was tauartify f valuesover the growing season
in anMWE-irrigated crop(tall fescué field. To achieve the research goal the following
objectives were addressed:

1. Determine the@tmospheric N losses (ammonia vdiaition and denitrification)
atthe surface of the soil horizon in a M\fiiigated crop field and estimate
(discussed itChaptes 4 and 5).

2. Parameterize the DNDC model, simulate N loss@sg the modeknd estimaté
based on simulated atmospheric NONN and N) losses from a MWHrigated
crop field (discussed i@hapter).

3. Estimatef values frommonthly”source-sink” N mass balances in a MWE
irrigated crop field (discussed @hapter7).

Based on the researgbal and objectives the following research questions were

evaluated.

a. How do the atmospheric N losses compare before and after irrigation over the
growing season?

b. How do the measured and simulated atmospheric N losses compare over the growing
season?

c. Do thef values vary over the growing season?

d. How do thef values compare to tHevalues suggested RYSEPA (2006) and those
noted inCrites and Tchobanoglous (1998r secondary and tertiatyeated effluent

irrigation system design (Tablel)?



e. What isthe trend irf estimates determined from theonthly"sourcesink” N mass
balanceslong with monthly mean MWE C:N ratio, air temperature and crop N

removaP

1.4 Dissertation format

Chapter2 is a review of the existing literature abatmospheric N losses ahdalues in
MWE irrigation andchapter3 includes a description of the study site location and
supporting data (e.g. weather data) referenced in otfagtes. The major research
themes are presented in sepaca@ptes (4, 5,6, and 7) Chaptes 4 and 5address
measurement of ammonia volatilization and denitrification N losses, respectively.
Chapter6 discusses the use of models to simulate atmospheric N lossesapte7
incudes thanonthly"sourcesink™ N mass balances tte study siteChapte8 is the
overall summary, major findings and conclusiofghe researchnd suggestions for

future work.
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Chapter 2. LITERATURE REVIEW

2.1Nitrogen in municipal wastewater dfluent

Nitrogen (N) in municipalastewateeffluent(MWE) is comprisel of total Kjeldahl
nitrogen TKN), nitrateN (NOs'-N) plusnitrite N (NGO’ -N), where TKN is the total of
organic N, ammonia N (N#N), and ammonium N (NH-N). Raw municipal
wastewatetypically containsof 20 to 70 md-" of total nitrogen (TN) andWE

containsl5 to35 mgTN L™ after conventional secondary treatmeksgno et al.2007).

The integration of biological nutrient removal (BNR) with secondary treatment systems
futherr educes t he e f8img NLE (Asadoset al2B07) Berti8ry N o
removal can be achied through land application of MWE on vegetated soils before

eventual discharge to natural water resources.

Nitrogen is often the most common limiting design factdviWE land application,

when protection of potable groundwater is of major concern (Bead 199506 Connor
et al., 2008 Thereforein determining N limited hydraulic loading rates on vegetated

soils the N removal pathways need to hedified. These N removal pathways include
plant N removal, leaching N concentration, andftaetionof the MWETN lost as
atmospheric N losses (ammonia (BiMolatilization and denitrification) aradr result in

change irsoil N (). A scientific literature reviewf atmospheric N losses ahdalues in

MWE land applicatiorsystemss presented

2.2 Municipal wastewater effluentland application systems for Nremoval

MWE land treatment isthe application of appropriately pteeated municipal and
industrial wastewater to land at a controlled rate in a designed and engsetérep

(Reedet al., 199; USEPA, 2006). Thethree principal land treatment processes include
14



slow-rate (SR), overland flow (OF) and the sajuifer treatment (SAT) systefdSEPA,
2006). TheSRis the most poputaype of land treatment systeand the most efficient
amongst the three systemisedudng TN in the MWE to 3 mg L or less(Table 21).
Slow-rate systems are classified as tygglow infiltration) when the principal objective
iIs wastewater treatmeat as type Il (crop irrigationwhen the principal objective is

water reuse for crop production (Crites et al., 2006).

Table 2-1 Types ofmunicipal wastewater effluent land application systemqSource:
USEPA, 2006).

Parameter Type of MWE land application system
Slow Rate (SR) Overland Flow Soil aquifer Treatment
(OF) (SAT)
Typical loading rate 1.9t06.5 6.5 to44 3t023
(cm wk?)
Disposition of applied | Evapotranspiration and| Evapotranspiration | Mainly percolation
wastewater percolation and surface runoff,

limited percolation

Application techniques | Sprinkler, surface or Sprinkler or surface | Usually surface

drip
Need for vegetation Required Same as SR Optional
Slope(%) 0 to 20Cultivated site 2 to 8for final Not critical
35: Uncultivatedsite slopes
Soil Permeability Moderate to slow Slow to none Rapid
Groundwater depth 0.6to3m(2to 104 Not critical 1 m (3ft) during
application
1.5to 3 m (5 taOft.)
during drying
Climate Winter storage in cold | Same as SR Not critical
climates

Total Nin effluent
(mg LY 3! 5 10

T Quality expected with loading rates at the mid to lower end of range for the weekly loading rate; percolation through
1.5 m (5ft) of unsaturated soil; concentration depends on loading rate, C:N ratio and crop N uptekesaald

Forage crops or forest lands are usually uségpe | SR systems, and a wider range of
vegetation selection is often used, including field crops or landgmdpeoursesn type

Il systemgCritesandTchobanoglous]998).The SR MWE land apation systems can
accomplish tertiary wastewater N removal processes, viglemit matrix

biogeochemical processes. Mineralization and nitrification processes increase plant
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available N (N@ and NH"), whereas\Hsvolatilization, denitrification anteaching
contribute to N loss from #hsoilplantwater matrix (se€hapterl, Figure 12). Apart
from N leaching and Ngvolatilization, all the named processes are mediated by soil
microorganisms (Olay, 2008) anesultin six N oxidation states:IIl (organic N, NH,
NH4"), +V (NO3'), + IV (NOy), HII (nitrite (NOy)), HI (nitric oxide (NO)), + (nitrous

oxide (N:O)) and O (dinitrogen (N)).

In addition to soil propertie.g. soil pH, organic matter, cation exchange capacity)
environmental factor@nd land managemem transformation in SR systemsalso
influenced byforms of N in the effluentrate, frequency and method of MWE application
(USEPA, 2006Livesleyet al., 200y, MWE pH (Feigin et al., 1991%0il hydraulic
conductivity and the typ of vegetative coveEffluentswith high sodium adsorption

ratio (SAR) may affect Nklvolatilization since SAR may affect the soil's water

infiltration capacity and thus soil water content.

2.3 Calculating municipal wastewater effuent land application rate from a "source-
sink" N mass balance

TheN-based irrigation rates {).for SR systems are typically determineing a

"sourcesink' N mass balance approach for the gd@ntwater matrix for usually a

month or a year, considering the maximeno nt ami nant | evelN ( MCL)
mg L™ in thenatural water resouraeearesto the MWE land treatment system

Equation [21] is an expression of the N transformation processes (kg'Nim#and

application of MWE on a vegetated soil (Jaregttl Elliott, 2009).

L, (mx+y+z))+ ciP_ Us CpQ+wyL +dfzL +mxL_+yL (L-v)+cIP)
10 10

[2-1]
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where:

Ln = MWE depthcm

m = Fraction of organic N expected to mineralize tosNND unit less
X = Organic N in the effluentng L*

y =NH,"-N in the effluentmg L™

z = NO5' -N in the effluentmg L™

c = N in the rainfallmg L*

IP =infiltration-percolation depthcm

C, = Ninthe groundwater leachatag L™

Q =Deep percolatiorcm

Vv = Fraction of NH™-N expected to volatilizeunit less
d = Fraction of NQ' -N expected to denitrifyunit less
10  =conversion factor fromctm mg L™ to "kg ha™

c

= Plantuptakécrop Nremoval kg N ha™
Based on the following assumptioig). [21] was rearranged to solve for the MWE
depth in Eq. [22].

No storage of effluent N (USEPA, 1981)

All effluent organicN mineralizesthus mx+y+z is the concentration of the total

N (mg LY in the effluent (Cn)

T N conclentration in the rain is small compared to the N from the effluent, thus c=
OmgL

1 Percolating wateiQ, below the root zone is the difference between the sum of
the applied water (Ln + IP) and water removal via evapotranspiration (ETc)

1 [P is eqal to the rainfall depth, Prifg), since no runoff (USEPA, 2006) is

permitted in MWE irrigation.

T
T

Thus, Eq. [21] can be reworked to:

L 100U +C,(Pr- ET,)
" (C,@- (d+d@- v)+d))- vy- C,

[2-2]

The ammonia volatilization term "vyh Eq. [2-2] is usually omitted (USEPA, 1981;
Crites et al.2006;Asano et al.2007) andhe term "d + d (&) + d"in Eq. [22] is

commonly referred to as theafitional atmospheric N lossd9 (n Eq. [23]. For ntrate-
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dominated effluents the "vyerm would be small and therefore negligible in the overall

N balancqunlike denitrification)

C_[Pr- ET_]+10U
p C

L=
" C,a-f)-C]

[2-3]

2.4 Atmospheric nitrogen losses in slowrate municipal wastewatereffluent land
application systems

2.4.1 Ammonia volatilization

Ammonia(NHs) is abundant in nature and is formed from the biological degradation of
proteirsin soil organic matter, plant residues and animal wastes (Freney et al. 1983). The
rate of NH volatilization from the aksoil interface may be controlled by the change in
concentration of thdlH4" or NHs in the soil solution, the dispersion of NHto the
atmosphere or the displacement of any of the equilibria in some way. Sindeadl&

very strong affinity for water, its reactions in water are fundamental in determining the

rate of NH volatilization (Freney et al., 1983).

Figure 21 summarizes theH; equilibria for an aksoil interface. Nitrogen enters the
NH," (ag)and NH (aq) N poolsdrom soil processes and exterhasourceand the
equilibria betweemNH," and NH; in solutionand between Nkin liquid and gaseous

phases are related through E11] to Eq. [29] (Freney et al., 1983) (Appendix A).
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NH,* N source NH3 (gas in atmosphere
(absorbed

to clay \L 1\

particles or— | NH," (ag) |—> NH; (aq) NHs (gas in soil)
organic <&—

matter)

Figure 2-1 Ammonia equilibria at the soil surface(Freney et al., 1983).

Ammonia volatilization from the aisoil interface is influenced kseveral factors
including inherent soil properties (cation exchange capacity (CEC), pH, buffering
capacity, and calcium carbonatejtaracting processes (urease activity, plant uptake,
leaching) environmental factors (water, temperature, wind speed, atmospléyic
concentration) and agronomic factéesg.tillage andtypes of N source)Freney et al.

1983).

Since NH" is a positively charged ion, it reacts readily with ¢agionexchange sites in
soils (Freney et al., 1983). This process reduces the amount,d6BN#thus NHin
solution at a given pH. According to several authors cited by Freney et al. (1983) a
minimum CEC of 25 meqg/100g is required to reduce; Mids substantially.
Temperature interacts between CEC ang Migisthrough its effect on thilH;-NH3

equilibria.

As the soil pH rises, the proportion of the ammoniacal N in the form gbsébmes
larger and NHvolatilization can occur (Ferguson et al., 1984) (Eeg][ih Appendix A).

Thereforedue to tle alkaline pH rangé.5to 8.4) (Lazaroveet al, 2005; Saez et al.,
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2012)for MWES, NHj3 volatilization may be an iportant pathway of N loss when

effluentis applied to land (Feigin et all91) as cited by Smith et al. (1996)

However, the actual NHolatilization rates araltimatelyd et er mi ned by t he ¢
hydrogen(H) buf fering capacity, which Hdese the so
to the dissociation of the ammonium ions. THebkffering capacity of aoil is mainly

determined byts mineraland organic matter content (Meisinger and Jokela, ,2800

cited by Vaio, 2006). There is a strong correlation betweeslddsd and thealcium
carbonateontentin the soil dudo thealkalinity and buffering capacitfFreney et aJ.

1983). The alkaline pH range of MWE could be due to the amount of calcium carbonate
content in the effluent, and therefore NBiss is expected to be high if alkaline effluents

are applied to calcareossils.

Temperature has a major influence onaN¢as)volatilization from soils because
temperaturelirectly affects the equilibrium between dHand NH in the soil soluthn

(Fig. 21). As the temperature increases the;Nebncentration increases due to an
increase in the Nfdissociation constant{Eq. [2-5] in Appendix A)thus increasing

NH; (gas)volatilization. Ammoniaconcentration in the liquid phaaésoincreases with
temperaturedee Appendix AEQ. [212]) (Emerson et al. (1975) as cited by Freney et al.
(1983). Smith et al. (1996) and Saez et al. (2012) measured higheoNkilization

during warmer weather than in cooler wea when MWE that coatned 60 t®0%

NH,"-N was used for irrigation.

The driving forces of NElvolatilization from the aksoil interface are the difference

between the NEklconcentration in equilibrium with the soil solution and that in the
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atmosphere and wind speed (Freregl. (1985) and Sherlock et al. (1995) as cited by
Smith et al. (1996)). Increasing the wind speed promotes more transport aivai

from awatersurface (Freney et al., 1988Yind speed, temperature and pH roughly have
a similar effect on the Ngvolatilization rate andthe three factors are used in the bulk
aerodynamic expression in Eq-18] to determine the ammonia flux density (Freney et

al., 1983).

Ammonia volatilization from MWE collected in pans increased with wind speed (2, 4, 6
and 8 ms?) in a study by Saez et al. (2012). However, accorttirBpuwmeester and

Vlek (1981),as cited by Freney et al. (19883 volatilization rates at high pH may
become insensitive to further increases in wind speed due the depletion ofstimethiH

soil solution. The effect of soil water content Hl; volatilization depends otihe NH3
source, time and method NHz applicationand depth of placemeanf the NH; source

(from several authorsted by Freneyt al. (1983). Fenn and Escarzaga (196Bserved
greater NHvolatilization from initially wet soils thafrom dry soils. The authors

attributed capillary movement of water in the macropores in the initially wet soils, where
the concentration dfH," in solution would be largeSmith et al. (196) observed a

good relationship between the piiix density and evaporation, and the authors
concluded that this was becausegN#dlatilization predominantly occurs within 24 h
following effluent irrigation whenftee' water would be evaporating from theil and

plant surfacesSchreffler et al. (2005) noted that ghetential for NH volatilization in

MWE irrigation is reduced once the MWE infiltrates into the soil matna according to
Freney et al. (1983NH;3; concentration in the atmosphere is usually very low and

therefore does not limit NfH/olatilization rates in the field.

21



2.4.2 Denitrification

Denitrification can result from several biological and abiotic processes, but facultative
bacteria under anaerclronditions most commonly carry out denitrification (Cavigelli

and Robertson, 200(iological denitrification (Fillery, 1983) is the dissimilatory
reduction ofNO3 and NQ' to NO or NO and potentially to Ngas (Knowles, 1982).
Chemodenitrificatiopwhich is the gaseous N loss associated with nitrite instability
(Chalk and Smith, 1983is beyond the scope of this literature review. The most often
observed products in denitrification include NON,O, and N (Fillery, 1983). The ionic
oxides act aterminal electron acceptors in the absence of oxygen (Knowles, 1982). The
denitrification process can be described stoichiometrically by Ef6]#h Appendix A
(Jargensen et al., 2004). Nitrous oxide is also produced duringecatiof (Eq. 217] in

Appendix A,a process mediated by autotrophic soil microorganisms.

Some of the conditions that favor denitrification include high organic matter, fine

textured soils, frequent wetting, high groundwater table, neutral to slightly alkaline pH
(Lazarova etl., 2005, vegetative cover, warm temperature, an abundant denitrifier
microbial community, and rbll crop management (Nommik, 1956; Bremner and Shaw,
1958; USEPA, 1977; Knowles, 1982; Rice and Smith, 1982; Linn and P1984;

Cavigelli and Robertsqr2000; Rochette et al., 2008). Denitrification is generally favored

in fine-textured soils and ntill crop management because these conditions tend to be
associated with higher soil moisture, which can promote the anaerobic conditions needed
for denitrification. According to Nommik (1956), Bremner and Shaw (1958h and

Doran (1984), an@rady and Weil (2008t least 60%070% wateifilled pore space

(WFPS) is needed for denitrification to occirenitrification occurs over a wide
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temperature rangeom 2°C to 50C with an optimum temperature range betwe€iC25
and 35C (Brady and Weil, 2008)Tsiknia et al. (2013) concluded that plant species
(Eucalyptus camaldulensis Arundo donakcan directly affect the activity of
denitrifiers due to difference in the copy numbers of denitrification genes iir the

experimentwith two plant species.

Total denitrification increasewith WFPS and dissolved organic carbon (DOC)
concentration (Weier et al., 1993). However, organic carbon availability is more
important than the WFPS in determining the denitrifying enzyme content of habitats
(Tiedje et al., 1982). Stanford et al. (19745 cited by Fillery (1983pbserved that
denitrification followed firstorder kinetics in respect 005" whenNO;3' levels ae

lower than 40 mg t and the oxidizable substrate is not limiting. Denitrification fluxes
determined by Jargensen et al. (2004) under active flow in soil columns mainly followed
first-order kinetics in forest and agricultural soils. Nommik (1956) ante¥\&nd
Delwiche (1954)as cited by Fillery (1983yeported the inhibition of pO during
denitrification due to the N§) concentrationshowever Ryden et al. (1981fpund no
relationship between the denitrification N loss and soig Bidicentration nor the effluent
irrigation events from permanent pasture grasses irrigated with secdretaegd

effluent.

In an unfertilized foredtind irrigated at a rate &fcmwk™ with tertiary treated effluent,
Barton et al. (1998) determinecattb0% of the weekly denitrification occurred within 48

h after irrigation ceased. This was probably due to reduced anaerobic conditions that

23



favor denitrification. Meding et al. (2001) observed a linear relationship of the

denitrification ratesvith time within 2 h after effluent irrigation ceased.

Using the Root Zon&ater Quality Model (RZWQM¥PBophocleous et al. (2009)
simulated similar denitrification rategth four irrigation rate100%, 88%, 75%, and
50%) of the irrigation raten unfertilized corn fields irrigated with seconddrgated
effluent in south western Kansas. The study results suggest tipaistiieigation soll

conditions(e.g. WFP$were roughly the same at all the irrigation levels.

2.4.3 Fractional amospheric N lossesf

2.4.31 Designf values

Crites and Tchobanoglous (1998) and the USEPA (2006) suggdges based on the
MWE C:N ratio (se&€hapterl, Table 11) due to the large influence of organic carbon
on N transformation in soiDuring decomposibn of organic matter in soils, organic
carboncompounds arexidized to carbon dioxide and the associated N is transformed to
NH," (Li et al, 1992). TheNH," is consequently taken up by plants, stored in the@oil
lost through volatilization, leachingr denitrification. In Chapter 1Table t1, hghf

values are suggested for effluents with leigh:N ratios, because soil microorganisms
utilize water soluble organic carbon (McCarty and Bremner, 1993) during

denitrification.

A few water reuse irgation guidelines in the USA (Delawar20(4), Georgia (2010),
Hawaii (2002), lowa (1979), and Oklahoma (2012)) suggesiuesfor designing MWE
irrigation systemsThe states of Delaware and Georgia suggest a fraction oif Q@5

ammonia in the effluent volatilizes, ahdalues of 0.15 for row crops (Delaware) and 0.1
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for forage crops (Georgia@ye considered to account for denitrificatiosses. Based
on the study by Henderson et al. (1955), the reuse guidelines &iatbef Hawaii
suggest that a fraction of no greater than 0.2 of the ammonia in the effluent volatilizes
from sprinkler irrigated MWES with a pHin the range of 7.5 8.5 and that a fraction of
0.15 of the MWETN is lost to denitrification.The lowa ard Oklahoma water reuse
guidelines and design manuals (USEPA, 1977) suggdstadme of 0.2. Details of the
waterreuse guidelines are available at http://www.watereuse.org/government
affairs/usepaguidelines.
2.4.3.2f estimates based on measured drsimulated amospheric N losses or
estimatedfrom” sourcesink” N mass balanceusing measured N inputs and
sinks
In past studies the fractional atmospheric N losses in MWE irrigation have been
calculated based on either only pWblatilization or gaseous denitrification or total
atmospheric N logs;however, due to the difficulty in isolating the efftueN from the
large soil N poolfew studies have investigated the fractional N losses in MWE

irrigation.

Ryden et al. (1981determined NHfluxes by coupling a soil cover (2fauge galvanized
sheet metabf size50cmx 10cmx 17 cmwith a 60 ml, 2% boric acid absorption trap.
External air was drawn through the soil cover and subsequently through the boric acid
trap, and the mount of NH was determined by titration with sulphuric acid. The authors
alsomeasured denitrification in the field using the acetylene inhibition method (Ryden et
al., 1978). Ryden et al. (1981) reported atmospheric Nrédssbetween 77.7 and 107 kg

ha (with the highest N fluxes occurring within two days after effluent irrigation ceased)
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from permanent pasture grasses irrigated with effluent at a rafcof wk ™ for 14 days
in Santa Maria, California. According to Ryden et al. (1981) the fraatidioss dudo
denitrification was in theange of 0.07 to 0.08f the total effluent N appliedJsing a
"sourcesink” N mass balance Lund et al. (1981) estimated a fraadtidmossof 0.09 in

permanent pastures irrigated with secondeggited effluent in Santa Maria, California.

Smith et al. (1996) determined Nias fluxes from permanent pastures irrigated with
secondanytreated effluent irrigation using the integrated horizofitl mass balance
micrometeorological technique in Australia. In their study, effluent was applied at a rate
of 9.7 +0.6cmwk ! for six weeks, NHvolatilization increased with wind speed and
evaporéion rates and the estimatddactional NH; volatilization of the effluent Ngf-N
concentration (60% t80% of the MWETN) within two days after irrigation ceased was
0.24(greatest fractional N loss per weekhe high N loss within 48 h of irrigation could
bedue to theotential of reducingNHs volatilization once the MWE infiltrates into the

soil matrix (Schreffler et al2005).

Micrometeorological technigsearepreferredfor NH; emission gartification since thg
donot disturb the soil surface processeich caninfluence gaseous emisa® (FAO,

2001; Leuning et al., 1985; Misselbrook and Hansen, 2001). Misselbrook and Hansen
(2001) found no significant difference between the integrated horizontahfigg
balanceameteorological techniguand an inexpensive method (Misselbrook and
Hansen, 2001; Svensson, 199hich uses a dynamic chamber and a ipasdiffusion

sampler (PDS) technique determine Nklemissions rates that are less than
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400 g N ha’. The PDS techniqués essentiallya micrometeorological appaohsuitable

for small plots"(Misselbrook and Hansen, 2001).

In the Piedmont of Georgideding et al. (2001) conducted field and laboratory
denitrification studies using the acetylene inhibition method in unfertilized forested land
treatment systems and estimated 0.024 as the fractional denitrification loss of the MWE
TN. The forest lands we irrigated with secondatyeated MWE at a rate of 6cfnwk™
resulting in annual N loading of 594 kghgr™® (Nutter et al., 1996as cited by Meding

et al., 2001). Barton et al. (1998) measured denitrification in the field using the acetylene
inhibition method from an unfertilized forested land irrigated with tertisegted

effluent in AustraliaRoughly similar fractional denitrification N losses, 0.002 in one

week and 0.011 in anothereekwere determined from denitrification data from Barton

etal. (1998).

Schreffler et al. (20059stimated the fractional Nfolatilization N loss of 0.01 in fields
sprayirrigated with nitratedominated MWE in Chester County, PRhemajority ofthis
lossoccurred during the growing seasons from 1999 to ZDiB& authors attributed the
NH; volatilization to higher air temperatures during the growing season. The authors
determined\H; volatilization by relating temperature and wind speeldi-N in MWE
samples collected from the irrigation spigots aitk-N in MWE collected in containers
placedin the field during irrigation. In cases when there was no relationship between
temperature and tiéH3-N in the MWE samples, the difference betweenNki-N
collected from the irrigation spigot and containers placetderfield was used to estimate

NH; volatilization.
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Saez et al. (2012) calculatBiH; volatilizationfor four seasons based on observed
temporal changes INH3; concentratioafrom evaporation pans placed in M\Aeigated
sudan grass and\8ay grain(mixture of barley, oat, and wheat) Palmdale, southern
California. The authorsstimatedractional NH; volatilization in the range of 0.15 to
0.35 of theeffluentNH,"-N concentration Theeffluent NH,"-N concentration wag0%
to 90%of the effluent total Noncentratiorand NH; emissions occurred within 2diter

irrigation ceased

Simulation models provide an alternative option of assessing the fate and transport of N
through the soil in effluent irrigation (Kunjikutty et al., 200However there are
inadequate comparisons of simulated and observed atmospheric Nrlossefluent
irrigation and thus fractional simulated atmospheric N losses. This could be partially
due to the wide range of the amounts of inorganic and organi¢he @ffluent andin
addition, little is known about the mineralization rates of effluent organi®IW.E

organic N mayconsist of complex compounds, which are not very reactive and hence
may not be readily available for mineralization (Sedlak and Pehlivanoglu, 2004)eZho
al. (2003) found that only one third of the effluent organic N was retained in calcareous
clay soil columns and suggested thaheaf the organic compoundseffluentare
hydrophilic and may be lost with preferential flowhich occurs in all natutaoils.

Hence depending on the type and concentrations of the organic N in the effluent and the
soi | 6s mi n eassumptiansa rmay lbermade abiow the bioavailability of effluent
organic N. Zhotet al. 003) also noted difficulties iseparang transformations of

effluent N from N originating from soil N biogeochemical processes.
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Agroecological modeling involves using model inputs (e.g. crop, climate and
management factors) to estimate the real world soil biogeochemical processes with
mathematal or algorithmbased approximations and tithere are no right or wrong
answers to approaches used in models (Shaffer and Delgado, B@@lfo the
complexity of carbon/nitrogen cycles in sorop systemsselecting a model to simulate
the soil biogochemical processes is not a trivial task and requires the user to have
knowledge of the model capabilities and limitations, as well as the problem and location
to be addressed (Shaffer and Delgado, 208l1hough partitioning simulated gaseous N
emissias into NO, NO and N remains a challenge for modelers (Chen et al., 2008; Li
et al., 2005), simulation models continue to be used in assessHppsiprocesses and
according to Sophocleus and Townsend (208®) increasingly being used for variduis
management activitiesAccording to Chen et al. (2008) the Daily Century (DAYCENT)
and DeN:itrification and De@nposition(DNDC) models are some of the most widely
used NO simulation modeldn a comparison of three mod€éBAYCENT, DNDC and

the Waterand Nitrogen Management model (WNMMjsed for simulating

denitrification and MO emissionLi et al. (2009 found thatthe WNMM and DNDC
modelsprovidedthe best agreement witbbserved data of J® emissionghan did
DAYCENT. The N outputs for the modeare NO and N (WNMM); NO, N,O and N
(DAYCENT and DNDC) and soil NH (DNDC).

2.44 State of the science forr&ctional atmospheric N lossand change in soil Nf) in
municipal wastewater effluent irrigation

Thereview ofliterature shows that despite the differencesnmironmental factors, N
forms in the effluent, and land management practibedractional N losses estimated

from the measured atmospheric N losses are generally (V@& (Lund et al. 1981);
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0.24 (Smih et al., 1996); 0.002 and 0.011 (Barton et al., 1998); 0Ma2diAg et al.
(2001); 0.01 §chreffler et al. (2005); 0.15 to 0.35 (Saez et al. 2athan the desigh
values for secondaityeated (0.15 to 0.2%nd tertiarytreated(0.1) effluents §eechapter
1, Table 11 andsection2.5.1). However, tle studies involved fractional N loss data for
short periods of time (thus natcounting for seasonatop N uptake patternghddid not
estimate the N losses using multiple methods for multiple ye@ine literaturealso
yielded no adequate results of determiningftheuesfrom simulated atmospheri¢
losses ofrom a"sourcesink” N mass balancehich isconventionally used in designing
SRMWE irrigation systems. Tus, more data areaeeded to bettexxplain oridentify the

f values forgiven crop and land management conditions.
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Chapter 3. DESCRIPTION AND CHARACTERIZATION OF THE STUDY SITE

This chapterincludes a background of the Penn State University (PSU) wastewater
treatment plant (WWTP), the Living Filter (LF), and the location and management
history of the study site at the LF. Other information documented for the study site
include soil bulk dengy, soil pH, soil organic matter (SOM), particle size distribution in
thesurfacesoil horizon(0 to 30cm), nitrogen (N) application rates to the grass field, crop
aboveground biomass yield (AGB) and N uptake, and weather data. The study site

information and weather data are referenced throughout the dissertation.

3.1Penn State wastewater treatment plant and Living Filter

3.1.1Penn State wastewater treatment plant

The PSU WWTP was originally built in 1913 at its present location on the headwofaters
Thompson Run and was the first wastewater treatment plant in the Spring Creek
watershed (ClearWater Conservancy of Central Pennsylvania, 2008). The plant, which
originally consisted of an Imhoff tank and a fixedzzle trickling filter,has had three

major upgradesrf{ 1957, 1966and 1999. In 1957, the Imhoff tank and a fixedzzle
trickling filter were replaced with a 3.h diameter vortex grit removal chamber, primary
aeration/settling tdes, two 23.2m diameter rocknedia trickling filters final clarification

and chlorination for disinfection (ClearWater Conservancy of Central Pennsylvania,
2008). In 1966, the plant's capacity was doubled to 4.0 MGD by installing two circular
activated sludge unitand in 1999 the plant was upgraded tdude biological nitrogen
removal (BNR) (ClearWater Conservancy of Central Pennsylvania, 2008; Jaiswal, 2010),

following a design byetcalf & Eddyinc. The aim of including the BNR at the PSU

36



WWTP was to meet the US Environmental Protection Agency (USHER#RiIng water

limit of 10 mgNOs'-N L™ in groundwater beneath the LF sifaiswal, 2010)

The trickling filters and the activated sludge trains each receive 50% of the primary
effluent and are operated in parallel. Following clarification from tle&ling filters and
the activated sludge trains, the two effluents are combined prior to chlorination and
finally pumped to the LF. Typical Ionth mean daily waswater flows to the plant are
2.4 MGD (ClearWater Conservancy of Central Pennsylvania, Zai8yal, 201Q)

which is about 60% of the permitted design capacity of 4.0 MGD.

3.1.2 Penn State Living Filter and location of the study site

The PSU LHgameland and astronomy sités)ocated near the University Park campus
off of Fox Hollow Road inCentre County, PAand forms a major part of the University's

wastewater management progréfig. 3-1).

PSUWWTP OPRWRP-SW-TS: (2)2010.
Figure 3-1 PSU Living filter sitesand wastewater treatment plant.

The LF began in 1963 as a research project to investigatdémsdl MWE disposal

(Parizek et al., 1967; Ferguson, 1982; Richardson, 2011) following a need to avoid
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pollutant loadings to Thompson Rlotated near the PSU WWTPig. 3-1). Since

1983,allof PSUGs MWE has been colfFt{StateGamesdsand i r r i g :
Astronomy sitesfFig. 3-1). Currently over 60®a offarm (50%) and forest (50%@rea

are sprayirrigated resulting irover500 million gallons of water recyclexhnuallyinto

the Centre region groundwater reservigiSU-OPP, 2013

In 2001,biologically ®nsitive irrigation schedulingeplaced the scheduled weekly
irrigations throughout the year (Jaiswal, 2010), in which only about 7% (14.6 ha) of the
total LF area is sprayeat any one time at an application rafebout0.42 cmh™*, which
permitseffluentinfiltration without runoff. Biologically sensitive irrigation scheduling is
based on existing vegetation, stage of growth, soil type and priority reffjoest8SU
OPPandWWTP management to run selected irrigation latdtswal, 2010). The

three main soil series at the LF siteslude: Hublersberg, Hagerstown and Morrison saill
series Parizek et al.1967) The agricultural and forestlands are dominated by the

Hublersberg and Morrison soil series, respectively.

This research was conductatthe astronomy sit@ig 3-1) in a tall fescueKestuca
arundinacea Schrephayfield, 15A; henceforth referretb as 'the grass field' or 'study
site’. The predominant daeries in the grass field is Hagerstofiine, mixed,semi

active mesic Typic HapludalffNRCS, 2013). The Hagerstown soil is a limestone
derived residual soil that is deep and well drained with a moderate permeability. About
9% of the total agricultutdand in Pennsylvania is used as grassland for grazing or hay

production NASS, 2007). Tall fescue is one of the main cool season grasses in
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Pennsylvania and is used primarily for conservation purposes, although it is well suited as

hay, silage, opasture (Hall, 2008).

3.2Management history of the study site

Grass field15A covers 8.4 ha of the 12 ha of tall fescue at the astronomy PSU LF site
(84.6 ha) and has been continuously irrigaiede 1963 (except between 197a.882)
(Jaiswal, 2010)Sincel1982, the grass field has besgetated with perennial grasses and
corn silage (Fig3-2). The field was doubleropped between 1984 and 1990, mainly to
gradually phase out the reed canary grass, which was not palatable to corep)aelit
with tall fescue (Jamédsoughran Farm Operations and Services Unit, College of
Agricultural Sciences (FOEAS), personal communication, 2012and for greater N
removal via crop harvest (Jaiswal, 201®yespond to concerns of increasimgate N
(NOs-N) levels in groundwater at the LBince the integration of the BNR system to the
WWTP in 1999, 65 to 150 kg N fiaof ureaammonium nitratelAN) (30%N) fertilizer

is applied annually to the study site soipplement effluersupplied N

1998 to 2000
Real canary Corn silage 2002 to date
grass (RC) + corn (CS) Tall fescue (TF)

| ! J

1984 to 1990

! i
1982 to 1983 lQQIto 1997
RC RC TF+RC +CS

Figure 3-2 Crop history for the study siteField 15A at the PSU Living Filter.
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3.3 Sampling locations at the study site

The landscape position between irrigation laterat4 BIR2 and 141 BR1 was chosen

for sampling both soil and soil wat@-ig. 3-3). The criterion for choosing this position
was based on the assumption of being able to sample soil water from suction cup
lysimeters installed for the research study, since over the years the nearby [y&imeter
(LYS 8) (Fig. 33) managed by OPP hadiably yielded groundwater samples.

Lysimeter 8 has two suction cup lysimeters, installed at 1.8 m and @eptims The

sprinkler (S) and irrigation lateral (L) spacings are 22.8 m and 30.5 m, respectively, and
the nozzle size for sprinklers &P SR4, and SP5 (Fig. 3-3) on lateral 161 is 0.56cm

id.

In this studyjt was importanto sample from a location in the field where no MWE

overlap occurredwith the hope of possibly reducing soil moisture variation in the

sampling location. Soil moistureaxiation in irrigated fields occurs due to the decrease in
the volume ofppliedwater with distance from the sprinkler. High soil moisture

conditions promote anaerobic conditions, which favor denitrification atmospheric N
losses. The sampling distancerfr lateral 101BR2 where no MWE overlap occurred

was determined from theetted diameter of the sprinkéeat the study siteTo achieve

the necessary overlap in sprinkler irrigation, Jarrett (2000) suggested choosing a sprinkler
with a wetted diameter abt two times the smaller of S and L, resulting in 50% spacing

(% S = 0.5). Jarrett (2000) also suggested a 65% S spacing (% S = 0.65) in designing

effluent sprinkler irrigation systems.

40



Meters

LY S8 I s
i

T

Irrigation lateral.
Circles are sprinkler heads.

Figure 3-3 Study site (Feld 15 Aat the PSU LF) Contour interval = 1 ft. (0.3 m)
Locations a to i are referred to insection3.4.
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Using 50%S and 65%S sprinkler spacings, the sprinkleetted diameter (WD) for

sprinklers on laterals 10BR 2 and 111 BR 1(Fig. 33 and Fig. 34)were determined

as:
(Sorl),, _22.8
WD = min — _ ‘ .
%S 05 45.6 m, wetting radius = 22.8 m.
(SorL)y, _ 228 -
WD = min — _ _
%S 0.65 35.1 m, wetting radius = 17.6 m.

Since the distance between the laterals is 30(bign 3-4), the distance from lateral 40
BR2, where MWE from laterals 1DBR2 and 111 BR1 would not overlapnas
determined as 7.7 m (i.e. 30.522.8 m) and 1®.m (i.e., 30.5 tal7.6 m) based on the
50% and 65% sprinkler spacing, respectively. Therefore, measurement of ammonia
volatilization following fertilizer application, soil and soil water samples, plant biomass
yield and N uptake weraken at four location@iumbersl to4 in Fig. 3-4), located

4.5 m on the uphilside of lateral 1 BR2 (Fig. 34). Measurement oframonia
volatilization is discussed ichapter, the soil and soil water sampling schemes are
described irchapterb (denitrification) andchapter7 (N balance), respectively. The crop

biomass yield and N uptake are discussed inctapter
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Figure 3-4 Sampling locations in PSU LF field 15A. SR3 to SP6 are sprinkler
locations on lateral 2@ BR2 (Fig. 3.3); P1-P10 are plawhere samples for

ocati n .
bulk densitydeterminatiorwere collected. Locationsl to 4 were usedor
soil and leachatsampling

3.4 Soll properties

3.4.1 Soil pH particle size distribution, and soil organic matter (%)

In 2010,composite disturbed soil samples wereexitdfrom 0 to 5cm, 5 tol5cmand
030-cmdepthsfrom each of the nine landscape positiansoss fieldL5A (Fig. 3-3:

a to i). The samples for each depth increment were composited from three santples

analyzed for SOM, pH and particle size distributibhe samples collected from tteto

5-cmdeptts were analyzednly for SOM. Other SOM measurements were done in May

and Jung2011, and March and Decempb2012 at Oto 5-cmand 0 tol5-cmdepths. The

disturbed soil sampsewere composited from three (0 techh deep and two (0 tdl5-cm

deep samples from each of the four sampliogations, 1 to 4Fig. 34). All the samples

Analytical Services Laboratory (AASL). The lab uses the water method (Eckert and



(Gee and Baudet,986)to determire pH, SOM, and patrticle size distribution in soil

samplesrespectively

The mearmmeasuredoil pH, 7.3 was near neutral &to 15cmand 15 to 3&m soil
depths According to Wijler and Delwiche (1954), Nommik (1956), and Van Cleemput
and Patrick (1974the optimum pH range for denitrification is in the randg@td 8.0 In
2010, the mean (n=9) SOM w4d.5%, 3.1 % and 2.3% at the (btom, 5to 15-cmand

15 to 30cm soil depths, respectively. TI8OM inthedepression are@ower elevation

at the study sijewas about 0.5 t@% greaterthan SOM from the summina mid-slope
positions at the 0 to-em depths whereaghe SOM at 5 tolemand 15 to 3@&m soll

depths from the summit, mislope and depression landscape positionssivasar.

The mean (n=4) SOM measured at &tm depthfrom thesampling locations 1 té
(Fig. 34) was 8.2 % (May2011), 6.2% (June011), 7.2% (March2012), and 6.7%
(December2012), and at 0 to 1&m depththe SOM was the same in March and

December2012 (4.4%).

On all occasions the SOM from sampling locatidifriy. 3-4), which wa a depression
area(lower elevationwas about 1 to 2% greatdranatthe other sampling locations.

Thus it was suspected that the denitrification rates in the sarfrplesocation 1 would
affect the mean denitrification rates per sampling date more than the samples from the
other sampling locationd he texture of the surface sofisto 30cmdepth) in the grass

field comprised of loam and clay loasoil (Table 31). The soil textural class results

suggest moderateaterpermeabilityfor Hagerstown soiseriesenabling tertiary
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wastewater treatment as the water moves through the soil profile to recharge

groundwater.

Table 3-1 Soil particle size distributionfor the 5to 15-cm depth and 15 to 3Gcm
depth at the study site

5 to 15-cm depth

15 to 36cmdepth

Sampling
locations | Sand | = Silt Clay | soil textural | Sand Silt Clay | soil textural
(see Fig. class class
3-3) % %
a 35.3 32.6 32.1 | Clay Loam 28.7 17.1 54.2 | Clay
b 34.8 36.8 28.4 | Clay Loam 26.2 37.7 36.1 | Clay Loam
C 42.3 31.9 25.7 | Loam 38.8 33.9 27.3 | Clay Loam
d 38.2 36.4 25.5 | Loam 34.8 35.8 29.4 | Clay Loam
e 40.2 | 35.7 24.2 | Loam 39.9 35.5 24.6 | Loam
f 240 | 455 30.5 | Clay Loam 28.2 40.2 31.6 | Clay Loam
g 37.3 | 30.7 31.9 | Clay Loam 35.9 31.2 32.9 | Clay Loam
h 38.2 | 348 26.9 | Loam 38.6 34.9 26.4 | Loam
[ 41.0 | 32.9 26.1 | Loam 38.9 34.3 26.8 | Loam

3.4.2 Soil bulk density(g cm™)

The soil bulk densityand thus total porositgan affectsoil moistureand hence

denitrificationthrough the watefilled pore spaceUndisturbed soil coresere randomly

collected from plots P1, P2, P4 and P7 (Big) with metal rings (&m high and 5.£m

intemal diameter) at three depths 0 torf, 6 to 12cmand 12 tol&m. Thecollected

soil coreswere placed in tin foil cups (1.3 g) and owened at 108C for 24 h to obtain

soil bulk density. The mean (n=4) bulk densities at three soil deygtiesietermined as

1.13, 1.37and 1.49 gm®for 0 to 6cm, 6 tol2cm, and 12 #18cm soil depths,

respectively

3.5Municipal wastewater effluent: pH, C:N ratio, and nitrogen (kg ha ™)

The grass field was irrigated for 12 h (6 pm to 6 am) once a week from April to

Novembeilin 2011 and 2012The weekly total N in the efflue(MWE-TN) was

determined from the irrigation depth and total N concentration (Mdn.the MWE.
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The irrigation depth was determined from the t@N/OFF time log for lateral 1@ and

an irrigation rate of 02cmh™ based on irrigations lasting 12 h at the PSU LF.

From August, 2011, until December, 2012, foclearigationevent one effluent sample
(about 125 td. 50 mL) was collected in an aeidashed plastic bottle from each of the
sprinklers SF3, SR4 and SF5 (Fig. 3-4), about 30 min after lateral 4Dwas turned on.
The samples were refrigerated overnight and analgz@e&nn State's Institutes of Energy
and Environment (PSIEE) water laboratéoytotal N (TN) and N@N. The laboratory
uses the Standard Mhetds (SM) 2€h Edition 4500NC presulfate digestion and the
4100B lon Chromatography methods to analyze for TN angtNl@espectively From
May to July 2011, the same procedure was followed to collect and store the effluent
samples, however, the sangleere analyzed for NON + NO,-N at the AASL. The
laboratory useé the SM 4506NO3-E to analyze foNOs-N + NO,-N in the effluent
samplesThe grass field received 220 kg'rend 153 kg hAMWE-TN in 2011 and

2012, respectively (Table ).

Sinceeffluent samples were not analyzed for TN from April to JAGA1,a meanTN
valuewas determined from theonthly TN data from the PSU WWTP monthly reports
(Table 33) for this period. Thelata in the PSWWTP reports wagor effluent samples
collected fom the chlorine contact tank and analyzed for ammonia N, total Kjeldahl
nitrogen (TKN), nitrate and nitrite N by Faiay Laboratories in Altoona, P&he
laboratory uses th&8M 4500 or 300 series method for N analysis. Total N is the sum of
TKN, nitrate and nitrite N. The MWE pH wasletermined as the mean of pH data from

theWWTP monthly reports=ffluent samples were collected from the chlorination
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contact tanks at the PSU WWTP as routine procedmcanalyzed atdtrway

Laboratoriesn Altoona, Pa

The laboratorysesthe SM 4500 H-B methodfor pH analyses of wastewateruring

the study period the mean monthly pH of the effluent mesgneutral(7.3+ 0.3) (Table

3-3) similar to the soil pH (7.3) (Tab®3). The pH range of 6.tv 8.4 is typical for

MWESs (Lazarova et al2005; Saez et al., 2012). Ammonia volatilization N loss is
enhanced under alkaline conditions when MWE is applied to land surfaces (Feigin et al.,

1991).
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Table 3-2 Effluent irrigation and nitrogen application ratesat the PSU LF grass field 15An 2011 and 2012.

2011 2012
MWE 12 12 | MWE- MWE 12 12 MWE
e | depth MWE -TN*? | MWE -NOs-N iy MWE -NOs-N oute | depth MWE -TN MWE -NOs-N YN | MWE-NOSN
cm mg L* kg N ha cm mg L kg N ha'
18Apr | 4.86 105 1 95 7.8 2-Apr | 4.86 15.1 9.6 74 4.7
25Apr | 4.88 ' 95 7.8 9-Apr | 4.87 9.8 (0.08) 7.3 (0.36) 4.8 3.6
2-May | 4.88 121 6.7 59 16Apr | 4.85 17.1 (0.15) 10.9 (1.15) 8.3 53
9May | 4.88 136 ' 6.7 59 23Apr | 4.86 12.2 (0.06) 9.3 (0.19) 59 45
16May | _4.86 : 9.2 (0.14) 6.6 45 2-May | 4.85 10.5 (0.06) 7 (0.05) 51 3.4
23May | 4.9 12.1 6.7 59 7-May | 4.83 10.9 (0.15) 8.8 (0.42) 53 4.3
TJun| 4.77 6.8 (0.07) 4.2 3.2 T4May | 5.01 6.8 (0.09) 6 (0.11) 3.4 3
6-dun | 4.47 89 6.3 (0.15) 4 2.8 21-May | 5.00 13.2 (0.1) 10.9 (0.5) 6.6 55
13Jun| 4.87 : 6 (0.12) 43 2.9 21-Jun | 4.85 3.9 (0.22) 3.7 (0.34) 1.9 18
27-Jun|  4.88 14.3 (0.46) 4.3 7 25Jun | 4.97 3.9 (0.05) 3.8 (0.15) 2 1.9
4-Jul | 4.88 5.7 49 2.8 2-Jul | 4.88 2.4 (0.07) 2.1 (0.02) 2.1 2
11-ul | 4.88 10 10.8 (0.35) 2.9 5.3 9Jul | 4.86 8.7 (0.11) 7.8 (0.22) 4.2 3.8
18Jul | 4.86 10.3 (0.3) 1.8 5 16Jul | 4.8 6 (0.11) 5.9 (0) 2.9 2.8
25ul | 4.87 5.8 (0.23) 2.9 2.8 30.0ul | 4.86 12 (0.19) 11.8 (0.12) 58 5.8
TAug | 4.88 10.9 (0.35) 10.3 (0.6) 53 5 6-Aug | 4.86 6.3 (0.06) 5.9 (0.07) 3.1 2.9
11-Aug | 5.08 10.4 (0.1) 7.1 (0.24) 53 3.6 13Aug | 4.88 9.8 (0.06) 9.4 (0.3) 4.8 4.6
15Aug | 4.94 7 (0.03) 3.5 (0.1) 2 17 20Aug | 4.86 10.4 (0.06) 10.2 (0.11) 5 5
22-Aug | 4.86 12.6 10.7 6.1 5.2 27-Aug | 4.84 13 (0.15) 11.5 (0.01) 6.3 5.6
29Aug | 4.8 20.6 (0.93) 15.7 (0.66) 9.9 75 3 Sept.| 4.89 11.2 (0.1) 11.1 (0.06) 55 5.4
5Sept.| 5.8 15.8 (0.07) 13,5 (0.21) 9.1 7.8 17 Sept.| 4.95 14.9 (0.67) 12.4 (0.2) 74 6.1
20 Sept.|  4.88 13.4 (0.06) 11.4 (0.17) 6.5 56 24 Sept.| 4.9 15.2 (L4) 12.4 (0.45) 74 6.1
26 Sept.|  4.89 12.9 (0.06) 9.8 (0.17) 6.3 4.8 1Oct.| 4.87 15.1 (0.4) 13.1 (0.3) 74 6.4
30ct.| 4.88 13.6 (0.06) 10 (0.26) 6.6 4.9 8 Oct. | 4.87 16.3 (0.7) 13.5 (0.4) 7.9 6.6
10 Oct.| 4.88 16 (0.1) 7.5 (0.06) 7.8 3.7 17 Oct.| 4.85 13.1 (0.1) 11.3 (0.21) 6.3 55
17 Oct.| 4.86 19.5 (0.21) 9.6 (0.08) 95 4.7 22 0ct.| 4.89 14.6 (0.98) 11.4 (0.64) 71 56
24 Oct.| 4.86 16.7 (L.21) 8.6 (0.11) 8.1 4.2 28 Oct.| 4.89 12.2 (0.25) 10 (0.09) 6 4.9
310ct.| 4.74 19.9 (0.06) 10.4 (0.1) 9.4 2.9 5Nov. | 4.87 15 (0.4) 13.8 (0.15) 73 6.7
7 Nov.| 4.88 18 (L.1) 10.6 (0.69) 8.8 5.2 12 Nov. | 4.87 11.8 (L.41) 11.2 (1.48) 57 55
14 Nov.| 4.87 21.6 (0.06) 9.9 (0.64) 10.5 4.8 Szlgfz 136.63 152.9 128.7
21 Nov.| 4.89 10.3 (0.79) 9.2 (0.87) 5 45
28Nov. | 4.82 12.4 (0.06) 9.6 (0.31) 6 4.6
5Dec.| 4.88 10.8 (0.1) 5.1 (0.13) 5.3 2.5
12 Dec.| 4.87 10 (0.12) 4.1 (0.3) 4.9 2
19 Dec.| 4.88 12.2 7 59 3.4
Sum-
o1y | 16617 220.01 160

"MWE-NO3-N and MWETN are means for 2 or 3 samples. Standard deviations are in brablezis. monthly data from the PSU WWTP monthly
reports (Table 3) were used for data in the shaded cells, since no effluent samples were collected from the field.
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Table 3-3 Effluent monthly meannitrogen and pH from PSU WWTP reportsin 2011 and 2012

2011 2012
MWE samples MWE samples
PSU WWTP reports from the field PSU WWTP reports from the field
(meart) (mean)
Month
TKN NH3-N? NO; NO3 TN pH TN NOs-N? TKN NH3-N NO; NO3 TN pH TN NST
mg L (mean, n=7to 9) (mearf) mg L™ mg L™ (mean, n=7 to9) (mearf) mg L
April 3.1 1.9 0.4 16.0 19.5 7.3 5.0 4.5 0.5 9.6 15.1 7.4 14.7 9.2
May 1.3 0.2 0.2 12.1 13.6 7.4 9.2 1.9 1.3 0.5 7.6 10.0 7.4 10.4 8.2
June 1.4 0.2 0.2 7.2 8.9 7.5 8.3 1.2 0.3 0.2 5.0 6.4 7.4 3.9 3.7
July 1.6 0.8 0.3 8.1 10.0 7.5 8.2 1.1 0.3 0.1 6.7 7.9 7.5 7.8 7.4
Aug. 1.5 1.7 0.4 10.7 12.6 7.5 11.5 9.1 1.4 1.0 0.3 7.9 9.2 7.6 9.9 9.3
Sept. 1.9 3.3 0.4 12.9 15.2 7.5 14.0 115 1.3 0.4 0.2 9.1 10.6 7.5 13.8 11.9
Oct. 6.8 8.1 1.6 9.5 17.9 7.5 17.1 9.2 2.4 1.0 0.2 11.2 13.8 7.5 14.3 11.9
Nov. 8.9 10.4 0.9 9.0 18.8 7.5 15.6 9.8 1.9 1.1 0.2 11.3 13.4 7.5 13.4 12.5
Dec. 2.7 2.2 2.5 7.0 12.2 7.5 10.4 4.6 1.8 0.7 0.2 12.1 14.1 7.5

"n=4, except May 2011 (n=2) and December 2011, single sample.

2From August to November NfN was > TKN due to a difference in labomgt@rocedures.

3NO;-N + NO,-N in May, June and July 2011.

“*n=Days in month.
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The monthly mean MWE C:N ratio was in the 0.04 to 0.2 range and was determined

using the monthly mean total organic carbon (TOC) and mean (n=M®&/&}TN.

The TOC was estimated as half of the monthly mean (n= 18 to 20) carbonaceous

biochemical oxygen demand (cBOD), and was in the range of 0.77 to 1.47 mg L

(Fig. 35). The cBOD and MWHN data were obtained from the PSU WWTP monthly

reports.
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Figure 3-5 Estimated effluent monthly mean TOC and C:N for 2011 and 2012 for
the PSU WWTP.(TOC was based on the monthly mean (n= 18 to 20) CBOD
and C:Nwas based on TOC and monthly mean (n = 7 to 9) effluent total N).
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3.6 Fertilizer and rainfall nitrogen

During the study period, twareaammonium nitrat¢30 % N)fertilizer applications

were made annually to the grass field. The fertilizer was apphiet® April and 5

August in 2011 and on 6 April and 3 August in 2012. The annual N (kg"Nftoen

rainfall was determined using the annual ammonium and nititatgen(mg L)
concentration data obtained from the National Atmospheric Deposition Rrogra
(NADP)/ Atmospheric Integrated Research Monitoring Network (AIRMoN) station
PA15 (http://nadp.sws.uiuc.edu/data/sites/siteDetails.aspx?net=AIRMoN&id=R At48)
the annual rainfallAppendix B)wasmeasured at the study site. Station PA15 is located

at latitude40° 46 ' 48 "N, longitude77°56 ' 23.9 "W at an elevation of 393 m.

In 2011 and 2012, 122 and 112 kg N'fud UAN-30fertilizer was applied to the grass
field, respectively. The fertilizer agpation method is discussed@hapterd. In 2011
and 2012, the annual NHN+NOs-N in the rain were only 8.4 kg N fiand 5.76 kg N
ha', respectively. In 2011, the annual Ntie rainfall was based on the annual /NH
N+NOs-N concentration in the rainfall, 0.93 g (n=268) and annual rainfall, 98 cm
(Appendix B. The annual N in theamfall in 2012 was based on annual rainfall of

75.8 cmand annual NgN+NOs-N concentration in the rainfatif 0.76 mgL™ (n = 264).

3.7 Crop abovegroundbiomass yield and nitrogenremoval

The AGB yieldsand Nremoval weraised as parameters@hapter6 (simulating
atmospheric N losses) afhapter7 (N balance). The grass was manually clipped
collectedin 30-dayintervals to about 5 td0-cm stubble height from 0.84 hfMay to
September, 2011) and 2.5F (April to September, 2012) areas between the sampling

locations 1 and 2, 2 and&nd 3 and 4 (Fig3-4). The crop Nemovalwas not measured
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in October because an adequaitartjty of grass could not be collected to determine

yield and thus crop Kemovalsince the grass was too shaniaking relative uniform

manual clipping quiteifficult. The area from which theovegroundiomass was

sampled wa increased in 2012 to obtain a more representative biomass yield between the
sampling locationsThe rest of the biomasear the sampling locations 14tevas

mowed and removed withintd 2 days after collecting thabovegroundiomass

samples.

The samples were weighed anteaibsamplewas takerfrom each of the three samples,
weighed and ovedried at 55C for 48 h. On drying, the samples were weighed again
and the monthly mean (n=8)y matter (DM) yield was determinefl.subsample was
collected from the dried samples, weighed andlyzed at the AASL for %N on a DM
basis using the combustiomethodwith the Elementar Vario Max N/C Analyzer

(Horneck and Miller, 1998).

In 2011 and 202, the annuaAGB vyield was 9856 kg hhand 6989 kg h4 respectively
(Table3-4). In 2011, the annual yield was comparable to that measured bZRSS
(9318 kg hd). However, in 2011 the crop fémoval(248 kg N h&) was higher than
that measured byOSCAS (165 kg N hd) probably due to nenniformity in stubble
heights to which the grass was manually clipp&de annual crop Kemovalin 2011
(248 kg N h&d) was also higher than in 2012 (183 kg N"héT'able3-4) probably due to
the dry weatheexperienced in 2012Biomass yields in June 2012 (246 kg N'hwere
verylow compared to those in June 2011(3136 kg M) hdue to lack of irrigation
between 25 May and 20 June 2012 while repairs were being done on latéralril0

2012, the FOSCAS did not measure crop biomass yield and N uptake.
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Table 3-4 Aboveground biomass yield and N removal for tall fescue hay field spray
irrigated with municipal wastewater effluent at the Penn State Living filter

in 2011 and 2012.

2011 2012
Mean' AGB (DM) Mean* Mean*?crop | Mean'AGB (DM) Meant N L
Month yield crop N N removal yield eancrop Mean"“crop
N remO\llaI (kg
(kg ha®) (%’553 (kg ha®) (kg ha) (%, DM basis) ha)
April 1670.92 (128.15) 2.9 (0.05) 48.3 (3.06)
May? 2764.3 (455) 21(0.3) | 59.2(17.68) | 2354.42 (857.57) 2.3(0.32) 53.1 (17.07)
June 3139.33 (1186.71) | 2.2(0.43) | 71 (36.43) 237.98 (74.12) 3.4 (0.23) 8.3 (3.01)
July 722.02 (312.64) | 2.8(0.38) | 19.7 (5.58) 1198.28 (325.03) 2.6 (0.23) 315 (9.54)
August 1398.92 (340.70) | 3.1(0.3) | 43.2(13.78) | 1297.37 (269.82) 2.6 (0.16) 34.4 (8.11)
September | 1850.18 (413.6) | 2.9 (0.43) | 55.1 (19.66) 213.87 (79.8) 3.4 (0.06) 7.3(2.6)

n = 3;°Based on mean (n=3) AGB (DM) yield (kg-hjaand mean (n=3) crop N (%, DM basi#GB was measured

at the end of May 2011, thus represents the April and May, 2011 period. Standard deviations for meanscketsin

Themonthly AGB yield distribution for tall fescue in PA isstimated to b8 in January,

February March, November,rad December; 0.05 (Aprilp.3 (May) 0.2 (June)0.12

(July); 0.15 (August)p.12 (Septemberand 0.06 (October) (Dr. M. H. HaPenn State

University, University Parkpersonal communicatigriFig. 36). Based on thenonthly

growthdistribution fortall fescuegrowthin PA, it seems thdrop in summer growth

occurs in Julyatherthan generally in Augudor cool season grasses (Fig6 $set (a)

Craig et al., 2009)
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Figure 3-6 Estimated proportions of monthly AGB yield for tall fescuehay in
Pennsylvania (Dr. M. H. Hall at Penn State University, University Park,
personal communicationnsetis the generahAGB vyield curve for cool
season grasses (Craig et al., 2009)

3.8 Rainfall

Rainfall data were recorded using the-BE5USW (Texas Electronic Inc.) sensor

installed at the boundary of a nongated field near the study site (k&) (Fig. 37).

The sensor recorded data every 2 min and has been in operation since 2008. Agy missin
data due to the sensor malfunction were predicted using linear regression equations
between ficial rainfall data froma gandard National Weather Service 8" rain gauge
surrounded by a standard wind scrémrated at elevation 356.62 m (latitude 41°3®'

N" and longitude 78° 27' 12 W"; Site ID: STCP1,; Site No-8383-07) onWalker

Building at the Bnn State UniversitiParkcampusapproximatelyd km from the study

siteanddatafrom the TR525USW rainfall sensor
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Figure 3-7 Rainfall sensor and AWOSIII weather stationnear study site-grass field
15A at the PSU LF.Border around study site is not to scale.

Rainfall datawere ecorded daily at 7 am or 8 arhthe Walker Buildingand represertl
precipitation for the preceding 24 h. &taily sensor rainfall data wedetermined by
summing the 2 min rainfall data for 2011 and 2@E@Quations [31] and B-2] were
developed from regressing 2011 (n=198) and 2012 (n=207) data fraandard

National Weather Service 8" rain gauge, on Walker Building at Penn State University
Park Campusldcated at elevation 356.62 m, latitude 41° 19' 33 N" and longii(&fe

27' 12 W"; Site ID: STCP1,; Site No.: #84907)) and that from the rainfall sensor in

Figure 37, respectively.

Y =0.78 x + 0.25 R2=0.B [3-1]

Y=0.71x + 0.03 Rz2=0.4 [3-2]
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where:
Y = Predicteddaily rainfall, cm

x = Daily rainfall measuredavith standardNational Weather Service 8" rain
gauge, at Penn State University Park Camguns

3.9Weather data

The daily air temperature, relative humidity (RH), wind speed,satar radiation were
used inChapter6 (simulating atmospheriN los®s) andChapter7 (N balance). The

daily mean (n=24) air temperature, relative humidity (RH) and wind speed were
measured with a Kestrel 4500 weather meter installed 2 m above the grouncidoag |
10-1. Some of the data wecerrupted and thus lost before being tfaned from the
weather meter. The corrupted datarefor the periodbetween 1 January a2d
December 2011 arfdom 20 April to 31 Deember 2012. The missing data were
predicted using the regression equations ldges for the period with data frog®2
December2011 to 1April 2012 The missing data for daily mean air temperature, RH,
and wind speed were predicted usiagressiorequationg3-3], [3-4], and [35],
respectively. The equations wetevelopedisingdaily mean air temperature, RH, and
wind peed measureavith theKestrel 4500 weather metend data from the automated
weather observatiosystem (AWOS) lllatthe University Park airpodandlocated near
the study site (Fig.-3).

Daily air temperature(°C)

The air temperature and RH weneasured at-Bh height whereas wind speed was
measured at 2 height at the AWOS Il station. The wind speed-at Beightwas
determined by multiplying the wind speed atrieightby a factor of 0.748 (Allen et

al., 1998) The correlation ofletermination (B of 0.99 (Eq. [33]) suggest the mean
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daily air temperatures measured anzheightsat the study site aritie air temperature
computed for the-2n heightat the AVOS 11l weather station (Fig-3) (Eq. [3.3])were
strongly and positivelgorrelatedand thus, extrapolation of equation3Boutside the
periodthatwas recorded at the study site could be reasondle.daily maximum and
minimum air temperatures from the AWOS Il weather station were used in computing

the daily referencevapotranspiration used in the N balance (Chapter 7).
Y = 0.98x + 0.01 R?=0.99 [3-3]

where:
Y = Predicted air temperature at study Si@
X = Air temperature at AWOS |IPC

Daily relative humidity(%)

Themean relative humidity determined using E24] was used irfChapte4 (ammonia
volatilization).According to Eqg. [#34] the meardaily RH from the AWOS IIl weather
station (Fig. 3.6) was correlated*R0.82) to the mean daily RH measured at the study
site. However, in Chapter 7, the maximanmd minimum RHwvere used since theye
preferred to the mean RH in computing the evapotraaismir (Allen et al.1998) The
maximum and minimum RH were compdtusing vapor pressure data lftitude40 °

49 ' 44.4 "N and longitude’7°52 ' 12 "W (approximate location for LYS & Fig. 3-3
andnear the sampling locations) obtained from Thorton et al. (2014) and Thornton et al.
(1997).

Y =0.89x + 16.99 R2=0.82 [3-4]

where:
Y = Predicted elative humidity at study sité&6
x = Relative humidity at AWOS 1]1%
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Daily wind speedm s%) and solar radiationMJ m?)

Since the slope and correlatiohdeterminatiorwere low §eeEq. [3-5] below), wind
speed wereobtainedfrom National Aeronautics and Space Administration (NASA),
Prediction of Worldwide Energy Resource (POWER)matology Resource for
Agroclimatology (http://power.larc.nasa.gov/) fatitude40° 49 ' 44.4 "N and longitude
77°52"' 12 "W. Solar radiation data weraso obtained from the NASA/POWER online
resource. The weather data asemmarized ilA\ppendix B

Y =0.38x + 0.15 Rz2=0.54 [3-5]
where:

Y = Predicted wind speed-8) at study sitem s*

x = Wind speed (2 m) #&WOS lIl, ms*
3.10Summary
The soil, cropand weather data were collected and documented during the study period
Theseincluded soil bulk density, pH and patrticle size distribution in the surface (0.3 m)
soil horizon, N application to the study site, crop biomass yield and N uptake, rainfall, air
temperature, relative humidity, wind speed and solar radiafibe.data whih were
acquired through measurements at the study site or from official sources were used
througlout the dissertatiorfertilizer N application dataereused inchapter4
(ammonia volatilization). The MWE nitrogeapplication data wenesed inchapters
(denitrification),chapter6 (simulations of atmospheric N losses), ahdpter7 (N
balance). The soil bulk density, pH and particle size distribution weremuskdpter6.
Rainfall and weather data were usedhapter6 and7. Cropabovegroundbiomass yield

and crop Nremovalwereused inchapteré and7, respectively.
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Chapter 4. AMMONIA VOLATILIZATION FOLLOWING SURFACE
APPLICATION OF UREA AMMONIUM NITRATE TO TALL FESCUE
HAY SPRAY -IRRIGATED WITH MUNICIPAL WASTEWATER
EFFLUENT

Abstract

The fraction {) of treated municipal wastewater effluent (MWtal nitrogen (TN) lost
as atmospheric N losses (ammonia ¢NMolatilization, and denitrification), and soil N
storage is used wetermire N-basedVIWE irrigation rates It is, therefore, important to
study and gartify f values used in designing MWE irrigation systeniike goal of this
study was to test the assumption thatsKihs)volatilization was negligiblérom tall
fescue irrigated with secondamgated effluenata rate o5 cmwk™ atthe Renn State
University (PSU) Living Filter (LF), apart fronvhen ureseammonium nitratéUAN-30)
fertilizer was applied tthegrass field Negligible NH; (gas)volatilization from the grass
field was assumeldecause of theear neutrgbH of theMWE and soiland thdow
NH,"-N concentration in theffluent(the monthly mean total Kjeldahl nitrogen (TKN)
was in the range of ® 3 mg L of the monthly man total N in the effluent (12 tt5 mg

LY during the study period in 2011 and 2012.

Effluentsamplescollected from theprinkler irrigation nozzles wemnalyzed for ttal N
and applied to 8.8mi.d. and 15.Zmlong intact soil cores, and Ntjag emissions
from the coresvere measurenh the laboratoryvith a photoacoustic field gasonitor
over oneweek periods Ammonia emissiontollowing UAN-30 fertilizer applications
werealsomeasuredn the fieldover oneweek periods, with passive diffusion samplers

(PDSs)locatednear the soil surface under ventilated chambEestilizer applicationso

61



the grass field were maaa 22 April 2011, 5 August 2011, 6 April 2012, and 3 August

2012

The maximum cumulative Nd{gas)fluxes in a 24 peaiod were 0.89, 0.18 and 0.63
NHs-N ha' h following fertilizer applicationsn April 2011, August 2011, and April
2012, respectively. The total cumulative fractions okkgds}N of the appliedJAN-30
fertilizer N were determined to be 0.4, 0.2, and 0.03 in April 2011, August 2011, and
April, 2012, respectively. In general, the greatesgfjds)fluxes occurred within 24 to
48 h of commercial fertilizer application; however, the effect of MWE irragatin the
NH; (gas)fluxes could not be determined since measurements were done in closed

chambers.

On the other handhé NH; (gag emissionsneasured from cores following effluent
applicationin the laboratory were in the order of 18nd 10° kg NHs-N ha' h™. Based
on the total N (1.78 kg Hawk™) in the effluentthemean (n=13) fracticai NH3 (gas}N
losses (kg hawk™) were calculated to bE0*, thus confirminghe assumption of
negligible NH; (gas)fluxes due to MWE.Thus, for highly nitrified effluents with near
neutral pH, NH (ga9 volatilization in the N loss factdf) is negligibleand attempts to

quartify (f) should be directed towardigrtifying denitrification
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4.1 Introduction

Tall fescue Festucaarundinacea Schrepis one of the main cool season grasses in
Pennsylvania and is used primarily for conservation purposes, although it is well suited as
hay, silage, opasture (Hall, 2008). The grassoduces acceptable forage yield and
quality under coditions of adequate irrigation (Smeal et al., 2005). Since, 1899
increase forage yielfilom the sitein addition to municipal wastewater effluent (MWE)
nitrogen (N)applications 65 to 150 kg N Haof ureaammonium nitratéUAN-30)

fertilizer hasbeen applied annually to tall fescue at the Penn State University (PSU)
Living Filter (LF). Fertilizer application in the grass field wiagiatedin response to a
decrease in MWE total nitrogen (TN) following timegration of biological nitrogen
remowal (BNR) processeat the PSU Wastewater Treatment Plant (WWTP). The goal of
enhanced nutrient removatl the WWTPwas to meet the US Environmental Protection
Agencys (USEPA) maximum contaminant levekinking water limit of 10 mg N@N L

in the ground/ater beneath the LF site. As a result of BNR at the PSU W\Y&P,
MWE-TN decreasettom about 25 t@0 mg L* prior to BNRto the current levels of

about 12 tdl5 mg L'}, and theproportion of TN presenfais ammoraN concentration
decreaseftom 10 to 15 mg L[} to < 0.2mg L™ (non-detectconcentration(PSU WWTP

monthly reports).

Ammonia(NHs) volatilization may occur witttend-based MWE irrigationespecially
when MWEs high in ammoniwN concentratiosare applied, since MWE usually has a
near neutral to slight basic pH (Lazarova et aR005; Saez et al., 2012). Feigin et al.
(1991), as cited by Smith et al. (1998)ggested thaginmonia volatilization may be an

important pathway of N loss when M&\Ms applied to land surfacgeslue to the alkaline
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characteristics of the MWE. Alkalinity promotes B¥blatilization because of the
associated increase in the soil solutionsNHH," ratio. The extent of Nkvolatilization

is determined by soil moistureemperature, pH, N source, method and rate of N source
application, exchangeable cations, water evaporation, relative humidity, irrigation rates
(Fenn and Escarzaga, 1977; Fenn and Hossner, 1985; Ferguson and Kissel,-1986; Al
Kanani, et al., 1991; Vaia @l., 2008; Holcomb et al., 2011) and soil pH buffering
capacity (Ryden et al., 1981). Solil buffering capacity is théssaldility to maintain a
constant pH after a knowrugrtity of acidity or alkalinity is added to a soil. Ammonia
volatilization fromnearneutral soils irrigated with loWH,"-N MWES, such as at the
PSU LF, was expected to be low apart from wbemmercialfertilizer was applied.
Quartifying NH3 volatilization in MWE irrigation is important because the fractif)rof
MWE-total nitrogen lost through N¥olatilization, denitrification andchange irsoil N
storage (USEPA, 2006) is used to determineaed hydraulic loading rates for MWE
irrigation. Thus, the goal of this study was tagify NH3; emissions in the tall fescue
field at the PSU LF due to MWE irrigati@ndto compare thest® the emissions

following commerciaffertilizer (UAN-30) application.

4.2 Materials and methods

4.2.1Ammonia emissions due to MWE application

Field andlaboratory measurements were maualesst the assumption that NKbgas)
volatilization from the grass field is negligible except followfadilizer (UAN-30)
application. Preliminary field N§{gas)measurements wersadeon 6 April 2010, one
day after MWE irrigation but before fertilizer application on 9 April 2010. Ammonia

volatilization was measured with a photoacoustic fieldngasitor (INNOVA 1412)

64



connected to a 25cmdiameter and 106 cmtall closed (norventilated) chamber.

Measurements were done from nraadomlocationsat the study sit@~igure 3-3).

Ammonia emissions were also measured from 14 intact@@s 89 cm diameter and
152cmtal) i n t he | ab o rPRastuerSystermshdWatérshedUS DA G s
ManagemenResearch UnifPSWMRU).Six coreswere collected froneachof thefour
sampling location$l, 2, 3 and 4jseeChapter3, Fig. 3-4) using a tractomounted

hydraulic Gidding's probeNylon mesh (150 micron openings) wattached at the

bottom of the cores to retain soil. flexible PVC coupling fitting8.5 cmi.d. was

fastened at the top efch core, and effluent (290 mhased on irrigation depth &fcm
andthe dameter of the PVC coupling fitting) was amgalito eacttore from the topIn

July 2013, one effluent sample (about 125 to 150 mL) was collected in awastied
plastic bottle from each of the sprinklers-3FSR4, and SF5 (seechapter 3, Fig. 31)
andanalyzed for TNNOs'-N, andNH,"-N at the Penn Statastitutes of Energy and
Environment (PSIEE) water laboratdiseechapter 3section3.5for laboratory method
used. Effluent that was not applied to theres immediately was stored &G4 Each

core was put in a 3.8 L clear glass jar, which was attedeo a photo acoustic gas
monitor (INNOVA 1412) via an automatedrt sampler (California Analytical
Instruments). The automated sampler allowed sequential sampling of air from the jars,
with sampling from an individual jar every 15 min. To avoid yaver of NH; from the
preceding jar, the system was flushed with room air prior to sampling from each jar.
Continuous air flow was maintained through the jars. The cores were analyzed in two

sets of seven cores over emeek periods.
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4.2.2 Ammonia emis®ns following fertilizer application

During preliminary studies, Ni€missions were measuridthe fieldone day after
fertilizer application with a photoacoustic field gasnitor (INNOVA 1412) connected

to a 254 cmdiameter and 1@ cmtall closed (norventilated) chamber. The emissions
were measured from six random locations in the grass field for short pgrbtis 20

min). Also, the emissions were measured for longer {@pek) periods followindgJAN-
30fertilizer application. Te gras was clipped to about 516-cm stubble height and
removed before fertilizer applicatiobiquid UAN-30was appliedvith 11 flat spray

tips TeeJet nozzles havirayr induction(Al1100*-VS, Schaben Industries) at rates of 66
kg N ha' on 22 April 2011 and 56 kg N Han 5 August 2011, 6 April and 3 August

2012.

Ammonia emis®n measurements began about 8 toafter fertilizer applicatioand

were determined by the dynamic afitaer technique (Svensson, 1994hich uses a
combinatia of two types of passive diffusion samplers (PDSs) and ventilated chambers
to measure cumulative NFmissions in the air immediately adjacent to the soil surface.
Misselbrook and Hansen (2001) found N#nissions determined with the PDS method

to be comprable to those measured with the integrated horizontal flux technique

considered to be the most accurates;lhkhission measurement technique.

The PDSs were assembled so that-a@dted filter papers in thetlype samplers were
exposed directly to the atmosphere, whereas the filter papers inatyjpe €amplers were

placed lcmbelow a membrane filteAppendixC).
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In both cases, the exposed filter area was abaut0* m?>. Ammonia flux calculation is
based on the difference of the fitbncentration on thielter papers (Myers et al., 2013)

in the Gand L-type PDSs.

The filter papers (Fisher GR 540uén pore, 24 cm diameter) used in both types of

PDSs were rinsed in distilled boiled water for 2 min, then for 2 min in each df3@o

mL methanol batches, after which the filter papers were dried in a sealed glove box. The
dried filter papers were then stirrgda 3% (w/v) acid solution (6 g of tartaric acid in 200

mL methanol) for 2 min and dried in the glove box. A fan was placed in the glove box to
circulate airand a beaker with mL of concentrated HGVas placed in the baw react

with any NH; present. The membrane filters (Millipore Fluropore PTFE,-lué pore

size,2.5 cmdiameter) were cleaned by soaking them in a 1:1 solution of methanol and
distilled water for 2 min and then dried the glove box. Duplicates of each of the PDS

were put in ZiplocR bags and stored af@ before installation in the field.

Duplicate sets of bottypes of PDSs were placed iplkastic holder (about 1€mx 10

cm) andsuspended approximately 33amabove the soil surface (Fig=1a), both

inside the chambers and at ambient air sampling locations. The PDSs in the ambient
locations were used to determine NN concentration of air entering the chambers (Dell
et al., 2012) and were covered with plastic disks to protect them from kaiffaee
rectangular plastic chambers (@# x 39cm x 22 cm), constructed from 18 plastic
storage containers (white, high density polyethylewe)e deployed about 4.5 m from
the irrigation lateral 11 BR2 (Fig. 41b). The chambers were built following the design
of Svensson (1994). Twaample holders with duplicate set PDSs were placed the

same distance from lateral-1BR2 to sample NElin ambient ai(Fig. 4-1b).
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Based on relatively constant readings from embPDSs, Misselbrook and Hansen
(2001) concluded that the number of locations for sampling ambient air could be smaller

than the number of chambers used.

anchored neahe ground(b) Ammonia measurement using PDSs outside
and inside farventilated chambers.

The chambers were attached to metal anchoring frames inserted atiout @%into

the groundEachchambeihad two 4cm diameter openingsn one of th4cmx 22cm

sidesof the plastic coveto allow ventilation. A fan wamstalled(opposite the openings)
onthe inside of the coveand a 12V controler on the outside of the coveupplied with

current from two 12/ automobile batteries connected in series. The fans recirculated air
within the chambert preventNH; condensation on the internal walls of the chamber
(Misselbrook and Hansen, 2001). A metal wind screen was pladexhirof the

chamber openings to prevent direct influence of external wind on chamber characteristics
(Svensson, 1994). To measure any potentiaj diitamination during preparation and
handling, PDSs in Ziplockbags were put inside the chamber durimglmanly selected

sampling periods and removed after 24 h to provide blank values.
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The PDSs were changed daily for seven days and the chambers remained in the same
position throughout the ongeek study period. Other researchers (Misselbrook and
Hansen, @01; Dell et al., 2012) chang#ie PDSsmore frequently because of higher
anticipated NH emissions from manures. In total, 21 pairs of C aigple PDSs were
anchored in the chambers in April 2011, August 2011 and April 2012, and 12 pairs of C
and L-type PDSs were used in April 2011 to measure; MHhe ambient air. In August
2011 and April 2012, 14 pairs of C aneype PDSs were used to measureshtthe

ambient air.

Following exposure, all the exposed PDS filter papers were put in plastic vials for
immediate extraction and analysis or stored’@when immediate extraction was not
possible. All filter papers were extracted with 10 mL of deionized water and the
extracted NH'-N was determined using a Lachat flow injection auto analyzer (Lachat

method # 10107-06-1-C; Lachat Instruments, 2001).

4.2.3 Processing NN concentration data for use in calculatingNH3fluxes

If the blank filters for bottthe C and ttype PDSs hadNH,*-N below the 0.10 mgt
laboratory detection limit (DL), a value of 0.05 md Wwas used in the Ngflux
calculations. On the other haritithe NH;*-N concentration for the exposed filter papers
in boththe PDStypes was below the DL, the minimum value for the C aitgble PDSs

were usedn the NH; flux calculations

The minimumNH,"-N concentration in the filter papers for both PDS types was
determined following the method by Misselbrook and Hansen (2001). These authors

determined the minimumNH,4 -N concentration for the filter papers in thetype PDSs
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as the sum of the me&iH,"-N concentration from the filter papers in the blanky@e

PDS and the blank's least significant difference (LSD), sinchih&-N concentration in
the filter papers in th€-type PDSs should be greater than the blank value but less than
the filter papers from the-type PDSs. The minimuidH, -N concentratiosin the

filter papers for the itype PDS were determined as the sum of the minimum s/&due

the filter papersinie Gt ype PDSs and the bl ankaotgelLSD.
PDSs that hadNH4 -N concentrations above that of thetylpe filter paper and those
with NH4"-N concentration less than the minimum for the C astgpe PDSs were
excluded. Instead theinimum NH,4"-N concentration determined for the filter papers in
the C and ktype PDS were used for these data points. UnfortunateNHh&N
concentration data for August 2002relost and thusNH3z emissions were not

determined for the sampling period.

4.2.4 Soil pH change followindJAN-30 fertilizer application

To assess the soil pH change associated WAtN -30 fertilizerapplication, soil samples
(0 to5 cmdepth were collected before and affertilizer application in August 2013
from each of the three locatiomfiere the NFmeasurement chambers Hagkn placed

in 2011 and 201gFig. 41b). Three compositsoil samples wereddlected with a 31
cmdia. soil augeup to5 cmdepthsfrom eachof the three locationghree days prior to
fertilizer application. Each sample was composited from three sar§oiésamples(0 to

5 cm) were also collectedith a 2.54cm dia. sampling probe to4 h afterUAN-30
fertilizer application and 12, 3, 6, 8 and 1@8aysthereafter. On each of these days, one
composite sample was collected from each of the three locékimng-1b). Each

compositesample was composited from t@lividual sample<ollected in the plot
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All the samples weranalyzed for pH at the PSU AASkeechapter 3section3.5 for

laboratory method used)

4.2.5Ammonia emission flux: Theory and calculation
The theory and calculations used to determing fiibtes near the soil surface with the
PDS method are summarizedthis sectiorn details are provided in Svensson (1994) and

Misselbrook and Hansen (2001). Ammonia fluxes were determined from-&§y. [4

Unmz = Ka *(Ceq'Ca) [4'1]
where:

Unus = NHs-N flux near soil surfagaug m?s?

Ka = Ambient massransfer coefficient in the air near the soil surfanes®

Ceq = Equilibrium NH; concentration in the air near the soil surfaxgam‘3

Ca = Ambient air NH concentration neahe soil surfaceug m>

Applying Eq. [41] to NH; emissions inside the chamber yields Eg2]4where K and
Cain Eq. [41] are replaced by i and Gy, respectively. Also, applying a mass balance
calculation to the dynamic chamber technique yields E§] [$vensson, 1994;
Misselbrook and Hansen, @0). Gqwas determined from Eq.{4], which was derived
from combining Eq. [€] and [43]. The exposure time, t (min), for the PDSs inside the

chamber and at ambient positions \ilzes same.

Gnmz = Ken (Ceq’ Cch) [4'2]

Unns = (F/IA) * (Cen- Co) [4-3]

: [4-4]
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where:

(inns = NH;s flux from area covered by the champeg m? s*

K= Mass transfer coefficient inside the chambes®

Ceqgand G = as defined for Eq. [4]

Cch = NHs concentration of air inside the chamjeg m*

F = Air flow rate through the chamben® s*

A = Soil area covered by chamber’
For a given chamber design and surface conditions, the mass transfer coefficient inside
the chamber, K was assumed to lm®nstant for a given air flow rate (F) (Svensson,
1994; Misselbrook and Hansen, 2001). Svensson (1994) suggested a minimum F/A value
to avoid water vapor condensation especially when relative humidity of the ambient air is
high. For the chambers usedims study, prior experiments (by Dr. C. J. Dell at the
USDA-ARS-PSWMRU) determined F/A to be 0.001 rif.sThe Grand K, values were
derived from Eq. [4] and Eq. [46] usingthe NH4-N concentration data from the
chamber PDSs, whereagdhd K, were deived from Eq. [45] and Eq. [46] using the

NH4-N concentration data from the ambient PDSs.

c o =(X—BC)VR(LR+LLBL)*1OOO [4-5]
ch a DA L ((Y-B )- (X- BR))

D
KenOrK, =— [4-6]

LBL

] ) (X- BoLg [4-7]
LBL ~ (Y- B_)- (X- BL)

D=459x1Fx T [4-8]
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where:

X = NH;*-N in C-type PDS filter papemg L™

Bc = NH,"-N in blank Gtype filter papermg L™

Vr = Extraction volumemL

Lr = Distance between the membrane filter and filter paper of #iype&€PDSm
Lig. = Laminar boundary layer for PDSs inside chamimeria ambient positions

m
D = Temperatur@adjusted diffusion coefficient. T is the absolutetamperature
(°K) (Svensson, 1994jn’ s
t = Exposure timéin the range from 1410 to 1490 min per sampling period)
minutes

Ar =2 x 10* (exposedarea of the filter)n?
Y =NH;"-N in the L:type PDS filter papemg L*
BL = NH4"-N in the L-type blank filter papemg L*

The air temperature at approximatélgmabove the sosurface was assumed to itear
themean soil surface temperaturgdavas empirically determined using E9pand

Eq. [410] from Parton (1984). This assumption was supported by the fact that the
diffusion coefficient (D), which is temperature dependent, is used to derive the mass
transfer coefficients in the chambé&t.{) and ambient positions (K The K, is then used
to derive Gg and thus the NEfflux wasdetermined using Eq. {4]. In addition, Gqis
influenced by fertilizer/soil temperature, NEbntentin the fertilizer, pH and method of

application (Svensson, 1994).

Ty = Ty + {24[1 - exp (0.0389)] + 0.35T} exp(-4.8B)- 0.13] [4-9]

Ths=Th+6B-1.82 [4-10]
where:

Txs = Predicte maximum temperature at the soil surfacz

T = Maximum air temperature atrd height above the grountC

S, = Solar radiationMJ ni?

B = Abovegroundbiomasskg >

Tns = Predicted minimum temperature at the soil sutfice

Th = Minimum air temperature at-éh heightabovetheground °C
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Equation [49] includes a factor for the elevation of thg dver the T, and the effect of
plant canopy on the,d Increasing the plant biomass decreases the elevatigg@fer
T,, andaccording to Parton (1984), plant biomass level above 0.4%gsuilts in Tsto
be lower than . The grass was manually clipped from 0.836m2011 and 2.5082 M
in 2012. The AGB yield, B (kg rif) in equations 9 and 410 wasdetermined from the
AGB vyield (kg had') in Table 34 in chapter 3.In April 2011, theabovegroundiomass
yield, Bwas estimated a&05 kg n (5% of the 2011 annual AGB yieldgee chapter 3,
Fig. 3-6 and Table 3), since the grass wast manually clipped at the end April. In
August, 2011 the mean (n=3) B was determined as 0.14’%kgmApril and August

2012, the mean (n=3) B was determined as 0.17 kgmd 0.13 kg i, respectively.

The mean relative humidity datgereobtained from the AWOS Il near théniversity

Park Airport. Rainfall was measured with a TR 525 USW rainfall sensor installed at the
boundary of a nearby nerrigated field. Solar radiation, air temperatures, the predicted
mean soil surface temperature, rainfall, and relative humidity per NHemission
measurement period are summarizedppendix D For each sampling period, the mean
(n=3 chambers) cumulative NHN flux and the fraction of the Ng-N loss of the

fertilizer N were determined.

4.3 Results anddiscussion
4.3.1Ammonia emissions due to MWE application

The preliminary field ammonia (NHN) emissions were essentially zero
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(10° to 10* kg NHs-N ha' h™) one dayfollowing MWE application. Also the orereek
NH;-N emissions measured in the laboratory from soil caere even lower (10to 10
®kg NHz-N ha' h'). Based on the MWHN (1.78 kg N ha wk™) applied to the cores in
the laboratory, the mean (n=13) fraction of thesN\Hloss of the MWETN was onlyin
the range ol0°to 10*, which confirmed the assunipm that low NH-N losses occur
due to MWE application at the study site apart from wbhAN-30 fertilizer is applied.
The relatively high cation exchange capacity (CEC) of thedifhorizon of the
Hagerstown soil, 30.5 meq/100 g (Johnson and Chu, 1988yests applied effluent
NH," was readily bound in the surface soil. Also, according to Schreffler et al. (2005),
the potential for Nl volatilization in MWE irrigation is decreased once the MWE
infiltrates into the soil matrix and away from the soil surface whergJshtilization

occurs.

In aclimatesimilar tothe LF (Chester County, PA), Schreffler et al. (2005) reported a
small fracion of NH; volatilization (0.01) due to MWE spray irrigation. However,
significant NH; (gas)volatilization has been documented for systems where secondary
MWE is spray irrigated in climates characterized by high temperature, low humidity and
windy condtions and with MWEs high in ammonium N (Ryden et al., 1981; Smith et al.,
1996; Saez etal., 2012). According to Smith et al. (18®&h surce soll

temperatures were higB( to 46C) the volatilized fraction oNH4"-N in the effluent

was 024. In their studytheNH,4"-N represented 60% of the MWEN. In high

temperature, low humidity and windy conditions in Palmdale, California, &easz
(2012)measured mean NHolatilization fluxesof 7 x 10° kg N ha' h* for MWE in a

study in which the effient total nitrogen was 60%H,"-N. Also with NH;"-N
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dominateceffluent; Ryden et al. (1981) observed similar ammonia fluges 0% to 4 x

10° kg N ha' h!) in a permanent pasture in Santa Maria, California.

Ammoniafluxes due to MWE irrigation at the LF study site were small because of the
neutral MWE and soil pHpw NH;"-N concentratiorin the MWE-TN, and climatic
conditions(moderate air temperatugymid,and calm conditions) not conducive for

rapid NH; volatilization.

4.3.2 Ammoniafluxes following fertilizer application (kg NHs-N ha* h™%)

The NH;-N emissions measuréal the fieldone day aftetJAN-30fertilizer application
were small (18 to 10* kg NHs-N ha' h") and similar to those measunedor to

fertilizer applications. The low emissions after fertilizer application were probably due to
the short measurement peridd® to 20 min) thus not allowing for cumulative emissions
thatcouldoccur during longer measurement periddgwever, axmaniafluxes

measured in chambers over emeek periods in the field following AN-30 fertilizer
application were in the rangsf 4 x 10°to 8.9 x 10" kg NHs-N ha* h™. Ammonia
emissions in the chambers varied among seasons probably in respohsedot soil
properties (e.g. CECghanging environmental conditisrfe.g. temperature and Ridhd
urease activityThe mean (n=3) Niflux from the chambers per sampling period
(typically ~ 24 h) was greatest in the first 24 h following fertilizaplecation on all
occasions. ThhighestNHs flux in April 2011 (Fig. 42) wasattributed tothe UAN-30
fertilizer application rate (66 kg N Habeinggreaterthan the rate (56 kg N Hjin both

August 2011(Fig4-3) and April 2012 (Fig4-4).
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In April 2011, the mean (n=3) NHlux per sampling period declined from 0.89 kg NH
N ha*h?on day 1 to 0.02 kg N&tN ha' h* on day 4 of the experiment. THiix on day

1 was significantly different (p<0.05) from the mean fluxes on the rest of theldagg
the oneweek periodFig. 42). Ammonia emissions were probably enhanced by rapid
urea hydolysis as a result of rain thatcurred on the afternoon of the day of fertilizer
application. In August 2011, the mean (n=3)Nldx on day 2 was significantly
different (p<0.05) from thddxes on day 4 to day 7 (Fig-3}. Ammonia fluxes in April
2012 decreased from 0.01 kg NN ha® h™ on day 1 to 0.004 kg Ng-N ha* h™* on day

4 of the experiment and increased to 0.02 kg-NHha' h* on day 5. The flux on day 5

was significantly different (p<0.05) from the fluxes the rest of the days (Fig-4.

The NH; flux on day 5 increased due to an increase in the ambient mass transfer
coefficient (K;), which resulted from low NIH-N concentration values in all thet@pe
PDSs which were below the DL, resulting in a small laminar boundary laygi) @nd
hence an increase inK In general, Nglemission calculations that resulted in small
negative values were because the;éhcentration in the chamber dropped to ambient
levels Ammonia emission ratealculations are summarized in Appendices E, F and G.
The NH,-N corcentration in both the blank &hd L-type PDSs were 0.06 mg'lin April

2011 and 2012 and 0.09 mg in August 2011.
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Figure 4-2 Mean hourly NH3-N fluxesmeasured in the fieldin April 2011. (Bars are
standard errors (n=3)).
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Figure 4-3 Mean hourly NH3-N fluxesmeasured in the fieldin August 2011 (Bars
are standard errors (n=3)).
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Figure 4-4 Mean hourly NH3-N fluxesmeasured in the fieldin April 2012. (Bars are
standard errors (n=3)).

4.3.3 Mass and fractional ammonianitrogen loss

4.3.3.1Ammonia nitrogen loss inApril 2011 (kg NHz-N ha?)

In April 2011, the mean (n=3) Nfemissions decreased from 22 kg W ha' onDay 1
to 0.56 kg NH-N ha' onDay4 of the experiment, and the total cumulativesNH
fraction of the fertilizer N was 0.4Fig. 45a). The mean (nA air temperature
calculated soil surface temperature, and RH weré€@621.8C, and 74.3%,

respectively (Fig.4b).
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An increase in soil temperature fratay2 may not have affected Ni¢missions
substantially since the maximum KEimissions had already occurredday 1

According to Parton (1984) the elevation of the predist@btemperature above the air
temperature increases with increasing air temperature ug@oa2f plant biomass
greater than 0.4 kg fn In addition, the elevation of the soil temperature due to a solar
radiation factor also contributed to the predicded temperature being greater than the

air temperature.

4.3.3.2Ammonia nitrogen loss inAugust 201Xkg NHs-N ha?)

In August 2011, the mean (n=3) emissions per sampling period increased from 3.82 kg
NHs-N ha' onDay1 to 4.42 kg NiN ha' onDay 2 and decreased to beldie
detectionlimit from Day4 up to the end of the experiment (Fig6&). The NH-N

emissions were 0.12 and 0.29 kg NK ha’ on Day5 and 6 and the total cumulative N
loss fraction of the fertilizer N was 0.1Big. 46a). Anmmonia enissions were probably
enhanced by the temperature increase betegri and 2 of the experimerftig. 4-6a).

The mean (n# air temperature, calculated soil surface temperature, and RH were
21.6'C, 25.4C, and 73.9%, respectively and all had aegahdownward trend

throughout the measurement period (Bigb).
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4.3.3.3Ammonia nitrogen loss inApril and August 2012 (kg NH3-N ha™)

Ammonia emissions in April 2012 decreased from 0.34 kg-NHia* onday 1 to 0.09
kg NHs-N ha' onday4 of the experimer(Fig 47a) On day5 emissions increased to
0.47kg NHs-N ha’ dueto an increase in the ambient mass transfer coefficightI(K
April 2012, the total cumulative N loss fraction of the fertilizer N was .OTb&lower
temperatures and fertilizer application raté\pril 2012 than in April 2011 probably
contributed to the relatively smaller NEmissions ire012than in2011 In April, 2012,
the mean (n=7) air and calculated soil surface temperature and RH W&egd7=C, and
48.4% (Fig.47Db), respectivelyFurthermore, though theUAN-30fertilizer application
rate in August 2011 and April 2012 was the sg&tekg N had), NH; emissions in
August were highefseesection4.3.3.2)probably due to the higher summer
temperatures.

4.3.4 Effect of irrigation, soil pH and water condensation on Nklemissions

4.3.4.1 MWE irrigation

The effect of MWE irrigation (applied 72 h aftgAN fertilizer application) on Nl
emissions could not be determined since the PDSs were sheltered from the irrigation. Fox
and Hoffman (1981) found insignificant NEmissions from urea fertilizers, including
sprayed UAN, applied to rtill corn in CentrédPennsylvania, if Tm of rain occurred
within 48 h of fertilizer application and slight NEmissions (<10% of applied N) if 1
cm or more rainfall occurred withindays after fertilizer application. The authors
compared their results to otherlfieexperiments and found similar trends in NH
emissions if rainfall occurred withindaysafter urea application. Vaio et al. (2008)

observed a reduction in NHN emissions when aem rain occurred 3 to daysafter
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spring fertilizer application (ure&JAN and Nitamin® fertilizer) to tall fescue.
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4.3.4.2 Soil pH

In general, NH emissions were highest within 24 h after fertilizer application, probably
due a temporary increase in soil pH caused by urea hydrolysis. Emissions decreased to
nearly zero within one week after fertilizer application, probably due to movement of
NH,4" ionsinto the soil profile and their retention on the soil cation exchange sites. The
percentage of ammoniacal N in the form of itipH 6.0, 7.0 and 8\Was reported by
Ferguson et al. (1984) to be 0.026, 0.26 and 2.6%, respectively. Smith et al. (1996)
observed an increase and decrease in sodyrkhg night and dayimes, respectively,
following urea application. The authors attributed the increase and decrease in soil pH to
urea hydrolysis and loss of Niftom the soil solution, respectively. There wers
measurable increase in pH following fertilizer application, which suggests a riglative
strong pH buffering capacighownto occurin clay soils and soils with higbrganic

matter (SOM)Althoughthe soil textural clagsin the 5 to 1&cmdepth in tle surface

soil horizon was identified to Heam and clay loam sditeechapter 3, Table-3), the

mean (n=4) SOM measured0 to 5-cm depthof the surface soil horizomwas between

6.0 and 8.2%seechapter 3section3.4.1). According to Ferguson at. (1984) a soll

with a strong pH buffering capacity has less potential fog Wihtilization provided all

the other factors are constant.

4.3.4.3 Water vapor condensation inside chambers

In the PDS technique, condensation ofsMdntaining water on thL-type PDSs may

occur, which canincreag the NH,-N concentration in the filter paper. Water

condensation inside the chambers may occur due to lack of ventilation and, in the case of

this study, probably when the fawereoff due to a low battery chaegHowever, in this
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study water condensation was also observed even when the fans were on, probably due to
relative humidity(annual mean RH of 71%alculated as the meantbke maximumand
minimum RH in Appendix Bat thestudy site. Watevapor condensen may occur
inside the chamber at high relative humidity (Svensson, 1984 pril 2011, the RH
decreased from about 80% to 6@%weerday 6 andday7, andin August 2011, the RH
decreaseffom 85% 1 about 60% fronday 4 up to the end of the experiment. In this
study, water condensation occurred inside the chambers ondsgsn@nd was dried out
at the time of changing tHeDSs. Although the mean RH during the experiment in April
2012was lower (48.4 %)than the RH74.3%) in April 2011, theNH; fluxes measured in
April 2012 weresmaller(0.01 kg NH-N ha® h* on Day 1)than the fluxes in April 2011
(0.89 kg NH-N ha' h* onday 1) In April 2012, water condensation occurred inside the
chambers odays 4, 5 and 6, even though the fans were running, probably due to an
increase in RH oday4 and 5 of the experime(gee Figure 4). An increase in RH and
water condensation may have influenced the increase in th@uxXids onday 5;

however apart froman increase in the mass transfer coefficienj {iKthe ambient

location, it was notlear why the N emissions omlay 5 increased.

In summary, the annublAN-30 fertilizer application rates of 122 kg N h&011) and

112 kg N h& (2012) represent 72.6 % and 66.6 % of the N requirement for tall fescue in
Pennsylvania (168 kg N Ha(PSU Agronomy Guide2012). Based on the estimated
fractional cumulative N loss, the annual fertilizer N loss measured in the chambers in
2011 was 75 kg ha'; however the actual fertilizer N loss was probably less than what
was measured in the covered chambers since the grass field was irridaysdfer

fertilizer application. Some studies (Fox and Hoffman, 1981; Vaio et al., 2008) have
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observed decrease in ammonia N loss if rainfall occurred within 24 to 72 h following
UAN fertilizer applicationTherefore, any fertilizer loss wasore than compensated for

by effluent N (220 kg N hY added in 2011 (se@hapter3, Table 32).

4.4 Summary and conclusions

The anmonia emissions weextremely smal{10” to 10° kg ha* h™) except following
UAN-30fertilizer application. The fraction of ammaneémission of the MWHN was
essentially zer¢10° to 10%). The ammonia fluxes wesenalldue tonear neutral MWE
and soil pH, low NH'-N in the effluent applied at the Living Filter, high CEC of the
Hagerstown soil, and the irrigati@pplicationcarrying NH;" downward away from the
soil surfaceAmmoniaemissions followindJAN-30 fertilizer applicationwere in the
range 0.004 and 0.89 kg Ml ha' h, and thefraction of fertilizer N loss due NH;
emissions were 0.40, 0.19 and 0.03 in April 2011, August 2011 and April 2012,
respectivelySince ammonia measurements in the field were maderwcovered
chambers, the effect of efflueintigation on ammonia emissions from tHAN-30

fertilizer applicationsvasnot capturedConclusions fromte study are

(a) The greatest Nkemissions following commercial fertilizer (ur@anmonium
nitrate) application measured under closed chambers, occurred within 24 to 48 h
of fertilizer application. Futureesearch is needed to investigate the effect of
effluent irrigation on ammonia emiess from crop fields also fertilized with

other nitrogen sources, e.g. commercial fertilizer.
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(b) NHzemissions due teffluent applicatiorat the study siteveresmall(in the
range of10°to 10” of the effluent total Njand thus negligible in the overall
balance

(c) For nitratedominated MWEsattempts and efforts taiqrtify the N loss factorfj

should be directed towardigrtifying denitrification.
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Chapter 5. FRACTIONAL MEASURED ATMOS PHERIC DENITRIFICATION
NIT ROGEN LOSSFROM TALL FESCUE HAY SPRAY -IRRIGATED
WITH MUNICIPAL WASTEWATER EFFLUENT

Abstract

Atmospheric nitrogen (N) lossesmmunicipal wastewater effluent (MWE) irrigation are
mainly due to denitrification if nitratdominated effluents are used for irrigation.
However, few scientific investigations have quantified the fractional N fpas€d in the
design of Nbased MWE ingation depths. The goal of this study was to determine
basedon denitrification measurementsn@d) (fraction) in the surface soil horizon over

the growing season in a crop fietdgated with MWE. The study was done in 2011 and
2012, in a tall fescue grass field at the Penn State University (PSU) Living Filter (LF) in
Central Pennsylvania. Seconddrgated (including biological nutrient removal) MWE
was irrigated at the LF at a ratesémwk™. In addition to MWE nitrogen, urea
ammonium nitrate (UARBO) fertilizer was applied to the grass field to supplement

effluentsupplied N.

Denitrification fluxes were estimated in the laboratory using the acetylene inhibition
method in 4.8&m i.d and 10.2m tall intact soil cores. The soil cores were collected 4 to
5 h after irrigation ceased (Al) and 6 to 7 h before the next irrigation began (BI) and
incubated in the laboratory for 6 h. The core headspiaiwais oxide concentrations were
determined by gachromatographylhe daily denitrification fluxes were extrapolated
from the hourly fluxes and the denitrification N loss per irrigation cycle was estimated
using the model, JO-N (kg N halday?) = ae™, where x is number of days after

irrigation ceasedThe constants a and b were determined for each irrigation cycle using
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the AlandBI estimated daily denitrification fluxeEffluent samples were collected
weekly and were analyzed for TN aN@s-N. Thefmd estimates were calculated from
denitrification(kg N ha') and the applied MWEN (kg N ha') per irrigation cycle for

12 irrigation cycles.

About half (57.8%) of the denitrification fluxes (kg N'tet) measured on 63 sampling
dates were nor mal |y dmeant(n=8)Bldéeniificationdluxes 0. 05)
(kg N ha' h%) were greater than the Buxes possiblydue to temporargnaerobic

conditions and increased availability of denitrification substrates (e.g. dissolved organic
carbon and soil Ngoncentration). The aterfilled pore space (WFPS) (0 tocén) was

in the range of 65 to 97%ith higher WFPS values measured after irrigatiGm

average, the MWHN loading was 4 to 5 kg N Heper irrigation cycle.

In 2011, hefmd estimatesvere 0.40 (2 to 6 June), 0.9B2 to 18 July), 3.25 (12 to 15
August), 3.4516 to 22 August), 0.50 (21 to 26 September), 02Z1eptember to 3
October), 1.X25 to 31 October), and 0.7 (15 to 21 November). In 201Zde
estimates were 030(15 to 21 May), 0.7422 to 25 Jua),0.19 (10 to 16 July), and 2.87
(7 to 13 August).Thefmdestimates in July 2011 and 2012 and November 2011 were
likely least affected by fertilizer applications on 22 April 2011, 5 August 2011, 6 April
2012 and 3 August 201andfmd estimate in Novemb@011 was probably due to lack
of plant N uptake. Irrespective of the UA3D fertilizer effect on thémd valuesf values
greater than or equal to one are unreasonable for design purposes or éweh the
estimates 00.40(2 to 6 June 2011) and @.722 to25 June 2012) due to the high tall

fescue N uptakand removaéxpected in June.
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Apart from thefmd estimates of 0.21 (27 September to 3 October 2011), 0.2 (10 to 16
July 2012), and 03(15 to 21 May 2012) thend estimates were greater than the design
values suggested by the USEPA for secondary (0.15 to 0.25) and tertiary (0.1) treated
effluents. Thesénd estimates could represent these months since the measured
abovegroundbiomass yield and crop imovalwas realistic for tall fescue in
Pennsylvania. Thind estimates decreased linearly with the ratio of the Bl to Al mean

hourly denitrification fluxes measured within the same irrigation cycle.

For future research, daily denitrification data are neeeéedrpgation cycle and in the
absence of commercial fertilizer to refine fhed values and the relationship between the
fmd values and the ratio of the Bl to Al mean hourly denitrification fluxes (kgNfha

within an irrigation cycle.

5.1Introduct ion

The fractional atmospheric nitrogen (N) lo§sdue to municipal wastewater effluent
(MWE) irrigation at the Penn State University (PSU) Living Filter (LF) was assumed to
be mostly due to denitrification N loss since ammonia volatilization was previously
determined to be essentially zero (sbapter4, section4.3.1) at the study site (see
chapter 3sectiors 3.2 and 3.3) Due to the several factpmich as high organic matter,
fine textured soils, frequent wetting, neutral to slightly alkaline pH warm temperature,
and abundant denitrifier microbiedmmunity 6eechapter 2section2.4.2)

denitrification fluxes in MWE irrigation can vary considerably, both temporally (between
seasons and over short periods in response to MWE irrigation or rainfall) and spatially
due to inherent variability and urav distribution of applied MWE (Barton et al., 1998).

Varying conditions within soil microsites can lead to high variability in denitrification
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over short distances (Parkin, 1987). One way of dealing with spatial and temporal
variability in studies of defrification is to accommodate the characteristics of temporal
and spatial variation of the site in the sampling design (Tiedje et al., 19&9xarhbe
achieved by sampling from locations that represent the spatial variability of a study site

during different climatic conditions throughout the year.

Denitrification following effluent irrigation has been mostly studied in the surface soil
horizon in forestlands or grass fields (Brar et al., 1978; Ryden et al., 1981; Barton et al.,
1998; Meding et al., 2I1; Fedler et al., 2003; Hooda et al., 2003). The surface soil
horizon is often a carberich layer where the greatest activity of N cycling processes

occur (Shaffer and Ma, 2001). In the past, denitrification studies in MWE irrigation have
focused onhe denitrification potential (Brar et al., 1978; Fedler et al., 2003),
measurement of gaseous denitrification products (Ryden et al., 1981; Hooda et al., 2003),
and quantification of the fractional denitrification N loss (Meding et al., 2001). However,

to date, there has been little scientific investigation of denitrification activity in the

surface soil horizoover the growing seasam MWE irrigated crop fields, with the goal

of verifying the fractional atmospheric N loss values suggested in thedrerat

5.2Research goal and questions

The research goal was to determine the fractional denitrification Nffod¥ ¢ver the
growing season in a grass hay field irrigated with treated municipal wastewater effluent.
The research goal was achieved throoglasurement of denitrification N loss in the
surface soil horizon and quantification of the total N in the MWE. The questions

addressed in the research include:
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1. How does denitrification compare before and after irrigation over the growing
season?

2. Do thefmd valuevary over the growing season?

3. How do thefmd values compare to tfiealues suggested YSEPA (2006) and
those noted itCrites and Tchobanoglous (1998r secondary and tertiatyeated
effluent irrigation system desig@n

4. What is the relationship between the before and after irrigation denitrification
fluxes and thémd values?

5.3Materials and methods

Denitrification was measured using the acetylengifinhibition method (Yoshinari et

al., 1977; Knowles, 1982; Rydenadt, 1987; Mosier and Klemedtsson, 1994; Groffman,
2006) in the surface soil horizon of a tall fescue field at the Pennsylvania State University
Living Filter site (seehapter 3sectiors 3.2 and 3.3). Acetylene blocks the conversion

of N,O to N, and esearchers take advantage of this fact to measure the amoufit of N
produced as a proxy for total denitrification. The acetylene inhibition method is
appropriate for N balance studies, since it quantifig3 that could ultimately be

converted to Bgas (i et al., 2005). Tie method is reasonably good in terrestrial systems
with high tomoderate levels dfiOz; concentrations (Groffman, 2006) andsisl one of

the most widely used techniques in denitrification studies (Tiedje et al., 1989; Groffman
et al.,2006). However, the method has some drawbacks such as the potentjél.fty C
inhibit the first step of nitrification (Fig.-&) (Walter etal., 1979, and Mosier, 1980, as
cited by Ryden et al., 1987; Groffman et al., 200@hibition of nitrificationwould

reduce production of Nfthe terminal electron acceptor for denitrification.
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Possible GH; inhibition of
wtion
NO,™ C.oH, C,H; inhibition of complete
l \ denitrification

NO;~ » NO; + NO +N,0 Q) N.

Figure 5-1 Acetylene inhibition of total denitrification (Groffman etal., 2006)
Gaseous denitrification products were measuredtact soil cores in the laboratory
using GH, inhibition methodTiedje et al., 1989; Groffman, 1995; Groffman et al.,
2006). According to Ryden et al. (1987), in very wet soils (e.g:dogs sampled
immediately following irrigation in this study) theld; inhibition method in intact soll
cores is superior to alternative methods thatiuséu treatment of soil wittC,H, and
anenclosed covenver the soil surface. This is due to th#iculty of introducing GH,

and the slow diffusion of O out of the wet soils withh situ methods

5.3.1 Soil sampling and handling in the field

During preliminary studies in 2010, 4cé i.d. by 10.2m long and 4.8m i.d. by 15.2

cm long aluminum cylinders were used to collect undisturbed soil cores from the surface
soil horizon at a distance of about 4.5 m on the uphill side of laterhl(4€echapter 3,

Fig. 33). The purpose was to determine whether it was practical to sartiplécm

depth (since the surface soil horizon at the study site is quite rocky) or if a shallower
sampling depth was sufficient. The undisturbed soil cores were collected usingra 5.1
i.d. by 305 cmlong sampler cup (coring tube) attached to a simlmmer.

Denitrification fluxes for the two core | e
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(data not shown). Therefore, based on these preliminary results, tharil@Ag core

depth was chosen for this research. In addition, collecting shores would reduce the
possibility of compaction during sampling, which reduces porosity and, in turn, the gas
diffusion rate from the core. The core diameter ¢4 was within the3 to 8cm range

suggested by Mosier and Klemedtsson (1994).

In both yeas, intact soil cores were collected from the soil surface horizon in the mid
morning of the day irrigation commenced at 6 pm (Tuesday) andanoiding the day

after irrigation ceased at 6 am. These sampling times have been designated Bl (before
irrigation) and Al (after irrigation). In 2012, additional samples were collected 3 days
after irrigation ceased (on Fridays). According to Ryden et al. (1978), the most reliable
estimates of the daily N loss asNcan be obtained from samples collected in thee mi
morning since the temperature during this time is likely to be near the daily average. The
sampling scheme was designed to evaluate the effect of the cha@Qg Mand soil

moisture on denitrification fluxes between two consecutive irrigations. Oags/@0 to

85 % of the total N in the effluent irrigated at the LF contaiN@&d-N (seechapter 3,

Table 32 and 33) during the study period.

The soil cores were collected before and after at least two irrigation events each month
and around the samates from May to November in 2011 and 2012. For each sampling
event, two cores were collected from one random location witmrofa set of three
suction cup lysimeters installed at each of the four sampling locationshégeter 3, Fig.
3-3). The N cacentration in the soil water samples from the lysimeters was determined,

and the data were used in the N balance presentbajer 7. The grass was clipped to
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about 1.3cm height above the soil surface prior to collecting the soil core witharb.1
i.d. by 305 cmlong sampler cup (coring tube) attached to a slide hammer. The cores
were held in a cooler and transported within 2 to 3 h of sampling to a laboratory at the
U.S. Department of Agriculture (USDAJasture Systenand Watershed Management

Resarch UniftPSWMRU) at Penn State.

Soil temperature, moisture content, watiled pore space (WFPS), and soil nitrate

Before collecting a core, soil temperature was measured with an AqUABG(E

(Atkins) temperature meter attached to élfinlong probeand the volumetric soil
moisture content was measured with@6TH20 ML2X portable moisture probe
(Dynamax®). Two additional soil moisture content measurements were made in close
proximity to the location where the soil cores were removed. Thaum®igrobe was
calibrated following the method of Kaleita et al. (2005). Equatieh] fwas developed
from a linear regression of the volumetric water content measured in the field and
volumetric water content estimated from the gravimetric water coatehporosity
(estimated from assumed particle density of 2.6B1gand the soil bulk density,

g cm). The gravimetric water content was determined in 12 aluminum cylindersni4.8
i.d. and 10.Z2m long).

d=-35. 341 4d #3B7R. AB2AN924r R°=0.94 [5-1]

where:
d. = Calibrated fractionalalumetric soil water content
di = Fractional volumetric soil water contantasured in the field
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The wateffilled pore space was determined as the percentadebthe total porsity of

0.57, which was based on mean (n =3) bulk density of 1ct8%(0 to12cm) (see

chapter 3section3.4.2) and an assumed particle density of 2.6619 Three disturbed

soil samples (0 td-cm depth) were collected (near the hole where the core for
denitrification measurement was removed) with acénldiameter soil auger. The

samples were composited, air dried in a greenhouse and analyx&ds:fdrand

ammonium (NH-N) at the PSU Agriculturahnalytical Services Laboratory (AASL)

using the ion specific electrode methods defined by Griffin (1995) and Mulvaney (1996).
The purpose of measuring sbiDs-N and NH-N concentrations was to monitor the
change in the mineral N before and after irrigatibhe 0 tdb cmsampling depth was
adopted to minimize disturbance of the sampling area, which could affect the WFPS and

ultimately denitrification.

5.3.2 Measuring denitrification fluxes in the laboratory

5.3.2.1 Handling soil cores in the laboratory

The laboratory temperature was maintained &21Each core was placed in a bifa

i.d and 12.%m deep schedui0 polyvinyl chloride (PVC) sleeve with a cap cemented

to the bottom, leaving a 2.%4n deep headspace above the soil. The sleevedopgred

with PVC caps that were fitted with a rubber septum (6ridSupelco Analytical). To

avoid gas leakage, silicon sealant was applied around the edge between the PVC cap and

sleeve.

About 15 min after capping and sealing the cores, 15 mL of aidveag from the core

headspace through the rubber septum using a 35 mL plastic syringe. Immediately after,
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15 mL of GH,was added to the core headspace. The 15 mL air volume was determined
as being 10% of the sum of the headspace (53.9 mL) and totpbs®Volume (106.8
mL). The total soil pore volume was determined from the product of the core volume

(186.2 mL) and total porosity (0.57).

Fifteen mL of air was drawn from theeadspace at 2 h and 6 h after addigig.@o cores
obtained from May to Augst 2011 and the same volume of air was sampled from the
headspace at 2 h and 4 h for the soil cores collected from September to November 2011
and from April 2012 to October 2012. The air samples were transferred to evacuated 12
mL vials. Before drawing aair sample at each sampling time, the air in the core
headspace was first mixed with slow pull and push strokes via the rubber septum. The
pull and push strokes helped to identify any broken spots along the silicon seal which
needed mendingThe core hadspace was sampled at shorter incubation times than those
suggested biylosier and Klemedtsson (199@, 12, and 24 h}p avoid changes in the
core microclimate that could potentially affect the denitrification response. Furthermore,
the purpose of prossing the cores immediately after sampling and the short incubation
times was to give a denitrification response closely representative of field conditions.
5.3.2.2 Total denitrification (kg N ha') measured as MO-N in head space of

undisturbed soil cores in the laboratory
Total denitrification was estimated by measuring th® Moncentrations in the air
samples drawn from the core headspace and determining the corresponding mass of N.
The NO was measured using a Varian 3800 gas chromatograph (Bipped with an
electron capture detector, a column packed with Porapak Q, and a-Eahahito

sampler. The chromatograph oven and injector were maintained at 50°C and the detector
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at 285°C. Nitrogen was used as the carrier Dlas.air samples were agaéd on the GC
along with 5- 6 sets of NO standards. Each set of@®Istandards had four 12 mL vials,
two of the vials contained 1 ppr@.00194ug mL™) N,O standard andnothertwo
contained the 10 ppn®0194ug mL™) N,O standard. The GC injectialumes were
1.0 mL for the air samples drawn from the soil core headspace befdsev&s added

and 0.2 mL for the air samples drawn after addigg.C

The GC produces plots of peak areas dependent on the amount of gas species injected.
Thus, the GC peakreas for each set ob® standards and their corresponding mass (1g)
were fit to a quadratic equation (calibration curve) because of deviation from linearity
over the range of standard concentrations. The®, (Ng) in the air samples from the soil
coreheadspace was determined using the quadratic equation and the GC peak areas for
the air samples. The mass ofON(Lg) was then used in Eq.- to determine the O-

N in the samples.

0.0636N,0 Vg

2
- = -2
N,O- N v [5-2]

where:
N,O-N = estimated gaseous total denitrification, kg N ha
0.0636 =0.636 (N fraction in #D) x 0.1 (unit conversion from pgm? to kg ha')
N>O = NO in core headspace, ug

Vg = total gas volume (MVa), mL
1 Vi = Vol. of headspace above core, mL
1 Va = volume of air filled porosity calculated as¢-y/ (¢ /f)/ ¢], mL
1 Vi = volume of total porosity (f x 3, mL
M f = total porosity,
T V. = core volume, mL
M1 d. = calibrated volumetric water content, fraction
A = Surface area of corem®
Vi = injectionvolume on the GC, mL
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5.3.2.3 Total denitrification fluxes measured as pO-N in head space of undisturbed
soil cores in the laboratory(kg N ha*h™)

The NO-N from each soil core was determined using E][BMosier and
Klemedtsson, 1994). The denitrification fluxes were corrected tmibitu soll

temperature using a;@temperature coefficient value of two (Knowles, 1981; Rolston

al., 1984).
MS - M1 (5.3]
Q=——1 :
Ts ) Tl
where:

Q = NO-N flux, kg N ha* h*
Ms = N,O-N produced in soil core during the second sampling interval, T
(determined using Eq. {8]), kg N ha'
M1 = N,O-N produced in soil core during the first sampling interval, T
(determined using Eq. {8]), kg N ha'

Ts = Second air sampling time of core headspace after initiation (6 h (May to
August 2011) and 4 h for the rest of the study), h

T1 = First air sampling time of core headspace (2éradding GH>), h

5.3.2.4 Denitrification flux and fmd per irrigation cycle
The exponential model y = &&(where vy is the estimated denitrification N lokg N ha
'day') and x the number of days after irrigation ceased) was used to estimate

denitrification per irrigation cycle. The assumption of using an exponential model to

estimate denitrification per irrigation cycle was based on what others have observed in

denitrification studies in MWE irrigation. Ryden et al. (1981) and Barton et al. (1998)

observed an exponential decrease in the denitrification fluxes 24 h after irrigation ceased
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Denitrification flux (x 10°)
(kg N ha' hh

until the next irrigation cycle began unless rainfall occurred. In addition, fieatton
appeared to decrease exponentially during preliminary studies of this researck2{Fig. 5
The denitrification fluxes in Fig.-2 were determined following the method described in

sectiors 5.3.2.2 and 5.3.2.3 with Ts angaf 6 h and 2 hrespectively.
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Day in August 2010

Figure 5-2 Mean (n=4) hourly denitrification flux between two irrigations in August
2010.Al = 4 to 5 h after irrigation ceased and Bl= 6 to 7 h besatessequent
irrigation began.

The exponential equation (y =% was fit to the data in FigureZand the correlation

of determination (B for the plot of the denitrification fluxes to the days from 10 to 14

August 2010 was 0.81, and thé\Ras 0.11 for the plot of the denitrification fluxes to the

days from 10 to 16 August 2010. The latté(®11) was probably due to the rainfall

event on 15 August. Furthermore, simulated denitrificatic®@\,) (kg N ha® d™)

between two consecutiveigations for model simulations completed with the
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Denitrification Decomposition (DNDC) model and Cycles, a PSU Agralogical model
(developed by Dr. Armen Kemanian at Penn State University, University Park) in this

study also tended to decrease exgdially.

For each irrigation cycle, the constants a and b in the equation™yf weee determined
by dividing y = aé™ (where y =estimated daily Al denitrification flux; x= 1) by y =*4e
(where y=estimated daily Bl denitrification flux and x = The Al and BI daily
denitrification fluxes were extrapolated from the mean hourly denitrification fluxes
calculated irsection5.3.2.3 by multiplying the mean hourly denitrification fluxes by 24.
Thefmd value was calculated from the estimated denitifim N loss (kg N H8 and

the MWETN application rate (kg N 3 per irrigation cycle.

The estimatedind values were assessed against the ratio of the Bl mean hourly
denitrification flux to the Al mean hourly denitrification flyper irrigation cycle. The

ratio was expected to be less than unity since Al denitrification fluxes were expected to
be greater than the BI fluxes due to the potential of hautrgased WFP &fter

irrigation, which partly favor denitrification. The moatron for the assessment of the

fmd values against the Bl and Al denitrification fluxes was because Hooda et al. (2003)
observed an exponential decrease in the ratio of the denitrification flux on the days (10 to
14 days) between irrigations to the defitation flux on the first day after irrigation

ceased.
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5.4 Statistical analyses
Soil denitrification is known to be very highly variable (Rice and Smith, 1982; Folorunso
and Rolston, 1984; Parkin et al., 1987), with coefficients of variation (CVs) soeaeti

exceeding 100% argbil denitrificationis usually log normally distributed

(Parkin et al., 1988; Parkin and Robinson, 1989). The variability is often manifested in
data sets where most samples have low (or undetectable pratasew samples

disgaying very high rates (Parkin and Robinson, 1989). déwetrification fluxes for the
eight samples collected on each sampling date were tested for normality in Minitab 16
using theAndersonDarling test by evaluating the null hypothesis {Hhat the burly
denitrification fluxes on each sampling dédowed a normal distribution at a 0.05 level
of significance. The estimated Al and Bl mean (n=8) daily denitrification fluxes were
compared using oreay analysis of variance (ANOVA) and the Tukey's wa&e mean

comparison test at a 95% confidence interval using Minitab 17.

5.5Results and discussion

About half (57.8%) of the denitrification fluxes (kg N'tré) measured on 63 sampling

dates were normally di stTheimean=8)dl (U = 0. 05)
denitrification fluxes (kg N hiah™) were greater than the Bl fluxpsssibly due to
temporaryanaerobic soitonditions that favor denitrification and increased availability of
denitrification substrates (e.g. dissolved organic carbon antli®gitoncentratioh In

laboratory studies of potential denitrification at the PSU LF, Brar et al. (1978) measured
increasedlenitrification in watefextracted soils, and the authors concluded that in

addition to removing possible watsoluble substanceexic to denitrification, the
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Mean denitrificatiorflux (x 10%) (kg N ha' h%)

increase in denitrification was also possibly due to the release of easily decomposable
carbon.

During the study perioche WFPS (before and after irrigation) was always above 60%
(Fig. 5-3), which is generally consideredlie the threshold WFPS needed for anaerobic
conditions that favor denitrification according to Nommik (19%&)oda et al. (2003)
measured high denitrification fluxes when the WFPS was greater than 60% for MWE
irrigation events irfcucalyptus globuluplantaions. On 26 September 2011, rainfall
occurred after soil samples were collected, hence, the WFPS at sampling time did not
include the additional 2.6¢ém of rain (about half of the irrigation depth) (Appendix H).
The denitrification fluxes were not lindgpicorrelated to the WFP&ernandes (2011)

also found no predictivienearrelationship between denitrification and WFPS.
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Figure 5-3 Mean hourly denitrification fluxes vs waterfilled pore space.
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Figure 54 suggests denitrification was not limited by soil nitrate at the soil surface (0 to
5 cm), since some of the smallest denitrification fluxes in this study were observed when
soil nitrate was the highest and vice vetagasture gras®yden et al. (1981fpund no
relationship between the denitrification N loss and soi Bidicentration nor effluent

irrigation events.
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Figure 5-4 Mean hourly denitrification fluxes vs soil nitrate at 0 to 5cm soil depth.

Three of the four ehitrification fluxes greater than 0.1 kg hia* occurred when the
measured soil temperature at 0 to i depth was between ZDand 25C (Fig. 55).
This result supports a highievalue of 0.25 noted by Crites and Tchobanoglous (1998)

for "warm" climates than 0.2 for "cold" climates for seconelagated MWE.
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Figure 5-5 Mean hourly denitrification fluxes vs soil temperature measured at O to
16.5cm depth.

5.5.1 Denitrification fluxes (kg N ha* h™)

The Al denitrification fluxesvariedmorethanthe Bl denitrification fluxes. The
coefficients of variation (CV) for all the data varied from 42%28rSeptember 2012

(BI) to 626% on 17 July 2012 (Al) with higher CVs tending to be on the Al sampling
dates (Appendix H)The highest Al denitrification fluxes df2.1 x 167 kg N ha' h?,

27.8 x 1P kg N hat h%, and 15.1 x 18kg N ha' h™* were measured on 12 July 2011, 12
August 2011, and 25 October 2011, respectively. The lowest Al flux of £ kg6l ha*

h™' was measured on 17 May 2011 and 15 May 2012 (Appendix H).

108



The low denitrification fluxes in May were probably because the ggefdscue biomass
yield accumulation occurs in May (seapter 3, Fig. &), hence greater nitrate uptake

by roots and less nitrate available for denitrification. Irrigation and the rainfall events of
0.76cm on 17 May 2011 and 4.82n on 14 May 2012 cdnbuted to the WFPS of 97%

on 17 May 2011 and 81% on 15 May 2012 (Appendix H), which would favor
denitrification, the low denitrification fluxes (compared to the others in the year) might

have been due to slow diffusion of nitrous oxide and dinitrogen the soil cores.

The highest Bl fluxes of 88102 kg N ha' h* and 5x 10 kg N ha h™* were measured
on 15 August 2011 and on 6 August 2012, respectively. The lowest Bl flux of

2 x 10*kg N ha' h™* was measured dil May 2012. This low denification flux was
comparable to & 10* kg N ha' h™ measured on 21 June 2012 after the grass field had
not been irrigated for a monthhe WFPS was 67.2% on 21 May 2012 and 65.2% on 21
June 2012 (Appendix H), just above the threshold WFPS of 60% niedatherobic
conditions that favor denitrification. The denitrification fluxes in July were likely least
affected by the UANBO fertilizer applications on 22 April 2011, 5 August 2011, 6 April

2012 and 3 August 2012.

According to a Tukey's pairwise cqarison test the means (n=8) of the Al and BI hourly
denitrification fluxes per irrigation cycl
irrigation cycles in July and August (2011 and 2012) and September and October 2011.
However, the meansoftheAiInd Bl f |l uxes were not stati s
the irrigation cycles between 2 and 6 June 2011, 15 and 21 November 2011, 15 and 21

May 2012, and 22 to 25 June 2012.
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Apart from the irrigation cycle from 2 to 6 June 2011, rainfall occurréaysbefore the

Bl date or on the Bl date in these irrigation cycles and probably resulted in denitrification
fluxes similar to those caused by irrigation. Rainfall events on or near the Bl dates were
4.75 cm(21 November 2011), 1.98n (21 May 2012), 1.0ém (24 June 2012), and 0.08

cm (25 June 2012) (Appendix B).

The mean (n=8) Bl denitrification fluxes on Mondays were linearly correlated to the
fluxes measured on Fridays, three days after irrigation ceased in the irrigation cycle (Fig.
5-6). The pairs bdenitrification fluxes plotted in Figure-6 are 18 and 14 May (Bl), 25

and 21 May (Bl), 29 and 25 June (BI), 13 and 9 July (BI), 20 and 16 July (BI), 10 and 6
August (BI), 17 and 13 August (BIl), 26 and 22 October (BI). The fluxes were linearly
correlatel probably due to rainfall that occurred a day before or on Monday or Friday.
The relevant rainfall events were 0.&# (13 May), 4.83m (14 May), 1.92m (21

May), 1.07cm (24 June), 0.58m (15 July), 1.28m (19 July), 1.2Zm (20 July), 1.6

cm (9 August), and 0.9e¢m (13 August) (Appendix BBased on the good correlation
between the fluxes in Fig-&it is surmised that in case there is little or no rainfall

between two consecutive weekly irrigations, the Bl fluxes could be those measured either

1,2, or 3 days before irrigation began.
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Figure 5-6 Mean hourly denitrification fluxes on Fridays vs fluxes on Mondays (BI)
in 2012.
On some occasions, the estimated denitrification fluxes (apart from those in August) were
roughly similar to the fluxes measured elsewhere in effluegated surface solls.
Ryden et al. (1981) measured denitrification fluxes between 0.07 kgl ha h* and
3.1 x 10°kg N ha' h' in pasture grasses, whereas Barton et al. (1998) measured
denitrification fluxes of 0.03 x I®kg N ha® h* in an unfertilized forest. Hooda et al.
(2003) measured denitrification fluxes in the range of 0.82%td.0
9.1 x 10° kg N ha' h''on the first day after irrigation inBucalyptus globuluplantation
in the summer in Australia. In the studies by Ryden et al. (1981) and Hooda et al. (2003)

NHs-dominated effluents were used, whereas the irrigation frequecgfiuent
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characteristics (N©N dominated) in the study by Barton et al. (1998) were similar to
those at the LF study site. Fedler et al. (2003) measured denitrification capacities of 1.2 x
10%kg N ha' h*, 1.7 x10% kg N ha' h!, and 2.5 xL.0? kg N ha' h™ in sandy loam,

loam, and clay loam soils, respectively, on the second day after saturating cores with
effluent (from a Bermuda grass field). The denitrification flux for the loam soil of Fedler
et al. (2003) was comparable to some of theefumeasured in this study on 2 June 2011
(1.6 x10% kg N ha' ™), 11 August 2011 (1.9 X0 kg N ha' h), 27 September 2011
(1.8 x10% kg N ha' h™), and 14 August 201@.6 x10% kg N ha' h™). The 5 to 1&m

soil depth at the study site isgolominantly loam (seehapter 3, Table-3). Although the
denitrification fluxes were likely influenced by the UABO fertilizer applicationsome

of the fluxes were similar to those measured in other effluent irrigation studies (e.g.

Ryden et al., 1981;d¢ler et al., 2003).

5.5.2fmd estimates

Table 51 provides relevant data and calculdted for twelve irrigation cycles, seven of
thefmd valuesvere less than oné\alues greater than one are unreasonable for design
purpose). While all thémd values are not amenable to simple interpretation, some
features of the data are noteworthy. For example, thrdeestimates were in the range of

3 and 3.5 for three irrigation cycles (12 to 15 August 2011; 16 to 22 August 2011; and 7
to 13 August 20121 August when UANS3O fertilizer was applied to the grass field.

Thus, it is likely that in August some of the measured denitrification N loss originated

from the UAN30 fertilizer and not from the applied effluent.
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Table 51 Measured cenitrification and fmd per irrigation cycle

Rain Denitrification ] MWE -TN
Irrigation cvcle ! fall during Measured mean calculated from y=ag™ ain b in (kg N hairrigation fmd
9 y irrigation cycle | denitrification flux 2 (kg N ha*/irrigation y=ae™ | y=ae™ 9 | 9 (fraction)
(cm) (x 10°) (kg N ha® h%) cycle) el
Al: 1.63
2to 6 June 2011 0.56 Bl: 1.10 1.66 0.42 0.08 4.22 0.40
Al: 12.14
12 to 18 July 2011 00.0 BI: 0.05 4.82 7.35 0.93 4.86 0.98
Al: 27.78
12 to 15 August 2011 1.47 Bl: 8.32 17.24 9.01 0.30 5.28 3.5
Al 9.72
16 to 22 Aug. 2011 3.12 Bl: 1.01 6.90 3.40 0.38 1.97 3.45
21to 26 September Al: 4.54
2011 0.45 Bl: 0.81 3.25 1.45 0.29 6.51 0.50
27 September to Al: 1.80
3 October2011 3.91 BI: 0.23 1.35 0.61 0.35 6.29 0.21
2510 Al: 15.12
31 October 2011 2.16 BI: 0.72 8.85 6.03 0.51 8.12 1.10
15to Al: 5.40
21 November 2011 5.59 Bl: 0.40 3.51 2.00 0.43 5.01 0.70
15to Al: 0.10
21 May 2012 2.36 Bl: 0.02 0.08 0.03 0.31 3.42 0.02
22to Al: 1.99
25 June 2012 1.14 Bl: 0.83 1.37 0.60 0.22 1.90 0.74
10to Al: 1.05
16 July 2012 0.64 Bl: 0.16 0.84 0.34 0.31 4.21 0.19
7to Al: 13.17
13 August 2012 2.87 BI: 1.13 8.86 4.76 0.41 3.06 2.87
Al and BI dates, respectively in an irrigation cycle.
Bolded denitrification means are significantly different (U=0.05).
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5.5.2.1fmd estimates in May

The fmd of 0.03estimated for the irrigation cycle between 15 and 21 May 2012 was due
to the low denitrification fluxes measured in May 204&egection5.5.1) despite

possible anaerobic conditions due to the WFPS of 8etAppendi H) on 15 May

2012 (Al). The measured denitrification fluxes were small possibly due to a limitation in
the denitrification activity influencing factors such as dissolved organic carbon and soil
NO; or slow increase of the diifled porosity to allow difusion of the denitrification
products from the undisturbed cores. During the irrigation cycle between 15 and 21 May
2012, soil aifilled porosity probably limited the amount of denitrification productions

due to thés cmirrigation and 2.&m rainfall on14 May and 1.2m rainfall on 21 May

(BI) (see Appendix 3A).

According toLetey et al. (1980) and Stegemann and Cammenga (1990) the fraction of
N>O and N diffusing from soil increases as the-fiiled porosity increases and the
adsorption between tlgases and the soil or the clay decreagéso despite the possible
effect of UAN-30 fertilizer applicationdenitrification fluxes were possibly small since
the highest N uptake in 2012 (53.1 kg N*héseechapter 3, Table-&) occurred in May.
Thus, hefmd value of 0.02 could probably be representative for the month of May for
the grass field. Thénd estimates were not determined in May 2011 since the Al and BI

denitrification measurements were not within the same irrigation cycle.

5.5.2.2fmd estimates in June

Thefmd estimates of 0.40 (2 to 6 June 2011) and (2240 25 June 2012yould be
higher than the values reported in Tablg Since the calculated denitrification was for

days (June 2011) and 4 days (June 2012) and not 7 dayithaihierest of the irrigation
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cycles. The smaller MWEN application of 1.9 kg N K&in 2012, compared to 4.2 kg N
ha'in 2011, contributed to the highfend estimate in June 201gInce the calculated
weekly denitrification was 1.66 kg N Hior theirrigation cycle in 2011 and 1.37 kg N
ha* for the irrigation cycle in June 2012. Both fined estimates would probably be high
for design purposesince the N uptake of 71.0 kg N'hmeasured for June 2011 was
even higher the crop N uptake of 59.2 kip& measured in April and May 2011 (see
chapter 3, Table-&). Since crop N uptake, tall fescue biomass yield, and air
temperatures in May and June are comparable, assuming s$ivalaes for May and

June seems appropriate.

5.5.2.3fmd estimates in dily

Thefmd estimate of 0.98r the irrigation cycle between 12 and 18 July 2011 was about
five times thedmdestimate of 0.1%or the irrigation cycle between 10 and 16 July 2012,
although the MWETN application rate per irrigation cycle wamighly equal in both
years4.9kg N ha' (2011)and 4.2%g N ha' (2012). Thefmdestimate in 2011 was
higher than in 2012 due to the estimated Al denitrification flux of 2.7 kg'Ndtfian 12
July 2011, which was greater than 0.4 kg N Ha estimaed on 10 July 2012. The
difference in the Jul§md estimates highlights the limitations of the method used in
estimatingf even for irrigation cycles occurring within the same month and yéartall
fescue N uptake was roughly the same in July (2.8%mR011 and 2.6% DM in 2012),
however, the measuretovegroundiomass yield in July 2017{6.8kg ha') was more
realistic for the grass field than in July 201287.2kg ha) (seechapter 3, Table-@).
Despite this fact afivalue of 0.99 in not realistic for design purpgdkas the smaller

fmd value of 0.2 estimated in July 2012 could be representative for the grass field in July.
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5.5.2.4fmd estimates in August
The thredfmd estimates in August 2011 and 2012 werde range of 3 and 3.5: 3.25 (12

to 15 August 2011)33.45 (16 to August 2011), and 2.87to 13 August 2012probably
due the UANBSO fertilizer applications on 5 August 2011 and 3 August 28%M the
other monthsin August the Al denitrification fluxesontributed more to the estimated
denitrification per irrigation cycle than the Bl fluxes (Tabl&é)5 However, it is
suspected that N from the UABOD fertilizer applications, and not from the applied N,
contributed to the denitrification N losses. Thadditional data without commercial

fertilizer are needed to estimdtad in August.

5.5.2.5fmd estimates in September

In 2011 the mean (n=2)nd was 0.35 fothe twoirrigation cyclesfrom 21to 26
September 201@md =0.5)and from27 Septembeio 3 October 2011{fmd=0.21)
Although the crop N uptake was roughly the same in Septeimbeth yearg2.9% DM

in 2011 and 3.4% DM in 2012), the measuabdvegroundiomass yield 01859.2kg

ha' in 2011 was more realistic for the grass field tBad.0kg ha'in 2012(seechapter

3, Table 34). Thus considering that the measured crop N uptake in September 2011
(55.1 kg N h&) was comparable to the N uptake in April and May 2011 (59.2 kg*\ ha
and May 2012 (53.1 kg N Ha(seechapter 3, Table-8), thefmd value of 0.35 may not
be representative for September. Thusfiie: estimate of 0.21 could be more realistic
for the month of September than 0.#8September 2012 tHend estimates were not
determined since the Al and Bl denitrification measuents were not within the same

irrigation cycle
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5.2.2.6fmd estimates in October and November

During the irrigation cycle betwe&b and 31 October 2011 thed estimatavas 1.09

due to the high Al denitrification flux estimated on 25 October 2011 21610% kg N

ha® h™), which resulted in a high denitrification estimate for the irrigation cycle. The
denitrification fluxes measured from 6 of the 8 soil cores collected on 25 October 2011
weresimilar to the Al fluxes measured in August in 2011 ant2@vhen UAN30

fertilizer was applieé&nd generally greater than the fluxes from most of the soil cores in

both years.

Although it was not clear why the denitrification fluxes measured on 25 October were
very high compared to the other measurementssrsthdy, the high fluxes were
probably due to small crop N removal typical in October at the study site and
environmental conditions. Although it is speculatibat theWFPS of 91.4 % and soil
NO; of 14.4 kg N h# on 25 Octobewerecomparable to whavas measured on two
other Al dates in October, 90.6 % (WFPS) and 18.1 kg N($wil nitrate) on 4 October
2011 and 91% (WFPS) and 15.1 kg N'loe 23 October 2012 (Appendix Ho
conclusions could be made from fined estimate in Octobgsincef values > 1 are
unreasonable for design purposes. Since the fraction of the atmowalgroundiomass
yield suggested for tall fescue in April (0.05) and October (0.06) are similaci{apter
3, section3.7), the samd valueprobablycould be represeative for the grass field
during both months, howeredditional data is neededhefmd of 0.7 in November

2011 is possible due to lackwégetativegrowth and thus lack of N removal.
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5.5.3fmd estimates designf values, andf values from other MWE studies
Apart from May 2012 for which thiend estimate was 0.02, the rest of timel estimates

were generally higher than those estimated in other effinegated soils, probably

because UANBO fertilizer application enhancedrigification at the study site. In a

study to determine the denitrification potential at the PSU LF, Brar et al. (1978)
determined zero fractional denitrification N loss (as a fraction of NJOn the surface

soil for four soil depths in the 0 to @®n depths of theurface soil horizon in reed
canarygrass. Ryden et al. (1981) estimated the fractional atmospheric N losses (ammonia
volatilization and denitrification) in the range of 0.07 to 0.09. Ryden et al. (1981)

attributed low denitrification fluxe® low soil NG and good aeration, since even after
irrigation the WFPS was never above 82%, which was not the case on the Al dates in this

study.

Using the weekly total denitrification and tertigngated MWETN data from Barton et

al. (1998), thd value was determined to be 0.002 in one week and 0.011 in another week
in unfertilized forest soils. Also in unfertilized soils irrigated with seconttaated

MWE in the Piedmontregionof Georgia, Meding et al. (2001) estimated the fractional

denitrification loss as 0.024.

Out of the 1Zmd estimates only three values were in close proximity to désigaes.
Thefmd estimates of 0.2 in July 2012 and 0.21 in September/October 2011 (Tigble 5
were within the range of 0.15 to 0.25 (USEPA, 2006 s&mondarntreated effluent and
were equal to thevalue of 0.2 suggested by (Crites arahobanoglous, 1998) for

secondanytreated effluents in cold climateBhefmd estimate of 0.02 in May 2012 was
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fmd (fraction)

smaller than thévalue of 0.1 suggested by USEPA (8pand Crites and
Tchobanoglous (1998) for tertiatseated effluents (C:N ratio <1). The effluent C:N ratio

during the study period was in the range of 0.04 to 0.2d(ssg&ter 3, Fig. 35).

5.5.4fmd estimates vs ratio of the Bl to Al mean hourly denitification fluxes
Thefmd estimates decreased linearly with the ratio of the Bl to Al mean hourly
denitrification fluxes measured within the same irrigation cycle when the Al and BI
fluxes were signi fi c-@&nandwhendhe Al fine Bldluxées ( U=0 .
werenos i gni ficantl y di-8).flreFigeremss, theftddebtim@tesof ( Fi g .
0.02 for the irrigation cycle between 15 May and 21 May 2012 was not plotted since it

was much smaller compared to the offned values.

1.2
e fmd=-4.79 * (ratio of Bl to Al mean hourly den. flux ) + 1}08

1.0 | e
0.8
0.6

.
.

0.4 T

02 [ J °

0.0
0 0.05 0.1 0.15 0.2

Ratio of Bl to Al mean hourlgenitrification fluxes (fraction)

Figure 5-7 fmd estimate vs ratio of Bl to Al mean hourly denitrification fluxes.For
Al and Bl mean hourly denitrification fluxes that were significantly different
(U=0. 05) . -1 @atios forAugust net induded).
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fmd (fraction)

0.9
fmd =-0.49 * (ratio of Bl to Al mean hourly den. flux) + 0.719
R2=0.63
0.7 - ° ¢
0.5 -
[ J

0.3 . . :

0 0.2 0.4 0.6 0.8

Ratio of Bl to Al mean hourly denitrification fluxes (fraction)

Figure 5-8 fmd estimate vs ratio of Bl to Al mean hourly denitrification fluxes.For

Al and Bl mean hourly denitrification fluxes that were not significantly

di fferent ( U=-Q/ (afos for. Augustretnclddad).| e 5
Using the BI/Al denitrification flux ratios of 0.19 and 0.17 in the linear equation in
Figure 57, thefmd estimates were 0.17 and 0.27, respectively, and for the BI/Al
denitrification fluxratios of 0.10 and 0.22 tHnd estimates were 0.61 and 0.03,
respectively. A unit BI/Al ratio used in the linear equation in Figu8ytelded arfmd
estimate of 0.3. Aftough BI/AI denitrification flux ratios of up to 1.6 resultediind
estimates above zero the Bl denitrification fluxes were always less than the Al fluxes

within an irrigation cycle. However, additional data are needed to verify the relationship

betweerfmd and the ratio of the Bl and Al denitrification fluxes measured continuously

in the field.
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5.6 Summary and conclusions

In 2011 and 2012, fractional denitrification N log®d) was estimated in a tall fescue
field (15A) at the Penn State Universitiving Filter site. The grass field was irrigated
with secondarjtreated MWE at a rate &fcmwk™* andwasalso fertilized with urea
ammonium nitrate (30%N). Denitrification was measured in intact soil coresr{4i.gl.

by 10.2cm long) collected fromhie surface soil horizon of the grass field 4 to 5 h after

irrigation ceased (Al) and 6 to 7 h before irrigation began in the next week (Bl).

In both years thenean (n=8) Al denitrification fluxes (kg N &™) were greater than

the mean (n=8) Bdlenitrification fluxes (kg N hah™), and the denitrification fluxes in

2011 were generally higher than the fluxes in 2012.AlH&uxes were greater than the

Bl fluxes probably due to themporary increase in WFPS, an increase in$Oyon

some occsions and a possible increase in dissolved organic carbon on the Al dates.
Also, in both years, the denitrification fluxes in August were greater than the fluxes in the
other months probably due to increased nitrificaiod dertrification following UAN-

30 fertilizer applicationgn August

With the exception of Augusth¢ Al denitrification fluxesn both yearsvere in the

range 1 x 1§to 15.12 x 16 kg N ha' h™* and the Bl denitrification fluxes were in the
range 2.0 x 10to 2.0 x 1& kg N he* h™. Althoughthe fluxes in this study were
influenced by UAN3O fertilizer applicationsome of thalenitrification fluxes were
similar to those measured in other MWE irrigation studla2012, the mean (n=8)
denitrification fluxes on Fridays (theedays after irrigation ceased) and the Bl fluxes on

Mondays (6 days following irrigation) within an irrigation cycle had a linear correlation
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of determination (B of 0.98 and slope of 0.68. Thisggests the Bl fluxes could be
those measured either 1,8 3 days before irrigation began. However, this needs to be

verified with further research.

On average, the MWHEN loading was 4 to 5 kg N Haper irrigation cycle. In 2011he

fmd estimatesvere 0.4Q2 to 6 dine), 0.98 (12 to 18 July), 3.252 to 15 Augug, 3.45

(16 to 22 August), 0.5(1 to 26 September), 0.227 September to 3 October), 125

to 31 October), and 0.7 (15 to 21 November). In 201 2fntigeestimates were B{15 to

21 May), 0.72 (22 to 25 June),10.(10 to 16 July)and 287 (7 to 13 August).Seven

fmd values were less than one. Timel estimates in September/October 2011 and July
2012 were equal to 0.2 as noted in Crites and Tchobanoglous (1998) for secondary
treated effluents in cold climates and were also indhge of 0.15 to 0.25 suggested by
USEPA (2006) for secondatyeated effluents. In May 2012, thad value of 0.02 was
less than the design values and it is argued thdtviddees in May could even be lower

in the absence of commercial fertilizer dughte high N uptake in May.He highfmd
estimate in November was probably due to lack of plant N uptdlefmdestimates in
July and November were likely least affected by UBMDIfertilizer applications on 22

April 2011, 5 August 2011, 6 April 2012 andABigust 2012 and all the thrémd

estimates in August were in the range of 3 and@dbably due to the UARO fertilizer
application. Sincév al ues O1 are not r e dmdiestimdtesoff or
0.2, 0.21, and 0.02 estimated in July 20%eptember 2011, and May 2012, respectively,
seemed to somewhat represent these months. The mealsavedroundbiomass yield
and crop N removal during these months @epter 3, Table-3) was realistic for tall

fescue.
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Thefmd estimates and the ratio of the Bl to Al mean denitrification fluxes

(kg ha' hh) within the same irrigation cycle were fit to a linear relationship anéhtde

estimates decreased as the ratio of the Bl to Al mean denitrification fluxes increased,
imresective of whether the BI and Al fluxes w
The ratios (n=5) for the BI to Al denitrification fluxes were less than 0.2 when the Bl and

Al denitrification fluxes were significant

For future research, additional data are needed in the absence of commercial fertilizer
applications to refine thiend values and the relationship betweenftheé values and the
ratios of the Bl to Al denitrification fluxes (kg N fi&™) within an irrigdion cycle.
Additional data considerations might include continuous measurement of denitrification
on the Bl and Al dates and between irrigations, especially around the two tall fescue

aboveground biomass growpleaks in May/June and August/September.
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Chapter 6. FRACTIONAL DNDC -SIMULATED ATMOSPHERIC
DENITRIFICATION NITROGEN LOSS FROM TALL FESCUE HAY
SPRAY-IRRIGATED WITH MUNICIPAL WASTEWATER EFFLUENT

Abstract

The fraction of atmospheric nitrogen (N) losses and soil N storage of the total nitrogen
in municipal wastewater effluent (MWE), usually dendtedthe U.S., is used in the

design of Nbased MWE irrigation rates. However, few scientific investigati@ve h
estimated values based on simulated atmospheric N outputs. The goal of this study was
to conduct fieldscale simulations for a crop field irrigated with MWE and estirhate
basedn simulated atmospheric N losses@N\N + N,). Simulations using the
DeNitrificationDeComposition (DNDC) biogeochemical moaetre completedbor tall

fescue at the Penn State University Liviitier; where secondarireated (including
biological nitrogen removal) MWE is irrigated at a rat&amwk™. In addition to

MWE nitrogen, urea ammonium nitrate (UABO) fertilizer was applied to the grass

field to supplement effluent N.

The DNDCCrop simulationmodel was parameterized in the site mode and simulations
were completed using the DNDC default clay fraction (0.19 famlsoil and 0.4 for clay
loam) and default saturated hydraulic conductivity,(Q.025 m R for loam soil and
0.009 m H for clay loam soil). Theesoil typeswereidentified in the 5 tol&m depth in
the surface soil horizon at the study si&mulations were also completed using
measured clay fractions of 0.26 (loam soil) and 0.31 (clay loam soil) apdd@asured

for the 0 to 15m soil depth (0.017 m¥ in the surface soil. The simulations were

named LD and CLD for the default soil propes for loam and clay soll, respectively,
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and LM and CLM for the measured soil properties for loam and clay soil, respectively.
The simulations were completéat the period2004 to 2012 for latitude 4049 ' 44.4 "
N. Thefsd and the fractional denfidgation N loss {md), based on measured

denitrification and MWETN, were compared.

The simulated ancheasuredlenitrification rates followed similar trends, with generally
higher rates in the day after irrigation than on the day before irrigation. Tdel mo
simulated before irrigatio(Bl) denitrification rates better than the after irrigat{@ih)
rates. All themean absolute erroMAE) values, for all the four simulation types (before
irrigation), were equal, 0.3 in 2011 and 0.15 in 2012 and smakber ttre MAE values for
the after irrigation rate€.98 to 5.2 in both yearg:or represetation of the study sitdé
averagdsd for theLM and CLM simulationsarediscussed along with tHed and

designf values.

The averagésd (LM and CLM simulationsymd values were: 0.03/0.4 (2 to 6 June

2011), 0.01/0.98 (12 to 18 July 2011), 0.08/3.25 (12 to 15 August 2011), 0.16/3.45 (16 to
22 August 2011), 0.02/0.50 (21 to 27 September 2011), 0.01/0.21 (27 September to 3
October), 0.08/1.10 (25 to 31 October 2011), 0.02/0.70 (15 to 21 November 2011),
0.05/0.03 (15 to 21 May 2012), 0.03/0.74 (21 to 25 June 2012), 0.01/0.19 (10 to 16 July
2012), and 0.14/2.87 (7 to 13 August 20IR)e to UAN30 fertilizer application, both
thefsd andmd estimates were greatest in August. The measured and simulated
denitrification rates anfind andfsd estimates in July and November were suspected to
be least affected by the UABD fertilizer applications in April and August in both years.
Thefsd valus varied partly due to the variation in denitrification activity and effluent N
application rates.
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The average (n=243%d for the LM and CLM simulation for 12 irrigations in both years
was 0.05. Thésdestimates were all smaller than fhed valuesexcept for irrigation

cycle between 15 and 21 May 20Q%hen thefsd (0.05) andmd (0.03) were similar.
Thefsd estimates were also smaller than the ddsrglues apart from August when

they were near the lower boundary for degigalues for secondaityeated effluent (0.15

- 0.25). Based on the study findingsalues in the range of 0 to 0.1 and 0.1 to 0.2 could
represent the months of May/June and August/September, respectively, and 0.2 could
represent the month of July. However, further investigation is needed to refisd drel
fmd without commercial fetizer application especially during the months of May/June
and August/September when the aboveground bioofdall fescue peaks at the study

site.
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6.1 Introduction

In municipal wastewater effluent (MWE) irrigation, the effluent nitrogen (N) uyaks
complex processes which are difficult to accurately assess from field measurements.
Thus, simulation models provide an alternative option of assessing the fate and transport
of N through the soil (Kunjikutty et al., 2007). Some of the existing mdbatantegrate

crop growth and hydrological and biogeochemical processes to simulate atmospheric N
losses include: DeNitrificationDeComposition (DNDC), which simulates (gls)
(ammonia), NO (nitrogen monoxide),® (nitrous oxide), and Ndinitrogen) enssion;

the Daily Century Model (DAYCENT), which simulates NO argDNemission, and

CERES and ExpertN which simulate@production. Model simulations in effluent
irrigation (Kunjikutty et al., 2007; Sophocleous and Townsend, 2009) have been

conducted to@mpare model estimates with reliable values.

Soil biogeochemicalisulation models combine primary drivers of denitrification (soil
aeration status, available organic C, and nitratesj@ncentration) and environmental
factors in mathematical relatiships either to predict field denitrification rates or to
investigate the influence of denitrification drivers on observed denitrification variability
(Parkin and Robinson, 1989Que to the high variability of denitrification activity,
stochastic modelthat generatbourly predictions distributed over the daily model output
rather than a single daily prediction have been proposed as a more reliable approach to
simulate denitrification rates (Parkin and Robinson, 1989). Howe\est, denitrification
modebk used in scientific literature are deterministic and range from simple to complex,
such as those that simulate microbial growth (Heinen, 20@8)itrification submodels

are based mainly on three approaches: simple processes that do not consider microbial
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growth or gaseous diffusion, microbial growth processes, or soil structure aspects
(Heinen, 2006). The microbial growth models simulate the dynamics of microorganisms
responsible for the N cycling processes (e.g.-®dC, NLOSS, ECOSYS, and Root
Zone Waer Quality Model (RZWQM)), soil structural models consider the diffusion of
gases into and out of soil aggregates, and simple models are based on easily measured
parameters such as degree of soil saturation, soil temperatundgratetontent of the

soil (Heinen, 2006). Todate, no model simulation investigations in MWE irrigation have
been completed to determine the fractional atmospheric N loss in such systems. The
DNDC modelwas used in this study because the simulated total denitrification could be
estimated as the sum of theONand N model outputsand thusthe total denitrification

field data gathered ichapter 5 could be comparagainst model predictions.

6.2Research goal and questions

The goal of this study was to test the meastotad denitrification against simulated
atmospheric N (BD-N +N,) losses predicted by the DNDC model and to determine the
fractionalsimulated N N>O-N+N) losses from municipal wastewaierigated tall

fescue hayféd). The following research questionsre addressed:

1. How do the simulated denitrification N loss&sQ-N+N,) compare with the
measured total denitrification N losses?

2. How do the fractional simulated N lossdsdj compare to the fractional
measured denitrification N lossegn(l)?

3. How do thefsd estimates compare to the dedigalues specified by USEPA

(2006) and noted in Crites and Tchobanoglous (998
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6.3 DNDC model components

The DNDC model was initially developed as a field scale, prelgsassd, mechanistic

model of nitrogn and carbon dynamics to determin®Nmissions from agricultural

soils in the United States (Li et al., 1992a). The model has been modified by integration
with detailed crop growth algorithms (Zhang et al., 2002), hydrological processes to
simulate NQ leaching in crop fields having a tile drainage system (Li et al., 2006), and
recently, with inclusion of the curve number (SCS) runoff calculation and the revised

universal soil loss equation (RUSLE) for erosion prediction (Deng et al., 2011).

The DNDCmodel consists of two major components (Fid.)6The first component

consists of the soil climate, plant growth and decomposition submodels, which predict the
soil environmental factors using primary/ecological drivers as inputs (climate, soil
properties, vegetation and anthropogenic activity) (Li et al., 1992a,1992b; Boyer et al.,
2006). The soil climate submodel uses daily climate data to predict soil temperature and
moisture profiles fothe 50 cm surface soil horizon (Li et al., 1992a; DNDC, 2012).
addition, the soil climate submodel calculates soil oxygen diffusion within the soil profile
(Li et al., 2000). The plant (i.e. crop or forest) growth submodel simulates plant growth
and is driven by solar radiation, temperature, water stress andshl. §the plant, soll

climate and decomposition submodels are linked through litter production and water and
N demands. The decomposition submodel tracks the turnover of organic matter in the
soil, and provides soil solution NHNO; and dissolved organic daon (DOC)

concentrations to the nitrification and/or denitrification submodels (Fig.(&i et al.,

1992a).
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The DNDC Model
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Figure 6-1 DNDC model structure (Li et al., 1992n

The second component is the 'biogeochemical field’, which plays a core role in the model,
and consists of the nitrification, denitrification, and fermentation submodels. These
submodels quantify production and consumption gNNO, N, NHz and CH by

tracking the kinetics of relevant biochemical or geochemical reactions, driven by the
modeledsoil environmental factors (Boyer et al., 2006). The nitrification submodel
predicts NO and NO production from nitrification regulated by soil temperature,

moisture, ammonium, DOC concentration, growth and death of nitrifiers, and the
nitrification rates. The denitrification submodel simulates denitrification and changes in

the denitrifier biomass as a function of soil temperature and moisture, pH, and substrate
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(e.g. DOCNO3', NO,', NO and NO) concentrations. The denitrificatiémduced NO
and N fluxes are determined based on substrate availabilitfilledt porosity, and gas

diffusion.

The fraction of NO (Letey et al., 1980; Stegemann and Cammenga, 1990) ghetsy
et al., 1980) diffusing from soil increases as thdikd porosity increases and the
adsorption between the gas and the soil or the clay content decreases: Il sdaleiGes
highly sensitive factors for the DNDC model as a whole and the thdrydaaulic,

decomposition, and denitrification submodels, as noted by Li et al. (1992a).

Table 6-1 Highly sensitive factors to denitrification substrates and products in the
DNDC model(Li et al., 1992a).

Model Ttem Highly Sensitive Factors

DNDC model N,O (1) Soil clay content
(2) Soil organic C
(3) Mean annual temperature
N,O+N, (1) Annual precipitation
(2) Soil pH
(3) Mean annual temperature
(4) Soil organic C
CO, (1) Soil organic C
(2) Soil ciay content
(3) Mean annual temperature
(4) Annual precipitation
Thermal- Soil (1) Rainfall patterns
hydraulic moisture (2) Soil texture

Decomposition Soluble C (1) Initial organic C
submodel (2) Soil temperature
(3) Soil moisture
(4) Dry period duration
Nitrate (1) Initial organic C
(2) Dry duration
(3) Soil temperature
(4) Soil moisture
Deanitrification N,O (1) Precipitation
submodel (2) Soil soluble C
(3) Scil nitrate
(4) Soil texture
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In the DNDC model DO plus N emitted per day is the fraction of the total gas evolved

in a day and is dependent on clay content anfillad porosity (Egs. [61] and [62]) (Li

et al., 1992a).
P (N;O) = (0.0006+0.0013*AD) + (0.0130.005*AD)*PA [6-1]
P (Ny) =0.017+ (0.028.0013*AD) *PA [6-2]
where:

P (N:O) = emitted fraction of the totalJ® evolved in a day.

AD = adsorption factor {R), which is selected depending on the soil clay
fraction.
PA = airfilled fraction of total porosity (WFPS) 35/2°
where:
Ts = soil daily temperature in a soil horizon (Zhang et al.,
2002).

WFPS = watefilled pore space.
P (Np) = emitted fraction of the total Nevolved in a day.

The hydrological and other biogeochemical process equations are detaileet lay. Li
(1992a), Li et al. (2000), Zhang et al. (2002), Li et al. (2006), Deng et al. (2011), and Li

et al. (2012).

6.4 Model parameterization

The DNDC (crop) model was downloadedm http//www.dndc.sr.unh.edu/ and
parameterized in the site mode, whi@sthree major information input windows:
climate, soil, and cropping (farming management practices). According to Shaffer and
Delgado (2001) running a model for multiple years to dynamic ststaty conditions
reduces the effects of the initial condits and allows lor¢erm trends to become more

visible. Therefore, simulations were perfornfedthe period o004 to 2012when
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irrigation data for the grass field were availatotam the farm operations and services

unit, College of Agricultural Sciees The simulations were completed for the loam and
clay loam soil types at the study site (skapter 3, Table-3), since NO outputs in the
denitrification submodel were found to be highly sensitive to the soil texture (E)g. 6

For each soil typesimulations were completed using default and measured clay fraction
and saturated hydraulic conductivity(K (m H?), referred to as conductivity in DNDC.
Simulations that were completed with default soil properties were named LD and CLD
for loam and @y loam solil types, respectively, and simulations that were completed with
measured clay fraction andwere named LM and CLM for loam and clay loam soil

types, respectively.

6.4.1 Climate

The latitude 40 49 ' 44.4 " N for lysimeter 8 was usiedthe modelnd simulations were
completed for nine years (2002012). The climate text file for each year was created in
the DNDC format asday of year, maximum and minimum air temperatd@ (rainfall
(cm) and solar radiation (MJfa™). The rainfalldata for 2011 and 2012 were obtained
from TR-525USW (Texas Electronic Inc.) rainfall sensor (as noteth@pter 3section
3.8) and, for the rest of the years, rainfall data from a weather statioeMValker
Building at the PSU University Park Cam¥OAA station ID 36844approximately 4
km from the study sijewas used. The mean air temperaturerattightand solar
radiation data for all the years were obtained from
http://climate.psu.edu/data/ida/index.php?t=3&x=faa_daily&id=KUNV and
http://power.larc.nasa.gqwespectively, as noted ahapter 3section3.9. Climate data

for 2011 and 2012 are presented in Appendix B.
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The air temperature and rainfall are used in the thehy@daulic submodel to simulate

soil heat flux and moisture flow andlcalate hourly and daily mean soil temperature and
moisture profiles (Li et al., 1992a), whereas the predicted soil temperature and moisture
are used in the decomposition submodel to determine the carbon pool decomposition and

nitrification rates.

The ranfall N concentration of 1 mgtwas used since the annual rainfall N (sum of
NOs-N and NH-N) was determined as 0.93 mg In 2011 and 0.76 mgtin 2012 (see
chapter 3section3.6). In DNDC, rainfall N is placed in the N@ool in the
decompositiorsubmodel. The annual atmospheric background ¢didcentration of
0.33pg m® was obtained from the Ammonia Monitoring Network (AMoN) PA29 site
(Kane Experimental Forédbcated at latitude 4135 ' 52.8 " N and longitude 7816

1.2 " W and an elevation of 618 m for the period March 2011 to December 2012. The
mean annual atmospheric background, Ca@nhcentration of 377 ppm (2004) and £O
annual increase rate of 2 ppm‘2004 to 2012)vere used based on the annual mean
global CQ, data Ed Dlugokencky and Pieter Tans, NOAA/ESRL,
www.esrl.noaa.gov/gmd/ccgg/trengs/ The atmospheric background £€&ncentration
affects plant photosynthesis. In frae CO, enrichment (FACE) experiments, Ainsworth
and Long (2005) and Ainswitrand Rogers (2007) observed less enhancement of
photosynthesis and crop yield under low soil N conditions than with high soil N. For
illustration purposes, only the model input information for the loam soil default settings is

presented. Figure-B showsan example of a completed climate input window.
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Figure 6-2 DNDC site mode climate input window.

6.4.2 Soil properties

As noted insection6.4 the simulations were completed with default and measured clay

fraction and Kgfor loam and clay loam soil types. Otherwise the soil input information

was the same for all the four simulations.

Land use and soil texture and initial SOC content

Moist grassland/pasture was selected as theuaedype because of the humid climiate
central PA and also because the study site is irrigated weekly. Soil pH of 7cBgptsr

3, section3.4.1) and a mean (n=2) bulk density of 1.25® for the 0 to 6cm and 6

tol2-cm soil depths (seehapter 3section3.4.2) were used. Since theodel

automatically computes the bulk density based on the SOC input, a SOC value of 0.0156

was used to give a bulk density of 1.26ng°. According to Li et al. (1992a), DOC and
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NOs in the decomposition model were found to be highly sensitive to the initial SOC, and
N>O was highly sensitive to the input clay fraction. In the decomposition submodel, the
clay fraction affects ammonium adsorption, ammonia volatilization, and the qasbbn
decomposition rate through a logarithmic clay reduction factor relationship, while in the
denitrification submodel the clay fraction affects the fraction £ nd N emitted from

the soil through the adsorption factor (AD) (see equatioiig ghd[6-2]).

The calculated WFPS at field capacity and wilting point for loam and clay loam soils
used in all simulations are presented in Tabk 6

Table 6-2 Calculated WFPS at field capacity and wilting point for loam and clay

loam soils.
Soil Silt Clay SOM | Volumetric Volumetric | WFPS' | WFPS'
type (fraction)® | (%)? | water water atfield | at
(fraction)® content at contentat | capacity | wilting
field capacity | wilting point
(m*m?3?3 point (m*
m-3)3
Loam 0.34 0.26 3.8 0.33 0.17 0.61 0.33
Ic'ay 0.36 0.31 3.8 0.34 0.20 064 | 037
oam

'Mean from Table 2 in chapter 3 for 5 to1%m soil depth

2Mean for 4.5 % (0 t6 cm) and 3.1% (5 tolEmsoil depth (seechapter 3section3.4.1)

3Using equations from Saxton and Rawls (2006). Note: fractional silt and clay cowte¥ is used in the
equations.

“WFPS calculated based on porosity of 0.53. Porosity was calculated based on bulk density and particle
density of 1.25 gmi*and 2.65 @¢m?, respectively.

Soil structure

A bypass flow rate in a range oflOcan be defined if the soil has macropores. Luo et al.
(2010) measurethacro porosityf 0.06 nf m™ in pastured Hagerstown soil; however,

the value could not be modified in the model so the default value of 0 waku#eel
simulations. The depth of the water retention layer was selected as 1.8 m since a suction

cup lysimeter (LYS8)gee bapter 3, Fig. 3) at this depth usually yielded water samples
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following an irrigation or rainfall event. The drainage efficieicyot clearly defined in

the DNDC (v9.3 and v9.5) manuals. However, in DNDC application studies, Tonitto et
al. (2007) define a DNDC default value of 0.4 as the proportion of water lost from the
freely available water pool. This value was used as theatya efficiency for all

simulations.

Initial SOC profile and partitioning and decomposition rates

The mean (n=9) soil organic carbon measured at the study site decreased with each of the
three soil depths: 0 to&m, 5 to 15cm, and 15 to 3@m. For thissectionan SOCinput

value of 0.05 was used insteadaofalue of0. The mean (n=8pte ofdecreas of SOC

below the top soil was estimated as 2.16 using SOC data in Faleobirtesy of Dr.

Curtis. J. Dell, USDA/ARS/PSWMRU) measured in pastures at the PSU Haller farm
located less than 2 km from the study site. The Hagerstown silt loam soild-atltre

Farm are similar to those at the study site. The SOC decrease rate belowsthie top
(assumed as 0 to 20n depth) was estimated as the SOC change betwee20the 30cm
depthand 30 to 6@m depthwith the measured SOC values considered to beein

middle of the soil layerthus soil depth used to calculate the SOC change rate veas. 20

Table 6-3 Measured soil organic carbon (SOC, %) in pasture fields and SOC
decrease rate below the tooil (0O to 20cm depth).

Soil depth Pasture 1 Pasture 2
Corel | Core2 | Core3 Core 4 Corel | Core2 | Core3 | Core 4

Oto5cm 3.02 3.91 3.44 3.12 2.74 2.98 3.55 2.87
51to 10cm 2.26 2.99 2.64 1.84 1.80 2.11 2.54 2.10
10 to 20cm 1.42 1.92 1.95 1.29 1.55 1.35 1.71 1.30
20 to 30cm 0.70 1.07 1.45 0.83 0.71 0.77 0.99 0.81
30 to 60cm 0.44 0.91 0.76 0.48 0.09 0.38 0.40 0.39

SOC decrease rate
below 0 to 26cm soil
depth 1.29 0.77 3.46 1.72 3.09 1.95 2.98 2.07
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The default SOC partitioning with a bulk C:N ratio of 1@vas used. Li et al. (1992a)
suggest a multiplicative factor of 1 for the decomposition rate of litter for loam soils and
0 for decomposition of resistant humads (active humus) to labile humadstithifietl
management. Therefore, multiplication fastof 1 and O were used for litter and for

humads and humus carbon pools, respectively.

Initial NO3-N and NH-N concentration at the soil surface, microbial activity, slope, soll
salinity, rainwater collection index, and SCS and RUSLE parameters

According to Li et al. (1992a) the initial NON and NH-N has little to no effect on the
annual NO emissions, thus DNDC computes the initialN\Dconcentration using the
site latitude (Appendix I) and the initial NHN concentration as a tenth of timatial
NOs-N concentration. Thus the initial NN and NH-N concentrations dd.5and0.05

mg Nkg™, respectively, were used

Assuming baseline or enhanced microbial activity, a microbial activity index of 1 from a
range of 0 to 1 was used. In enzyawtivity studiesChen et al. (2008) and Elifantz et al.
(2011) found enhanced microbial activity in treated wastevatgated soils. Enzyme
activities can indicate the status of microbial activity and dependent soil biochemical

processes (Bucher, @p).

A slope of 2 was used based on an estimated slope of 3% for the area in the grass field
where soil samples were collected. The 3% slope was based on the lowest (357.84 m) and
highest (359.66 m) contours (sag®pter 3, Fig. ) and a distance &0.5 m between

theirrigation laterals (seehapter 3, Fig. 38).
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Larson (2010) measured electrical conductivity of 0.821 d$rthe Ap horizon at the
PSU LF, and Chen et al. (2008) measured electrical conductivity in the rangem1 @8
dS nitin wastewateirrigated pasture in southern California. The electrical conductivity
of 0.821 dS rtat the study site was assumed not to affect crop growth since the
restriction on wastewater reuse is slight to moderate for wastewaters with electrical
condudivity in the range of 0.7 to 3.0 (USEPA, 2012). Thus a salinity index of O was

used from the range of 0 to 100.

In DNDC, the rainwater collection index (0 to 1) is defined as how much water can be
collected at the study site in addition to precipitatieor example, water from thpll

areas may flow into low lying areas/study sites. The DNDC addresses these phenomena
as follows: if the rainwater collection index is set as 1 and precipitation csr2i0 a

rainfall event, 4.&m of precipitation will le input into the lowying area/study sitel{a

Deng, email communication April 2013). However since the study site has a perennial
crop runoff was considered to be minimal and a rainwater collection index of 0 was

used.

The hydreparameters of 58 (SGSirve number (CN)) and 0O (effect of land management
on erosion) were used. The CN was based on hydrologic soil group B for permanent
meadow protected from grazifgangmeier et al., 2008Novotny (2003) suggesa
Manningds r ough nemsgsof @05 éef0.fl forggiass and pastiires & h e
coefficient of 0.12 (for ndill, 0.5 to 1 ton h#of residue) from the DNDC table was used

for the simulations. Figure-8 is a completed soil information input window.
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Figure 6-3 DNDC site mode soilnput window showing model default values for clay

fraction and Ksat.
The DNDC defaults for the clay fraction in loam and clay loam soils are 0.19 and 0.4,
respectively, and the defaults for thgMalues for loam and clay loam soils are 0.025 m
h™* and 0.009 m 1, respectively. The measured clay fraction was input as 0.26 and 0.31
for loam and clay loam soil (sebapter 3, Table-3 for the 5 to 15&m soil depth),
respectively, and 0.017 m‘lwasinputas the measureds&(Appendix J). The K;was
measured in the laboratory using a permeameter designed by Walker (2006), in which the
inner flow and edge/boundary flow from intact soil cores were separated. According to
Walker (2006) the traditional constamtad soil core laboratory method has potential
to overestimate ¥;, due to preferential flow of water between the soil core and the

cylindrical ring used to hold the core. Three intact soil coresc(8.6.d) and 15.24m
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high) were collected about 4.5 m uphill from laterall18nd oppsite sprinklers SB,

SP4, SR5 and SF6 (seechapter 3, Fig. 8) using a tractemounted hydraulic

Gidding's probe. The cores were saturated from the bottom for 24 h in a water bath in the
laboratory. Cheese cloth was wrapped on the bottom of tke tmprevent soil loss

during saturation. Walker (2006) determined 84 to 85 % and 93 to 94% mean water
saturation after saturating cores for 1 and 4, and 7 addys4 respectively. The author

found no significant difference in percent saturation betveeges saturated for 1 and 4

days, 4 and days, and 7 and 1days. The K4 (Eq. [6-3]) was determined by
rearranging Darcyds equation as foll ows:

K = b 6-3
sat AT(HZ- Hl) [ - ]

where:

Ksa= Saturated hydraulic conductivitym min*

V = Steadystate volume of water flowing through the caney’

L = Sample lengtlgm

A = Crosssectioral area of the corgm?

T =Time, min

H, - H; = Hydraulic head differencem
Walker (2006)Yound that after removal of the boundary flow and using the inner flow
water volumes from the core, the laboratory determined saturated hydraulic
conductivities were much more comparable to the field determiggd Kherefore, the
inner flow water volure (V), which was measured in 10 min (T in Eg3]@ntervalswas
used for the Ky calculations. The area (A) for the inner ringe(8 dia.) was used. The
reference point was the bottom of the core, thus@® whereas kwas the sum of h and
L, where L was the height of the soil core (15.@%) and h was the hydrostatic head
(Appendix J).
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6.4.3Farming management practices

6.4.3.1 Crop parameters

The number of cropping systems applied during the simulation years was equal to the
simulations year§9). Therefore, for each year, new crop parameter, fertilizer application,
and grass cutting information was put into the model. -ldgonme hay was selected as

the crop type (Crop_5) (DNDC, 2012a). A single new crop was selected for each year
and the moths of April and October were chosen as planting and harvest months,
respectively, based on the seasonal distribution of forage production in Rihdpéer 3,

Fig. 35). When the grass field was simulated as a perennial crop, with January and
December sithe planting and harvest dates, respectively, the model simulated
abovegroundbiomass from January to March and for November and December, which is
not realistic for the grass field. The fraction of leaves and stems left in the field after
harvest was deulated as 0.07 based on the tall fescue height (6.4 @).6

(Undersander et al., 1996) and the 5.1 tacf6stubble heights to which the grass was

cut.

The input annual maximum grain biomass (kg C &) for each year (2004 to 2012)
for whichthe model computed the DNDC annual N demakss(med herein dd
measured imbovegroundiomass) (Table-@) was arrived at through an iterative
process. The DNDC perennial and Aegume crop parameters include a fraction (0.01)
of N in grain biomass, wbh the model automatically compatas part of the annual N

demand
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Table 6-4 DNDC model inputs: Crop N demandand maximum grain biomass from
2004 to 2012.

Year Annual maximum grain biomass| Annual abovegroundN
(kg C ha'yr™ removal (kg ha’ yr)?
2004 120.08 146.93
2005 117.24 143.46
2006 180.79 221.22
2007 195.92 239.74
2008 113.13 138.43
2009 162.91 199.34
2010 154.01 188.45
2011 202.68 248.2
2012 149.56 182.9

12004 to 2010, N removal determined from two to three harvests (Source:Llamésan, Farm
Operations and Services Unit, College of Agricultural Sciences+{ERAS), personal communication,
2014); Crop N removal in 2011 and 2012 was measured in this study.

The default biomass fractionation and C:N ratio for the grain, leaf andatd root for
nortlegume hay were used for all simulations. Since the model accumulates thermal
degree days based on the number of days with mean temperature “hdhe @nnual
thermal degree days were determined as 4000 based on the daily meaattempe
measured at 2 m heights above the groaadisted in Appendix B. The water demand
was changed to 707.6 g water/g DM. The mean (n=2) water demand from April to
October was estimated as 681 (25 inches) using the crop factors for pasture gsasse
(seechapter 7section7.3.1.2), reference evapotranspirat{&To) (Appendix M), and

the annual dry matter yield of about 8960 k¢ k&tons ad). An N fixation index of 1
suggested for nelegume crops (DNDC 2012b) was used. A mean air tempeature
18°C in the months of May and June (Appendix B) was used as the optimum temperature
since the greateabovegroundbiomass yield occurred during these months. The default
vascularity of 0 was used for the model simulations. Figutesta completed op

parameters window for 2004.
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Figure 6-4 DNDC site mode crop parameters.
6.4.3.2Effluent and fertilizer nitrogen application rates and grasscutting grass

dates
The irrigation depth (cm), effluent N (kg N Haand urea ammonium nitrate fertilizeg(k
N ha') data were used to create the fertigation file (.txt), which consists of 10 columns
(Column 1: Julian day; 2: irrigated water (cm); 3: nitrate; 4: ammonium bicarbonate; 5: urea;
6: anhydrous ammonia; 7: ammonium nitrate; 8: ammonium sulfate;rBoamm phosphate
(kg N/ha) dissolved in the irrigation water, and 10: Irrigation méthblde input data for the
fertigation files were: Irrigation water (cm) (see AppeedK (a and bYor input data
from 2004 to 2010 anchapter 3, Table-2 for inputdata measured in 2011 and 2012) in

column 2, MWE nitrate nitrogen (NEN) (kg N ha') (see Apendicex (a and bYor
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