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Abstract
Runoff from open lot animal feeding operations has been recognized as aapptdhitiant to

receiving surface waters. This effluent is known to contain nutrientsasugitrogen and phosphorus,
as well as other potential pollutants such as organic matter, soldipathogens. Increased
environmental awareness has prompted the need for improved feedlot runaif. émé result,
open feedlots of all sizes are looking for cost effective alteemty handle feedlot runoff.
Vegetative treatment systems (VTSs) have been proposed as @pof#itn to control this runoff,
enhance environmental security, and protect water quality. Although pregsmesch has shown
that vegetative treatment systems can be effective in plat-aodllimited field-scale studies,
guestions about their performance on commercial operations remain. In additsustainability and
the mechanisms by which treatment is occurring are still uiiceftaswering questions about the
mechanisms these systems use to provide treatment offers the ppsdibitiprovements in future
designs and will increase our ability to effectively operate and managfing systems. Thus, the
objectives of this research was to evaluate solids, phosphorus, andmitestgport and cycling
within the vegetative treatment system to better understanditbaiffthese contaminants, and in

doing so to improve the design and management of vegetative treatmenssystem

This dissertation will consist of work on each of these areidssphosphorus, and nitrogen
transport and cycling, as they, along with hydrology, are the keys &ratadding vegetative
treatment system performance and sustainability. The firgbseoh solids transport consists of
three manuscripts. The first manuscript, “Using total solids coratemirto estimate nutrient content
of feedlot runoff effluent from solids settling basins, vegetativitriafion basins, and vegetative
treatment areas,” relates nutrient content in feedlot runoff alid settling basins, vegetative
infiltration basins, and vegetative treatment areas to the solidsntavithin the effluent. This
analysis serves the purpose of demonstrating that managing and understanskainlentological
connections within the treatment system provides a great deal of img@transport of other
parameters (particularly nitrogen, phosphorus, and organic matter). Splcifias work
demonstrates that if detailed models of sediment export from the feedlthrough the treatment
system can be developed, then this information can be used in prethetimgvement of other
parameters of concern. The second manuscript, “A review of settlingcodiastics of solids in
runoff from beef feedlots” reviews the sediment charactesistiat are required to perform detailed
modeling of solids transport within the treatment system. Specifithymanuscript reviews the

physical characteristics (particle size, density, and settiteg) of particles transported in runoff



from beef feedlots, addressing how these properties differ betwdens/Baedlots with different
surface conditions (concrete and earthen) and at different location®vidw focuses on the
implications these settling properties have for designing suctessliitmentation systems and in
predicting the actual performance of settling basins. The third manysbapelopment of a runoff
and sediment routing model for open lot beef feeding facilities” desc¢hbegevelopment of a
hydraulic and sediment routing model designed to predict solids transpoffefdhat surfaces. This
model can be used for prioritizing feedlots that are in need of enhancétlowmtrol systems,
evaluating the hydraulic and sediment loadings that a feedlot rwrdfbt systems are required to

handle, and for exploring how different feedlot sizes, layouts, and desigast solids transport.

The second section, on phosphorous fate and cycling in the vegetative treat@ent@msists of a
series of three manuscripts that utilize different monitoring phoes and assays to assess
mechanisms of phosphorus treatment and its fate within the vegetattueetnearea. The first
manuscript uses a phosphorus mass balance approach to project phosphouistmcumthe soil
and compares the projected increases to monitored trends in soil tgaiqius at six vegetation
areas in lowa. The manuscript provides a preliminary phosphorus balanceegfetative treatment
areas focusing on how phosphorus is partitioning between soil, water, and vagéta¢i second
manuscript builds on this work by utilizing a sequential fractionationguture, the Hedley method,
to better understand the accumulation patterns of phosphorus within the soilrabgl diain the
relative stability of the accumulated phosphorus. Results of theoftatittn procedure were
interpreted based on the concept that a maximum soil phosphoruoretaqacity existed,;
however, none of the soils as of yet exhibited a phosphorus accumulation patiEative of
saturation, although in many cases, specific pools, mostly organic phosploats, did appear
saturated. The third manuscript utilizes a phosphorus sorption expetinestiuate how the soil's
phosphorus retention properties had been modified by five years of use tasivegeatment areas.
Specifically, the experiment evaluated how continued use of the vggdtaatment area modified
the soil properties and the impact this had on the estimated phosphorus siitly cdiplae soil. This
experiment provides an evaluation of whether the life expectancy model delvptep®usly by
Baker et al. (2010) provides a useful estimation of vegetative eaatimea phosphorus saturation

life and explores what mechanisms may be allowing further phosphouswation.

Finally, the third section, on nitrogen transport and cycling, contains twasogdpts. The first

manuscript, “Vegetative treatment system impacts on groundwater gudiBgusses groundwater



concentrations up-gradient, within, and down-gradient of six vegetatiztrtent system on beef
feedlots in lowa. The manuscript provides statistical comparisons addamalysis to evaluate
impacts the system may be having. Nitrate leaching in the vegetiatatment system is also
estimated. The second and final manuscript, “The impact of vagetegatment area use on soil
biologically available carbon and nitrogen pools,” reports the resiutdong-term carbon and
nitrogen fractionation procedure to evaluate if accumulation of labit®oand nitrogen is occurring
and if this organic matter is nitrogen enriched. A final conclusicasuscript, “Vegetative treatment
systems: design, management, and siting recommendations” provides srwations on what is
required to construct successful vegetative treatment systehvghach areas require future research

so that designs can be refined and ensure appropriate nutrient cyclirgegidm.



Chapter 1. General Introduction

I NTRODUCTION

Runoff from open lot animal feeding operations has been recognized as aapptehtiant to
receiving surface waters. This effluent is known to contain nutrientsasugitrogen and phosphorus,
as well as other potential pollutants such as organic matter, soldipathogens, and as such is of
concern to water quality. Due to increased recognition of the potengiatts feedlots can have on
water quality and growing environmental awareness, cattle produresfacing increasing pressures
to improve their feedlot runoff control systems. As a result, open feedteoking for cost

effective alternatives to handle feedlot runoff in effectind anvironmentally sustainable ways.
Vegetative treatment systems (VTSs) have been proposed as #apofsitn (Woodbury et al.,
2003).

Vegetative treatment systems are wastewater treatmeetrsythat use at least one form of
vegetative treatment, (i.e. a vegetative treatment areas)(®Ta vegetative infiltration basins
(VIB)), with other pretreatment components to control and treat feedlot rii¢aétsh et al., 2006).
A sloped VTA is an area level in one dimension (width), to encourage sheeafidwas a slight
slope (less than 5%) in the other dimension (length) that is plantedaaradjed to maintain dense,
permanent vegetation (Moody et al., 2006). Operation of the VTA involvesiagglfluent evenly
across the top edge of the VTA. The effluent then gravity-flowshdbe length of the VTA, where it
is treated via sedimentation and infiltration. A VIB is a relatividy drea surround by berms to
prevent surface outflow of effluent and underlain by drainage tiles, apprekyma? m below the
surface, to maximize the infiltration of effluent into the soil. B\f$ periodically inundated with
effluent to evenly distribute effluent over its surface. In the ¥tuent is subject to treatment via
filtration as it drains through the soil, sorption of contaminants tsdhearticles, and microbial
actions the break down organic matter. Effluent draining through the soiefsofibllected in the tile

lines and pumped onto a VTA for further treatment.

Current federal Environmental Protection Agency (EPA) remuiatallow the local government,
typically the state government, to write and enforce the Conoeahtfatimal Feeding Operation
(CAFO) runoff control guidelines. This is done through the issuance ofi@endaPollutant
Discharge Elimination System (NPDES) permits. Feedlots in lowa that TiSs were granted

NPDES permits so the performance of these alternative treatnstensycould be evaluated. As part



of their interim NPDES permits, feedlots in lowa were requireadiopare the monitored mass of
contaminant released from their VTS to the modeled mass of a propedgeatéaind managed
contaminant a containment basin runoff control system would have releasmdal site-specific
containment system performance was predicted using the lowa State Ink#hgent Limitations
Guideline model (ISU-ELG model) implemented according to the guidelineskmbsbar Appendix
A of the lowa AFO/CAFO Regulations (lowa DNR, 2007).

In addition to the challenges facing CAFO sized operations, smaller ®€dId000 head) are facing
increasing scrutiny of their environmental stewardship as webijfggdly in control of feedlot

runoff. Although, these operations are typically not permitted under the NPRBESS they are
required to settle all solids and avoid discharge of effluent to svatehe state, either directly or
through man-made conveyances. As a result, these operations are sgefimation on
appropriately sizing runoff control systems to minimize the risk ofmaality violations resulting
from feedlot runoff. The smaller size of these operations litnés ability to leverage the economies
of scales that CAFOs utilize in justifying containment basins. Tteddaal researchers and policy
makers to suggest that due to the lower construction costs, vegetsivesint systems may be a
potential options to provide these smaller operations with cost-g#acinoff control options (Bond
et al., 2011).

In a literature review, Koelsch et al. (2006) reported on approximateleldCaiid 58 plot studies
demonstrating that VTSs may be effective in a variety of situatimeever, none of these studies
where performed at commercial feedlots, but where instead peda@ingevernment and university
research facilities. In their review Koelsch et al. (2006) reporte¢d/th&s commonly reduced total
solids transport from the feedlot in overland flow by 70-90%. Simgiléotal nitrogen (TN), total
Kjeldahl nitrogen (TKN), and ammoniacal nitrogen (Jq¥H,-N) were reduced by approximately
70% in properly designed and managed (VTA:Feedlot area ratios >1, maaio¢eof sheet flow,
pretreatment via solids settling, and maintaining a stand of dense \aget@tiAs (lkenberry and
Mankin, 2000). Phosphorus (P) removal rates were much more variable,pidtd tgmoval rates
ranging from 7 to 100% (Koelsch et al., 2006). Although this previous resemgchdwn that VTSs
can be effective in plot-scale and limited field-scale (limited i@arsity and government research
facilities) studies, questions about their performance on commepaedtions remain. In addition,
the treatment mechanisms and operational lifetimes of thesensyate still uncertain. Elucidating

the treatment mechanisms offer the possibility to improve future desmighwill increase our ability



to effectively operate and manage existing systems. Such knowledge igeakssary to provide a
complete assessment of VTS economics, which will help clarify thehede tsystems will play in

addressing water quality issues facing animal agriculture.

OBJECTIVES

The objectives of this research were to evaluate solids, phosphndusitrogen transport and
cycling within the VTS to better understand the fate of theseaounants, and in so doing, to
improve the design and management of VTSs. This dissertation carfisigisk in each of these
areas (solids, phosphorus, and nitrogen transport and cycling) as they, itfolmgdnology, are the
keys to understanding vegetative treatment system performance andadilsty. Objectives for
each section are discussed below and are brought together holisticatynduasions chapter that

provides updated guidance on designing and managing VTSs and on future research needs.

Solids Transport and Removal in Vegetative Treatment Systems

1. Develop a model of the feedlot surface that is capable of predicting ruhoffies and sediment
transport from the feedlot that can be used to aid in the design of runtrtil aystems and in
evaluating the potential risk feedlots pose to surface waters.

2. Evaluate the settling characteristics of solids in runoff frowal beef feedlots and summarize the
measured settling characteristics in comparison to literature waithespecific emphasis on
improving current settling basin design recommendations.

3. Determine whether total solids concentrations can be used as a proxyitartruantent and
effluent quality of feedlot runoff from solid settling basins, vegegatfiltration basins, and

vegetative treatment areas.

Phosphorus Accumulation and Saturation

1. Develop a phosphorus mass balance model that can be used to aid in sizingredgeatient
areas and project phosphorus accumulation. Evaluate performance of the asedebito
measured phosphorus loadings and measurements of soil Melich-3 phosphorosatimtein
the vegetative treatment area soils. Provide a mass balance to $atggesphosphorus applied to
the VTA.

2. Determine phosphorus sorption parameters from vegetative érelainea soil before and after
five years of use to evaluate how continued use as an effluent dispashharaffected soil
phosphorus buffering capacity, equilibrium phosphorus concentration, and the overallmaxi

amount of phosphorus the soil could accumulate.



3. Perform a phosphorus fractionation procedure to investigate howelud the soil as a vegetative
treatment system has impacted the distribution of phosphorus within tlaedafie lability of the

phosphorus.

Nitrogen Retention and Cycling in Vegetative Treatment Areas

1. Statistically evaluate the impact VTS installation and use hadaumdwater quality, focusing on
nitrate, ammoniacal nitrogen, chloride, and fecal coliform concentratistimdte nitrogen
leaching based on measured groundwater contaminant concentrations and a Hyalesndec

2. Evaluate the impact that use of the vegetative treatment area baiogically available soil
carbon and nitrogen content as compared to the paired grass @aels @ftthe VTS locations.

3. Perform an estimated nitrogen balance based on measurementsaa siildavs and outflows
from the vegetative treatment areas, the amount of nitrogen accumuldtedail {based on
objective two), the amount removed with harvested vegetation, and the antonatesito be
leached (based on objective 1). Nitrogen not accounted for in this testiilidoe considered to be
lost as a gaseous emission, either through ammonia volatilizatiomsnitx@e generation during

nitrification, or as nitrous oxide and nitrogen gas generated during deatidfi.

THESIS ORGANIZATION

The research presented in this dissertation is comprised of eagisoripts broken into three
sections (solids, phosphorus and nitrogen) with three manuscripts iditlseasal phosphorus
sections, two manuscripts in the nitrogen section. Basic conclusiorecfon@nuscript are provided
within the chapter, while broader conclusions and implications agrdesanagement, and siting of

vegetative treatment systems are provided in the final ehapthe dissertation.

Introduction to Solids Transport from Feedlots and Retention in Vegetative Treatment Systems

Sediments and solids play a crucial role in water quality; they canaeither a sink or source of
nutrients and contaminants depending on the environmental conditionsicaigciutrient

enriched soils, such as feedlot surfaces, can serve as a sourdly eredible solids that have the
potential to reach waterways and degrade water quality. Howevergcpsaittiplemented downstream
of the enriched soil (filter strips, infiltration areas, sedimgarids, terraces, etc.) can interrupt flow
patterns, cause settling of solids, and as a result, disrupt &rtbeshydrologic and sediment
connection between the nutrient enriched soil and downstream surface Waters.

hydraulic/sediment disruption is particularly important at concesttrahimal feeding operations



where the production area contains byproducts associated with animal pro¢uetiome and
feedstuffs) that are rich in nutrients and organic matter, and dhbeit@xposure to the elements,
available for transport. The following three chapters explaseitoncepts by focusing on erosion of
sediment from the feedlot surface, the physical and chemical pesprdit control the settling
characteristics of the contaminants, and relating the transpodiofes# to other parameters of

interest to water quality (nitrogen, phosphorus, oxygen demand, etc.).

The first manuscript, “Using total solids concentration to estimaténttontent of feedlot runoff
effluent from solids settling basins, vegetative infiltration basind, vegetative treatment areas,”
which was published iApplied Engineering in Agricultureglates nutrient content in feedlot runoff
from solid settling basins, vegetative infiltration basins, and veget@eatment areas to the solids
content within the effluent. This analysis serves the purpose of demmgsthatt managing and
understanding the sedimentological connections within the treatmesingystvides a great deal of
insight into transport of other parameters, particularly nempgphosphorus, and organic matter.
Specifically, this work demonstrates that if detailed models of sediemgott from the feedlot and
through the treatment system can be developed, then this informationusedba predicting the
movement of other parameters of concern and to predict the rdiktfegnoff poses to water quality.
The second manuscript, “A review of settling characteristics of salidsoff from beef feedlots”
which will be submitted td@ransactions of the ASABEeviews the sediment characteristics that are
required to perform detailed modeling of solids transport within tlagntient system. Specifically,
the manuscript reviews the physical characteristics (paside density, and settling rates) of
particles transported in runoff from beef feedlots, addressing how thesetigogifer between
various feedlots with different surface conditions (concretearthen) and at different locations. The
review focuses on the implications these settling propertiesfbadesigning successful
sedimentation systems and in predicting the actual performance of dedding. The third
manuscript, “Development of a runoff and sediment routing model for open loteeekid

facilities” which also will be submitted fbransactions of the ASABHlescribes the development of
a hydraulic and sediment routing model designed to predict solids transpofefdlot surfaces.
This model can be used for prioritizing feedlots that are in need of esthanwoff control systems,
evaluating the hydraulic and sediment loadings that a feedlot rwrdfbt systems are required to

handle, and for exploring how different feedlot sizes and layouts impads$ s@nsport.



Phosphorus Fate and Retention in Vegetative Treatment Areas for Feedlot Runoff Control

Phosphorus is an important nutrient input for crop and livestock production; hoeesessive
losses to surface water can accelerate eutrophication and degtadquaiity. This duality as
resource and pollutant complicates phosphorus management. Specificaliyetheost of
phosphorus lost from agricultural systems is relatively small cadgarpotential monetary benefits
of increased production; however, even low levels of phosphorus loss cdargaveffects on water
guality downstream. This problem has taken on increased importance due toembintéreases in
quality of life for much of the world, and with it increased demand for mdath has placed

increased production demands on arable land.

Arable areas are often spatially separated from the concentrvastd ¢k production systems, which
limits recycling of phosphorus present in agricultural waste pted@ibus, the issue of phosphorus
management is especially relevant in animal agriculture and around palimigistewater treatment
plants, where due to the relatively dilute nature of the waste @odnd the high costs associated
with their transport, phosphorus application often is in excess pfatrasphorus removal. This can
result in increased soil test phosphorus and eventually leaching ofesBloblerosion of phosphorus
enriched soil particles. This has lead to interest on the sustandibd expectancy, and
effectiveness of different wastewater treatment systenesnmstof phosphorus management.
Evaluation of these parameters for vegetative treatmennsystsed for feedlot runoff control is an
important step in evaluating the overall benefits of vegetativeniesd systems and comparing them

to other waste management alternatives.

This section (chapters 5-7) explores these concepts focusing oretioé fabsphorus in vegetative
treatment systems used for feedlot runoff control and the sustainabiihe treatment mechanisms
utilized. It consists of a series of three manuscripts thateutlifferent monitoring procedures and
assays to assess mechanisms of phosphorus treatment and its fate widgethtve treatment area.
The first manuscript, to be submitted to #@plied Engineering in Agricultureises a phosphorus
mass balance approach to project phosphorus accumulation in the soil gadesothe projected
increases to monitored trends in soil test phosphorus at six vegetatsriralowa. The manuscript
provides a preliminary phosphorus balance at six vegetative treatreastfacusing on how
phosphorus is partitioning between soil, water, and vegetation. Changddestgainosphorus in
shallow surface soil (0-30 cm) were evaluated in the context of the phosptassidatance and

were utilized to evaluate phosphorus distribution over the vegetatatentent area. Deep soil sample



(0-122 cm) results are presented to evaluate phosphorus movement witim degtboil profile over

the course of a 4-year monitoring period.

The second manuscript, to be submitte8ad Sciencebuilds on the previous work by utilizing a
sequential fractionation procedure, the Hedley method, to better undersgritbsphorus
accumulation patterns within the soil and the relative stability citbemulated phosphorus. The
method used allows determination of which pools are accumulating phosphorus, how fin@pisos
is partitioning among the soil pools, provides information on the stability oftioegdorated
phosphorus, and offers insight into the sustainability of the soihesdtmechanism. Results of the
fractionation procedure were interpreted based on the concept of a masaihpmosphorus
retention capacity; however, none of the soils as of yet exhibited a phospbouasulation pattern
indicative of saturation, although specific pools, mostly organic phosphorus pdagpdiar
saturated. The third manuscript, to be submitted t&tieScience Society of America Journal
utilized a phosphorus sorption experiment to evaluate how the soil's phospttenisn properties
had been modified by five years of use as vegetative treatment areac&|ye the experiment
evaluated how continued use of the vegetative treatment area modified fvesaities and the
impact this had on the phosphorus sink capacity of the soil. This experimetggran evaluation of
whether the life expectancy model developed previously by Baker et al. (2@iA)es a useful
estimation of vegetative treatment area phosphorus saturatiamdifexplores what mechanisms may

be allowing further phosphorus accumulation.

Nitrogen Fate and Retention in Vegetative Treatment Areas for Feedlot Runoff Control

This section (chapters 8-9) consists of two manuscripts thateudiliferent monitoring procedures
and assays to assess mechanisms nitrogen fate and cycling withigatagive treatment area. The
first manuscript, “Vegetative treatment system impacts on groundwyaality,” discusses
groundwater concentrations up-gradient, within, and down-gradient ofggtatee treatment
system on beef feedlots in lowa. The manuscript provides statisticehtisons among average
groundwater concentrations at each well and a trend analysis totevaipacts the system may be
having. Nitrate leaching in the vegetative treatment systemassaisnated. This article will be
submitted toTransactions of the ASABEhe final manuscript, “The impact of vegetative treatment
area use on soil biologically available carbon and nitrogen pools,” se¢pertesults of a long-term

carbon and nitrogen fractionation procedure to evaluate if accumulatiabilef¢arbon and nitrogen



is occurring and if this organic matter is enriched. This artidieo@isubmitted to th&oil Science

Society of America Journal.
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Abstract. Increased environmental awareness has promoted the need for improvet rigeaff
control. The use of vegetative treatment systems (VTSSs) to control arfddciat runoff may
enhance environmental security and protect water quality. Knowledge ohefiluteient
concentrations throughout the vegetative treatment system is retuiegeluate system
performance and impact on water quality. Previously collected VTS monitoring datproaicged
the opportunity to investigate relationships between effluent qualignpeters. The objective of this
study was to evaluate, through correlation and regression, the relationships bettataolids,
nutrients (ammoniacal nitrogen, Kjeldahl nitrogen, nitrate-nitrogen, total phosphanas
orthophosphorus), and effluent quality indicator (five-day biological oxygeamgnchemical
oxygen demand, chloride, and pH) concentrations of feedlot runoff at various stagesroént in a
VTS, including solid settling basin, vegetative infiltration basin, and vegetegatenent area
effluent. Results of a correlation and primary factor analysis showed thaoirtbe effluent
concentrations were strongly correlated to each other, with a singlerfaapable of describing
more than 60% of the total variability of the monitored parameters. Regnesguations were
developed to relate nutrient content and effluent quality indicator concensatdntal solids
concentrations. Results were satisfactory¥R.50) for ammoniacal nitrogen (NHN), five-day

biochemical oxygen demand (B§)Bchemical oxygen demand (COD), chloride)@ital
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phosphorus ( TP), and total Kjeldahl nitrogen (TKN), indicating that total soidsentrations
provided significant insight into VTS performance relative to nutriententration and effluent
guality indicators. A comparison between predicted, based on total solitlsnt, and monitored
annual mass release of the parameters was conducted. No statistical défemstound for NgHN,
BODs, COD, CI, TP, and TKN; indicating that effluent volume release along with total solids
concentrations could be used to provide an estimate of nutrient mass in dbid beisin,

vegetative infiltration basin, and vegetative treatment area effluent.

Keywords. feedlot runoff, vegetative treatment systems, solid settling basatatieg treatment

areas, vegetative infiltration basins, nutrient content, correlatiogression, total solids

I NTRODUCTION

Runoff from open-lot animal feeding operations (AFOs) has been recogniagubtential pollutant
source to receiving waters because it contains nitrogen, phosphorus, orgsericsolds, and
pathogens. The U.S. Environmental Protection Agency (EPA) developed a ffleteoit émitation
guidelines (ELGSs) that described the design and operating critefeeftiot runoff control systems
on concentrated animal feeding operations (CAFOs) (Anschutz et al., 1979 .€fthasnt limitation
guidelines historically required collection, storage, and land applicdti@ediot runoff, however,
recent modifications allowed the use of alternative treatmentnsystien the performance of the
alternative systems, based on the mass of nutrients releasedyuivadest to or exceeded that of an
appropriately sized and managed containment system (EPA, 2006). One method oftiigking
comparison was to use simulation models, along with site-specific climtsastewater
characterization data, to determine the pollutant dischargetlatahe alternative treatment and the

containment basin systems would achieve (EPA, 2006).

Vegetative treatment systems (VTSs) are one possible aivernanoff control technology that has
been proposed. A VTS is a combination of treatment components, at least one of Whésh uti
vegetation, to manage runoff from open lots (Koelsch et al., 2006). Megdtaatment areas
(VTASs) and vegetative infiltration basins (VIBs) are two possildatnent components for VTSs. A
vegetative treatment area is a band of planted or indigenous vegetatwedsdown-slope of
cropland or an animal production facility that provides localized engwiotection and contaminant
reduction (Koelsch et al., 2006). As vegetative treatment technology hasdndiffierent types of
treatment systems have been developed; for example, Bond et al. (201X distsisissociated with

constructing sloped, level, pumped, and sprinkler vegetative treatmenalamegsvith vegetative
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infiltration basins. Briefly, a sloped VTA is an area level in one dinoenso facilitate sheet flow,
with a slight slope along the other, planted and managed to maintain astawsef perennial
vegetation (Moody et al., 2006). Operation of a sloped VTA consists of appbftidgsttling basin
effluent uniformly across the top of the vegetated treatmentaikallowing the effluent to sheet-
flow down the slope, whereas a level VTA uses a flood effect to diriba effluent over the VTA
surface. A pumped VTA has the increased flexibility of allowing the treattizwrea to be located
upslope of the cropland or animal production facility, but still reliedaw fo distribute effluent over
the length of the vegetative treatment area surface. A sprinkierhids the same location flexibility
as a pumped VTA, but has the additional advantage of uniform effluent ajgplioagr the treatment
area surface. lkenberry and Mankin (2000) identified several possilledasen which effluent was
treated by VTAS, including settling solids, infiltrating the runoff, aftdring of the effluent as it
flowed through the vegetation. Additionally, interactions between soil ahiigoa and the flowing
effluent could provide additional mechanisms of nutrient retention. A VIBl& area, surrounded
by berms, planted to permanent vegetation. A VIB uses a flood effect to deseffiuent over the
surface. These areas have drainage tiles located 1 to 1.2 m (3.4 to @witjHmekoil surface to
encourage infiltration of effluent. The tile lines collect ediht that percolates through the soil profile.
The effluent then receives additional treatment, often through thaf aséTA. Nutrient and
pathogen removal in the VIB relies on effluent filtration as it peteslthrough the soil, plant uptake
and removal through harvest, microbial degradation of the nutrients and pethggsoil fauna, and
sorption of contaminants to soil particles. Although these processes psowmdetreatment, nutrient
and contaminant movement is still possible by convective transport if thegtaras dissolved or

via colloid facilitated transport for particulate substances.

Young et al. (1980) and Dickey and Vanderholm (1981) provided two of the earliersstdidi
vegetative treatment of feedlot runoff. In their study Young et al. (1f®880d) that concentrations of
total phosphorus, ortho-phosphorus, total Kjeldahl nitrogen, and ammonium nitrodearafised
linearly down the length of the vegetative treatment area and found thettoerductions in total
solids transported were similar to those for total phosphorus. Similadigey and Vanderholm
(1981) found that concentrations of total Kjeldahl nitrogen, ammonia nitroggichamical oxygen
demand all showed similar reduction patterns as total solids dowmtjie Eevegetative treatment
area. Dillaha et al. (1988) suggested that vegetative filtratiamgelselow hydraulics enhancing the
opportunity for sedimentation of solids. More recent applications of vagetegatment systems
have been reported by Woodbury et al. (2003) and Faulkner et al (2011 a & b). Woodthury et
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(2003) used a solid settling basin — sloped vegetative treatment sirera $¢ control and treat runoff
from a beef feedlot in Nebraska. Over a three year monitoring periodeasedtom the vegetative
treatment area were reported. Faulkner et al. (2011a) reported on tfeansgetative treatment
area system for controlling silage bunker runoff. The Faulkner et al. (26itdas underlain by a
shallow fragipan that restricted drainage and limited impacts on deepdyvater, but also

contributed to surface flow releases.

These studies, along with the review of (Koelsch et al., 2006), have showedbtdtive treatment
systems can be successful in a variety of situations. This has lede@siediinterest in their use on
animal feeding operations for control of various wastewaters. As piue permitting process on
CAFO sized operations EPA requires modeling the performance of the proposexd system and
suggests the use of site-specific wastewater characterizataorRegent research (Andersen et al.,
2009) has shown that effluent concentrations from runoff control systampooents can vary
substantially from site to site, thus the use of book-values (Amerazat Agricultural and
Biological Engineers, Midwest Plan Service) to predict nutrient caratgons could be highly
inaccurate. Likewise, Edwards et al. (1986) reported high year-to-yeatiofain effluent
concentrations with annual averages varying by approximately a fadteo &r effluent from the
feedlot, settling basin, and infiltration basin for total solids, chahuxygen demand, nitrate,
ammonia, organic nitrogen, total phosphorus, and soluble phosphorus. Moreover, namtranss
(Swanson et al., 1971; Swanson and Mielke, 1973; Andersen et al., 2009) have shoventHat e
event variability in feedlot runoff and solid settling basin effluent eatrations can be quite large.
This it isn’t unexpected as event-to-event variability inmatpattern, size, and feedlot surface
characteristics can be substantial, which can lead to large variatiameff hydrology. This

suggests that the use of book-values may not be sufficient for modeling systesh performance.

Moreover, CAFOs utilizing alternative treatment systems areareghto monitor system performance
to ensure that the system is meeting minimum performance standagisical analysis in the
laboratory could provide high accuracy, but is expensive in terms of both thartihtesources
required to collect effluent samples and to carry out the laboratalysis. Moreover, the results
from the chemical analysis are often provided several weekssaftele collection; this limits
applicability for making real-time decisions and other practicdiegijons, particularly, since
manure composition can change with time. This has led to interest in daegelapid methods for

estimating nutrient concentrations of animal manures based on physiccghgmperties. Previous
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studies (Chen et al., 2008; Marino et al., 2008; Moral et al., 2005) hawgpéed to relate manure
slurry nutrient content to easily measured parameters including pHsdbtis content, and electrical
conductivity using linear regression and artificial neural network nmglelhese studies have met
with varying degrees of success, often finding that such relatiospecees and sometimes region
dependent. For instance, Chen et al. (2008) investigated the use of mulgatedigression,
polynomial regression, and artificial neural networks to model the nutaaeentrations of dairy
manures finding that the artificial neural network model was mosessftd in estimating nutrient
concentrations on dairies in China. Moral et al. (2005) evaluated theigbtéhinear relationships
among nutrient contents and other easily measured parameters on g sluBoutheast Spain,
finding that electrical conductivity was a strong predictor of ammohraizagen and potassium
concentrations. Marion et al. (2008) suggested that dry matter content aridagdleasnductivity

were good predictors of variables of agronomic interest for liquiy deanures. In another study
Kim and Gilley (2008) applied artificial neural network modeling to eséreabsion and nutrient
concentrations in runoff from manure land application areas. In this stalyrenwas surface applied
once and then a rainfall simulator was used to create runoff 4, 32, 62, 123, and 354 alaisyfoll

manure application.

Gilley et al. (2009) found that concentrations of particulate phosphorus, ammonmiagen; nitrate-
nitrogen, and electrical conductivity were significantly correlateeedlot soil characteristics. Based
on this, Gilley et al. (2008) suggested that it may be possible to foredatf nutrient concentrations
based on the electrical conductivity of the feedlot soil (whicheseag an indicator of soil dissolved
solids). If, as Gilley et al. (2009) suggest, nutrient concentrationsdiofeanoff effluent were
significantly related to feedlot soil characteristics, andhasvn by Chen et al. (2008), Marino et al.
(2008), and Moral et al. (2005) that nutrient content of manures is eftdad to solids content, then
we hypothesize that there would be a strong correlation between the tolslcsolcentration and
nutrient content in feedlot runoff and total solids could potentially be as@n estimator of other

water quality parameters.

This estimation method could serve several purposes; first, it has émtigidb be used to better
evaluate the impact feedlot runoff could be having on water qualityifffbisnation could be useful
for prioritizing sites in need of enhanced or improved runoff control system#gtance, Baker
(2005) developed a model to assess the impact a feedlot would have onwatéase Relating

nutrient concentrations to total solids could provide improvements tolsnoitkhis type by providing
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a simple mechanism by which nutrient concentrations could be modeled. Second, tca@mys
feedlot runoff is land applied as a nutrient source for crops. Theatistmmethod could be used to
provide an estimate of the appropriate application rate required tacropatutrient demand. The
effluent could be tested for solids just prior to the application essththe nutrient estimate used to
determine the application rate, Third, CAFOs utilizing vegetataagtiinent systems are required to
perform substantial monitoring to validate the performance of theirfraaofrol system; moreover,
this data can be useful in making system management decisions andrmrdegeappropriate
system modifications. This monitoring can be expensive as every \EgSeevent needs to be
sampled for numerous nutrient and effluent quality indicators. An estimag&thodhas the potential
to reduce these costs by allowing an estimate of nutrient mass teléasealculated based on fewer,
more-easily monitored parameters. Additionally, the sample handling and ptesestrategies
required for certain parameters, such as total solids, are mudhriegent than those required for
nutrients and could thus reduce the effort required in sampling. Thupgbgumity to utilize an
indicator parameter offers the opportunity to make more timely marveagalecisions and to reduce
time required in preparing samples for shipment for analysis. Theatistiinmethod could also be
utilized to approximate nutrient content of the feedlot effluemtLitinout treatment, providing a
better indication of how the runoff control system is performing and offénmgperator with
opportunity to improve system management. Finally, relating nutrientimtda sediment capture
offers the potential to perform detailed modeling on the solids in the ramdffhen use this as a
proxy to understand nutrient reductions. This methodology has the potential to alkdopdeent of
algorithms that would provide a more detailed description of how treatmertuigriag within the

runoff control system, leading to optimized system designs.

The objective of this study was to evaluate the use of total solidemations of effluent at various
stages of treatment (at solid settling basin, vegetative infitréasin, and vegetative treatment area
outlets) to predict nutrient (ammoniacal nitrogen, Kjeldahl nitrogigmate-nitrogen, total
phosphorus, and orthophosphorus) and effluent quality indicator (five-day biologycgn demand,
chemical oxygen demand, chloride, and pH) concentrations of feedlot runoffdlionsettling

basins and vegetative treatment components. This was conducted by perfoomelation and
regression analysis for effluent concentration samples collecter lmwa sites over a four year
period. Prediction equation verification was performed by evaluating ttedoged regression

equations ability to predict nutrient concentrations on a validatiansdé and by comparing annual
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mass releases from each VTS component to the estimated nutrient leeses based on effluent total

solids concentration.

MATERIALS AND METHODS

The performance of six vegetative treatment systems was monitoesk ffhatment systems were
located on CAFO beef feedlots throughout the state of lowa. At many of #ietecmore than one
VTS was installed. At each site, one VTS was monitored by lowa Staterbity (ISU). Table 1
shows the VTS configuration, the number of head of cattle, and the areasesfttiot (and
additional drainage area if present), VIB (where applicable), andfgiTthe ISU-monitored

systems. Full descriptions of these sites are available in Aerdetsl. (2009).

Two different VTS configurations were monitored. These were a stlithg basin (SSB) followed
by a VTA (SSB-VTA), and an SSB followed by a VIB in series with a VTARSSB-VTA). In the
SSB-VTA systems, runoff was collected from the beef feedlot and teriipatared in a solid
settling basin. Effluent from the solid settling basin was then releasied YoTA. The VTA utilized
gravity flow to spread the effluent down the length of the VTA. In the SIBWTA systems, a
solid settling basin captured the feedlot runoff. Solid settling badueaffwas released onto the
VIB, and tile lines located 1 m below the VIB surface collected effldeaining through the VIB soil

profile. This effluent was pumped onto a VTA for further treatment.

Table 1. Description of VTSs monitored by ISU inclding number of head, VTS configuration, and
size of the feedlot, settling basin (SSB), vegetadiinfiltration basin (VIB), and vegetative treatment area

(VTA).
Feedlot AreaSSB Volume VIB Area VTA Area
Site No. of Head System Configuration (ha) (m°) (ha) (ha)

CNIA1l 1,000 1SSB-1VTA 3.09 4,300 NA 1.52
CNIA2 650 1SSB-1VIB-1VTA 1.07 560 0.32 0.2
NW IA 1 1,400 1SSB-1VTA 291 3,700 NA 1.68
NW IA 2 4,000 1SSB-1VIB-1VTA 2.96 1,120 1.01 0.60
SWIA1 2,300 1SSB-1VTA 7.49 11,550 NA 4.05
SWIA2 1,200 1SSB-1VTA 3.72 6,300 NA 3.44

Monitoring Methods
Descriptions of the monitoring methodologies can be found in Moody et al. (2006) andémnder
al. (2009). Briefly, Isco samplers (6712 portable samplers, Teledyne Iscoi,iNeb.) were

equipped with either a pressure transducer (720 submerged probe module, Tistylracoln,
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Neb.) or an area-velocity meter (750 area velocity module, Teledymé_iscoln, Neb) and
programmed with site and VTS component specific programs that collectaéplensdimples from
each runoff event based on cumulative flow volumes. One sample, believeddsdst 1 the peak
of the hydrograph, was selected for analysis per flow event. The sangptietgamined by noting
sample collection times and the volume of flow programmed to occur betweplesamnd
determining an approximate hydrograph. After collection, the samples weeel gla ice and shipped
to a certified laboratory for analysis following chain-of-custody prdtdadang sample shipment.
Effluent samples were analyzed for ammoniacal-nitrogen-(N)ifive-day biochemical oxygen
demand (BOE), chemical oxygen demand (COD), chloride’\GiH, total phosphorus (TP), total
dissolved solids (TDS), total Kjeldahl nitrogen (TKN), total suspdrsidids (TSS), nitrate-nitrogen
(NOs-N), ortho-phosphorus (OP), and Fecal Coliform (FC) concentrations. Bt €TS) content

was calculated as the sum of TDS and TSS.

Data Analysis

For this study, all concentration data, except pH, were log transformedapsiatistical analysis to
correct for normality (normality was tested using the Shapiro-Wsily.teearson correlation and
regression analysis were conducted to determine correlation among samaleetees and to find
equations to predict nutrient/contaminant concentrations. Correlatitysianaas performed on the
entire data set using the PROC CORR command in SAS 9.2. A separatdiooragialysis was
performed for each VTS component, i.e., the SSB, VIB, and VTA. A primary fatatysés was
conducted in SAS 9.2 using the PROC FACTOR command. A factor analysististacatanethod
used to describe variability among observed variable in terms of a pdyelotiver number of
unobserved variables, called factors. In this analysis it was usetttoitee how many variables

were required to describe the variability of the dataset.

A regression analysis was then conducted. The data set for each Vip&enmtwas randomly
divided into calibration and validation data sets (1/2 of dataset usatliration, 1/2 used in
validation by assigning each sample a random number using Microsoft Extiefy foe samples in
ascending order, and utilizing the first half of the data, with thesowandom numbers, as the
calibration data set). The data from all sites were pooled togethead¢h treatment component
before dividing the data sets. A linear regression analysis, on the log eélihe concentration data,
was performed in Microsoft Excel on the calibration data set to gteneslationships between the

variable of interest and the total solids concentration. The régnesguations were then applied to
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the validation data. Modeling statistics and graphical comparisons vestéaidetermine the ability
of the developed regression equations to predict effluent concentratiodslimg statistics used
were the Nash-Sutcliffe efficiency (NSE), percent bias (BIA&J, the ratio of the root mean square
error to the standard deviation of the monitored results (RSR). $Eepkbvided a measure of how
well the predicted values followed the trends of the monitored B&& measured the average
tendency of the predicted data as compared to the monitored data, and RSRI proudiex to

evaluate the magnitude of the residual variations (Moriasi et al.,.2007)

In addition to the above analysis, the prediction intervals werengdatsa for each of the regression
equations developed. The prediction interval provides a confidemereahbn future observed
responses, thus it provides an indication of how well the prediction equattks &nd the certainty
with which the prediction can be made. It provides the net accuralg cégression equation, as it

states the 90% confidence interval around the mean of the selected value.

RESULTS AND DISCUSSION

Correlation Analysis

Correlation tests the extent to which two variables are lineddieck Pearson correlation
coefficients among the tested parameters for the SSB, VIB, and Vukmfflvere determined.
Results were similar for all three components and are shown in Tablel@ 3Tabd Table 4 for the
SSB, VIB, and VTA respectively. We defined a strong correlation as havialyi@ of 0.7 or more,

as this would indicate that 50% of the variability of the parametassshared. Based on this
interpretation, many of the parameters were strongly correlatedhatkear, with only pH, nitrate,
and fecal coliforms showing no strong correlations to the other parameterto Ehe correlation
among the variables, a factor analysis was performed to assess how ngchaofability was due to
common factors, i.e., the communality of the dataset. The factor snaflyke settling basin effluent
indicated that a single factor could explain 62% of the total vatiabili the effluent quality
parameters. No additional factor could explain more than 9% of the datasebility. This

indicated that only a single variable was justified in the regressjuations. Factor analysis was also
conducted for the VIB and VTA effluent. Results indicated that a singlerfaould again explain
61% and 68% of the total variability, with no other factors explaining more tharat8%0% of the
total variability, respectively. Based on the primary factor argljsur parameters (total solids, total
dissolved solids, total Kjeldahl nitrogen, and chemical oxygen demandywengly correlated to

the primary factor. Total solids concentration was selected &inube regression analysis as it is an
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easily measured parameter and it has the possibility to provide imdightansport of both
particulate and dissolved parameters in that it is composed of botloletisand particulate
components. It has the potential to track treatments through sedimentdgoagtion with soil
particles, and dilution from outside water sources (rainfall, run-on, etsolids are affected by all

three treatment processes.

Table 2. Pearson correlation coefficients for efflant from the solid settling basifi. Values in bold are
statistically significant.

NH; BODs COD Cl pH TP TKN TSS N OP TDS TS

BODs 0.80 - - e e e e e e
COD 081 090 = == e e e e e e e

Cl 058 054 063 --
pH -054 -058 -0.59 -0.34 - - e em e e e

TP 079 077 084 054 -056 --
TKN 086 086 092 064 -054 0.82 ---
TSS 062 072 079 052 -045 070 0.77--
NO; 0.08 0.07 015 0.21 -0.08 0.15 0.15 0.15 --
OpP 062 057 058 037 -052 0.78 057 037 0.18--
TDS 0.79 079 086 076 -052 0.77 086 0.74 0.21 0.53-

TS 075 079 089 072 -052 080 087-- 020 050 --

FC 005 021 022 0417 -0.21 0.08 0.17 0.32 0.11 -0.07 0.22 0.26
¢ A correlation coefficient is significant at the®=onfidence level if |correlation| > 0.11. Data
represent 434 samples.

Table 3. Pearson correlation coefficients for efflant from the vegetative infiltration basirf. Values in
bold are statistically significant

NH; BODs COD Cl pH TP TKN TSS N OP TDS TS

BODs 0.84
COD 086 095 --

Cl 068 060 060 --

pH 0.12 0.05 0.06 0.15

TP 080 090 0.92 0.7 0.07
TKN 088 092 095 063 008 091 --
TSS 039 061 060 026 -0.20 0.67 0.57--
NO; -0.14 0.08 0.07 -0.07 -0.04 0.15 0.08 0.32 --

OP 067 080 080 048 0.16 085 0.76 058 0.31--
TDS 083 083 083 066 016 0.76 083 0401 065 --

TS 066 079 078 050 -00r 081 078 -- 017 0.67 --

FC 039 064 063 025 -003 059 061 043 028 054 049 0.1
P A correlation coefficient is significant at the®5onfidence level if [correlation| > 0.13. Data
represent 237 samples.
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Table 4. Pearson correlation coefficients for efflant from the vegetative treatment basih Values in
bold are statistically significant

NH; BODs COD Cl pH TP TKN TSS N OP TDS TS

BODs 090  ---
COD 092 096 --
Cl 064 064 071 --
pH -048 -0.50 -0.47 -0.03
TP 087 083 088 060 -0.48 --
TKN 095 093 09 0.71 -0.47 0.89 --
TSS 0.78 085 086 055 -048 0.74 0.83--
NO; 0.07 008 005 -002 -0213 013 009 001 -- - -
Op 081 073 077 054 -044 091 080 059 0.16--
TDS 080 08 090 084 -027 075 086 0.760.01 065 --
TS 081 087 091 080 -030 0.75-- 086 -001 0.63 --
FC 047 054 054 028 -042 051 051 05906 045 045 047
¢ A correlation coefficient is significant at the®=onfidence level if |correlation| > 0.13. Data
represent 229 samples.

Regression Equation Calibration

Linear regression was performed on the log of the concentration dataegeekamneter
concentration to total solids concentration for the SSB, VIB, and VTA efflDaveloped regression
equations are shown in Table 5. The amount of the variability described fegthssion equation is
also provided (B. Several parameters, (pH, M, ortho-phosphorus, and fecal coliform) could not
be described by the regression equations as indicated by the low (less thari 9B®<R In

addition, the 90% prediction interval is also provided for each equation. &tietpn interval

provides a confidence interval on future observed responses.



Table 5. Regression equations relating solid settly basin (SSB), vegetative infiltration basin (VIB)and vegetative treatment area (VTA)
effluent contaminant concentrations to total solidsoncentrations. The R valve of each regression equation is provided. & the 90% prediction
interval, i.e., 90% of future measurements of the deendent variable fall inside the interval.

Dependent SSB VIB VTA
Variable Regression  p2 g0 py Regression 2 9094 p| Regression 2 9094 py
Equation Equation Equation
NH3-N =1.42*104TS)*® 0.56 =10 =556*10%TS)"*’ 0.39 =109 =143*10TS)®" 0.66 =160
BODs  =1.74*10°(TS)* 0.61 =16%*"% =957*10°(TS}® 0.60 =169*"% =452*10°(TS)** 0.78 =167
COoD =2.77*10(TS**  0.76 =163  =513+*10°(TS)** 0.62 =1H¥0E  =627*10°(TS)** 0.84 =1G¥04
cr =1.24(TS§* 0.52 =1Fw0 =8.87(TS}* 0.30 =163 =262*10" (TSP* 0.62 =10
pH =9.68-0.62l0g(TS) 0.33 =pH+0.53 =7.40-0.11l0g(TS) 0.01 =pH#0.59 =8.78-0.670g(TS) 0.16 =pH=0.60
TP =1.58*10"' (TS’*  0.62 =16¥*"%* =4.08*10%TS)** 0.65 =16¥**% =1.05*10° (TS’ 0.61 =10
TKN =3.28*10% (TS)"* 0.72 =16¥%* =598+10"(TS)” 0.61 =10¥*% =3.84*10"(TS)}* 0.76 =1V
NOs-N  =2.92*10" (TS’ 0.02 =1¢¥*" =8.13*10(TS)* 0.03 =1¢¥*'* =6.50*10" (TS| 0.00 =10
oP =6.08*10" (TS*®  0.25 =165 =6.25*10° (TS)**° 0.37 =162 =237*x10*(TSP® 0.39 =160
FC =744(TS)% 0.08 =169*21 =952*10° (TSP 0.26 =128 =593*10* (TSP>* 0.27 =1FV*>*

Note: In the 90% Py represents the dependent variable.

0¢
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Regression Equation Validation

The regression equations’ ability to predict constituent concemiratised on the total solids
concentrations in the SSB, VIB, and VTA effluent was then tested. Hhisgeaised the validation
data set. Figure 1 shows the ability of the regression equations, basedanc&&trations, to predict
parameter concentrations for MN, TKN, TP, and COD. The calibration equations were also
evaluated with the use of modeling statistics. The modeling statisteéd were the NSE, BIAS, and
the RSR. Modeling statistics results are provided in Table 6.

Table 6. The Nash-Sutcliffe efficiency (NSE), peree bias (BIAS), and the ratio of the root mean
square error to the standard deviation of the monibred results (RSR) for evaluating regression equain
performance for ammoniacal-nitrogen, five-day bioclemical oxygen demand, chemical oxygen demand,

chloride, pH, total phosphorus, total Kjeldahl nitrogen, nitrate-nitrogen, orthophosphorus, and fecal

coliform.
SSB VIB VTA
NSE RSR BIAS NSE RSR BIAS NSE RSR BIAS
NH; 0.61 0.62 26 0.15 0.92 62 0.68 0.56 20
BODs 0.67 0.57 28 -0.07 1.03 36 0.57 0.65 20
COD 0.75 0.50 19 0.32 0.82 37 0.74 0.51 16
Cr 0.38 0.78 10 0.27 0.85 10 0.61 0.62 18
pH 0.21 0.89 0 -0.02 1.01 -1 0.00 1.00 0
TP 0.67 0.58 12 0.49 0.71 22 0.55 0.67 24
TKN 0.76 0.49 17 0.26 0.86 32 0.80 0.44 10
NOs-N -0.07 1.03 39 -0.19 1.09 71 -0.09 1.04 58
OoP 0.28 0.85 19 0.10 0.95 64 0.26 0.85 36
FC -0.06 1.03 95 -0.02 1.01 93 -0.04 1.02 98
Ideal Value 1.00 0.00 0 1.00 0.00 0 1.00 0.00 0

All regression equations were found to have a tendency to underestinzate{garconcentrations as
evidenced by the positive value for the BIAS statistic. The NSE gedvinformation about the
regression equations’ ability to follow trends in concentration, withegadmeater than zero

indicating that the regression equation performs better than usingettagawf the monitored data;
for all parameters except pH, M@, and fecal coliforms the regression equations provided a better
predictor than using the average value (positive NSE values). Thiatieslithat use of these
regression equations, rather than averages or table values, male @détter estimate of parameter
concentrations. The RSR value compared the standard deviation of theretbrésults to the

residual variability remaining after applying the regression equatéues less than one indicated
that the regression equation described more variability than the meamotahe monitored data. It

appeared that many of the regression equations were providing a good desafrippioparameter
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concentrations, indicating that total solids concentration had the pbterg@ve as a proxy for

better understanding the treatment, in terms of the nutrient concergnatibrction that VTSs are

achieving.
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Figure 1. Plots of predicted, based on TS conceiatiions, versus modeled (a) ammoniacal-nitrogen (N§-N),
(b) total Kjeldahl nitrogen (TKN), (c) total phosphorus (TP), and (d) chemical oxygen demand (COD)

concentrations for solid settling basin (SSB), vetgtive infiltration basin (VIB), and vegetative treatment area

(VTA) effluent. The one-to-one line is also displagd in the graphs.

IMPLICATIONS

The introduction discussed five potential uses for a nutrient/contattioacentration estimation

methodology. These included using total solids concentrations to evaluatgé#ut feedlot runoff

was having on water quality, using total solids as a proxy to determine eHlyditation rates for

use as a fertilizer or in determining nutrient loading rates on vegetafiltration basins and

vegetative treatment areas, as part of monitoring the VT $eslea required in NPDES permits

issued to animal feeding operations, making timely management syistestved in operating VTS

and evaluating overall system performance, and in developing detailedpbased algorithms to
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describe nutrient retention in vegetative treatment systemssédttisn of the manuscript will
provide examples to illustrate these potential applications and discusképroposed methodology

offers potential for better modeling runoff control system performance.

In practice, determining effluent application rates for use asikizfartloading rates on vegetative
infiltration basins and vegetative treatment areas, and monitoringal@&ses are all essentially the
same. In all three cases we are most interested in estimatihgrygtaient loadings rates or
contaminant releases, that is, we want to estimate the mass of camaeiiher in the effluent
released from the system, applied to cropland, or retained within eachetneattimponent. To test
the use of these proposed regression equations for these purposegpaeddhe monitored annual
contaminant mass transport and the annual contaminant mass transpateddiased on total solids
concentrations. These evaluations were made farM{HBODs, COD, CI, TP, and TKN.
Evaluations for N@N, and OP were not performed as tHev®ues of the regression equations
indicated weak relationships. The monitored total solids concentrationefach release event for
each VTS component was used in the regression equation to project effluegtitcations. The
estimated concentrations were multiplied by the event flow volume tordetemass release. Event
mass releases were then summed to calculate the annual masss fidieae calculated values were
compared to the monitored mass release from each VTS component. A paitechstpsrformed to
determine if there was a statistical difference between the mahaorcepredicted mass release
(Table 7). Significant differences in mass release estimatesonigreeen for NN and OP. These
results indicated that this methodology offered considerable inatghdetermining appropriate
effluent application rates for use as a fertilizer, evaluating contarhmasses released from the
runoff control system, and in estimating nutrient loading rates onto th&atiggdreatment system

components.

Table 7. P-values for a paired t-test comparing matored mass release to predicted mass release
calculated based on total solids concentration. Sidicant differences are shown in italics.

Component NHEN BODs COD CI TotalP TKN

SSB 0.86 0.69 043 0.85 0.70 1.00
VIB 0.19 040 0.13 0.59 0.16 0.19
VTA 0.38 039 048 0.32 0.19 0.67

Likewise, evaluating the impact releases from a feedlot's runoffamystem are having on water

quality and developing detailed process-based algorithms to describe meteetibn in vegetative
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treatment are similar tasks. In both cases, the proposed methodologgioegeesiations would
suggest that focusing on the transport of solids would provide a computatigffialgnt means of
evaluating the systems performance relative to other nutrientsnReork (Flanagan and Nearing,
2000 and Gao et al., 2004) has alluded to improving methodologies for quantifying itranhspd
particles and dissolved solids in agricultural settings. It's posgibtehe models proposed in these
manuscripts could be used to estimate solids transport from thetfeadére. Hydraulic models and
flow detention techniques could then be used to estimate solid settling thighbasin and estimate
solids concentrations at the outlet. The proposed regression equationfienudd utilized to
estimate nutrient concentrations of the effluent. This methodologss@tfeignificant advantage over
utilizing book-values as it compensates for both event-to-event Jayiabnutrient concentrations
in runoff from a single lot and has the potential to characterize #sethat feedlots of various sizes
(i.e., slope lengths), slope angles, and slope profiles would pose. Simu&thgrfsediment
deposition and filtration that occurs in vegetative treatment areas agtatieg infiltration basins

could be modeled and used as a proxy to model nutrient retention.

CONCLUSIONS

Feedlot runoff is receiving increased attention as a potentiabanvental contaminant. As a result,
feedlots are seeking information on runoff control practices that enkamzenmental security.
Vegetative treatment systems are one option seeing increased useehdwmwowledge of effluent
nutrient concentrations throughout the treatment system is requirealtatevsystem performance
and to make real-time management decisions. The objective oé$hisrch was to evaluate the use
of total solids concentrations to predict nutrient concentratiofeedfot runoff undergoing
vegetative treatment. This was done by performing a correlation ams$sem analysis. Results of
the correlation analysis indicated that most of the parameter concerstnagoe significantly related
to each other, with all parameters exhibiting a significant correlatithnaivieast one other monitored
parameter. A primary factor analysis showed a single factor wpablesof describing more than 60%
of the variability of the ten monitored parameters. Regression equationsiexeloped to relate
nutrient content and effluent quality indicator concentrations to total smittsentrations. Results
were satisfactory for most parameters, indicating that totiglssobncentrations provided significant
insight into the performance, in terms of nutrient concentrations reductidfs, Were achieving.
The predicted and monitored annual mass releases were compared-féy BBIDs, COD, CI, TP,

and TKN; NQ-N and OP were not evaluated as the regression equations indicatedvesaly a
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relationship. No statistically significant differences in madease were found. This indicates that

monitoring of TS mass release may be adequate to predict these miassnteleases from the VTS.
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Chapter 3. A Review of Settling Characteristics o5olids in Runoff from

Beef Feedlots

Abstract. Feedlot runoff is a potential environmental conitaamt. Primary treatment of feedlot runoff
typically relies on solids removal, usually througgdimentation techniques. Rigorous engineeringydexf
sedimentation systems should consider flows inthjnwand out of the settling structure, and tiegtling
characteristics of the solids in the runoff. Thesiew summarizes available literature on settling
characteristics, including settling velocities, pale densities, particle sizes, effluent viscqstyd solids
concentration effects on settling of solids in feetunoff. Findings indicate that solids in rundfém concrete
lots settle more slowly than those in earthen Iptsnarily due to lower particles densities (~1.&m for
concrete, 2.0 g/cipfor earthen presumably due to not being mixeti wie denser soil particle present on the
earthen feedlot surface. Particles size distribnsi@xhibited substantial variation, both betweed atithin
lots, which appears to be attributable to eventrbialyy. Literature evidence indicates that at sslid
concentrations exceeding 15,000 and 20,000 mg#n frarthen and concrete lot runoff could resultimdered
settling, which causes reductions of settling vigfoaf 10% or more. Current settling basin desi¢ggnslards
are then evaluated in light of the discussed sefttiharacteristics of runoff solids. These resfdtslitate
physically based modeling of sedimentation withinaff control systems and could potentially be used

improve design recommendation for settling basimsen lot operations.

Keywords. Feedlot runoff, settling, solid settling basin id@s waste treatment, particle density, particleesi

cattle manure, settling velocity

INTRODUCTION

Concentrating cattle in feedlots has humerous advantages in productiviguality control;
however, it results in an increased potential for surface and groumghatiteion (Sweeten et al.,
1990). Preventing potential problems from developing into real problems reeqddistfoperators to
be proactive in installing runoff control systems, managing solid mamdenaintaining the feedlot

surface. Research has been performed on these topics since the eagyvli@#y@uch of the work

provided a substantial pool of data on the physical and chemical propettesuoibff, the hydraulic
properties of feedlot surfaces, and the performance of solid setylstgms. The objective of this
review is to consolidate the data and techniques necessary to modeetbhd systems based on
the physical characteristics of the runoff. Specifically, the objestf this work were to (1) evaluate

the “settleability” of solids in the runoff, (2) evaluate the charaties of the waste stream that
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contribute to these settling properties, and (3) to evaluate thdseysgtaracteristics in terms of

current settling basin design standards and recommendations.

PARTICLE SETTLING THEORY

Sediment is composed of many materials, including individual minerallpartéggregates, organic
material, and their associated chemicals. The properties of tlisesd, i.e., its size, shape, density,
surface charge, etc., affect its settling velocity and in turnaitsport. In general, settling regimes
can be classified into four types, (1) discrete particle setti)dldcculent settling, (3) hindered or
zone settling, and (4) compression settling. The settling regime thas éedependent on the
concentration of solids in the solution and the tendency of the particlgsitacit. Feedlot runoff can,
and typically does, experience all four regimens; however, for typic@rdparposes the process is
usually assumed to be dominated by Type I-discrete particle settling.robesp can be modeled
with Stokes Law (Eq. 1).

Vv :g(pp_pf)ds (1)

s 18u
In this equatiorvs is the settling velocity of the particle (m/g)is the acceleration due to gravity
(m/S), p, is the particle density (kg/h pr is the density of the fluid (kg/h d,is the diameter of the
particle (m), andk is the dynamic viscosity of the fluid (N-s/hmTypical design of a settling basin
involves selecting a critical settling velocitg)and then sizing the settling structure such that all
particles with a settling velocity equal to or greater than theeiss critical velocity will be captured
within the basin; however, scientific justification for selegta specific critical settling velocity is
lacking. After the critical settling velocity is selectedande related to the required surface area of

the settling basin by dividing the flow rate by this critical velocit/ghown in Eq. 2).
A=— 2

In this equatiorA is the required surface area of the settling basfh @nis the flow rate of effluent
into/out (assuming steady state) of the settling basifs\nandv. is the selected critical particle
settling velocity (m/s). Thus, in theory settling basin design reqthieeselection of two constraints,

flowrate, which typically is chosen based on a design storm, and the catitialgsvelocity;
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however, in practice settling basin design is complicated by factors suctst@ady flow, dead zones

within the settling structure, and changing fluid and particle properties.

PHYsIcAL CHARACTERISTICS OF FEEDLOT RUNOFF

Settling velocity distributions provide a direct measurement of theepnoof interest, i.e., the
retention time required to achieve sedimentation of a specifiedofnaattithe transported material.
The measurement of settling velocity distributions provides a fundalimemt@mpirical, approach to
evaluating runoff settleability. As such, the use of the settling Mgldistribution provides a sound
method to evaluate settling basin performance and design; however, a morehensiye
understanding of the parameters that cause the settling velocitlyudistr are useful for detailed
modeling and extrapolating data beyond their original situation. As tthie isase, the approach in
this manuscript will be to first look at the settling velocity disttidr, and then to focus on the
various properties of the solid particles and runoff effluent that ¢evevdste stream the observed

settling properties.

Settling Velocities

The settling velocity distribution provides a relationship betweelingetime and the percentage
of particles remaining in solution. Data of this type have been presentemerous manuscripts
(Gilbertson et al., 1972; Gilbertson and Nienaber, 1973; Moore et al., 19G&rt&n and Nienaber,
1978; Lott et al., 1994; Pepple et al., 2011); however, differences in sampling loefeiken studies
makes it difficult to directly compare information. To remove this tang all data were
transformed to represent a one meter sampling depth; this was done gdiveddepth of one
meter by the settling velocity (sampling depth for the study divided by sawlfgetion time) and
calculating the percent of total solids remaining in the supernattr@ sample time (supernatant
concentration divided by original total solids concentration times one édindss was done by Lott
et al. (1994) and Pepple et al. (2011) a regression model was fitted tdlthg gelocity
distributions to facilitate comparisons. In their work, Lott et al. (19840 a four-parameter
hyperbolic equation to fit the data while Pepple et al. (2011) used a decayingmrtigdaquation
(based on that of Branch-Papa et al., 2006); these are shown as Eqs. gpectyely. In Eq. 3;
represents the percentage of material settligwb, settling time, and, b, c,andd are fitting
parameters with little physical meaning. In EgA4epresents the percent of total solids that are
settleableB represents a time constant related to the distribution of partitlageates of the

feedlot runoff solids, an@ represents the percent of total solids that are non-settledigle. T
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advantage of Eq. 4 is that the meaning of all three of the fitting ptgesan be interpreted,;
however, since this equation has fewer fitting parameters it leakiaad flexibility to match the
shape of the settling velocity distribution. In this review we chose tthasequation of Pepple et al.
(2011) as it aided in interpretation while still providing a good quanttatéscription (R>0.65 for
all samples and higher than 0.85 for all samples other than Lott et al., 1984 settling velocity

distribution.

y=a+ +ct 3)

1+dt
TS= Aexp- Bt)+C (4)

This analysis broke the settling velocity distributions into twogmates, earthen lots and concrete
lots. Studies that worked with the settling properties of cattle femmsconfinement operations were
included in the concrete runoff data as they represented unaltepsities of the manure solids, i.e.,
there was no mixing of manure solids with soil particles. Only two studeppl®et al., 2011;
Gilbertson and Nienaber, 1978) have provided examples of typical of settlinigutishs for
concrete lot runoff solids. The Gilbertson and Nienaber (1978) study reporteettivg s/elocity
distributions for beef manure, one sample was beef manure (8% tota) solidsted from a 100-
head housed feedlot and the other was the same manure that had been run througi §53% me
pm) screen prior to the settling test. The Pepple et al. (2011) sampéesoiected from multiple
runoff events at three different concrete lots. The average and standattbdenfi the Pepple et al.
(2011) settling velocity distributions and the two Gilbertson and Nienaber (36@&)g velocity
distributions are shown in Figure 1. The Gilbertson and Nienaber (1978) sasatiled similarly to
those from Pepple et al. (2011). The screened cattle feces sample wastsistdwer settling
concrete runoff sample in terms of settling velocity distribution. The aegaktle manure feces
sample collected by Gilbertson and Nienaber (1978) settled very sindlaHg quicker settling
samples from Pepple et al. (2011). The fact that many of the runoff sdmaglegnilar settleability

to a screened manure sample could indicate that smaller solid gaatielselectively transported
during runoff events (see discussion on particle size distribution). Alteglyatthis could indicate
that biological degradation of the manure solids, which would cause askeorgrrticle size,
occurred prior to the runoff event, reducing settlability. The non-sademaaure sample collected by
Gilbertson and Nienaber (1978) resembled good settling events from the Repp(@G1) data.

This could indicate that the feedlot surface had been recently cleaoetb phe runoff event and
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available particles were similar to those from fresh feces ematively that the runoff event was
large enough to transport all particles on the feedlot surface, rathgushamaller, more easily

suspended and transported particles.
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Figure 1. Settling velocity distributions for conciete lot runoff solids from Pepple et al. (2011) and
settling velocity distributions of housed beef calt feces from Gilbertson and Nienaber (1978). Grapls
constructed for a 1 m deep settling basin. Solid gy lines represent average + one standard deviatian

settling rate from Pepple et al. (2011).

The same analysis was conducted for the earthen lot data. In this caserdasaitable from
Pepple et al. (2011), Gilbertson and Nienaber (1973), and Lott et al. (1994). Tihg gekbcity
distributions reported (Fig. 2) varied drastically among the three sywvith the settling velocities
reported by Lott et al. (1994) being extremely quick and those of Pepphl¢28tld) being very slow
in comparison. The velocity distributions reported by Gilbertson and Nien&¥3)(dere slower
than those of Lott et al. (1994), but still substantially faster than tifd3epple et al. (2010).
Gilbertson and Nienaber (1973) and Pepple et al. (2011) collected samplastittgie runoff
events and in the case of Pepple et al. (2011) from multiple feedlots. bbt{E194) collected solids
from the feedlot surface for particle size analysis. We hypothdwmrelifferences in sample
collection methodology (from the lot surface as opposed to from runoff evadtd)fferences in
hydrologic conditions between lots may have contributed to these differerscttge Bott et al.
(1994) sample was collected from a feedlot surface the particleisigbution was not subject to the

raindrop impacts that could break apart aggregates nor to the sontiadiotes (due to selective
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erosion and transport) that would occur during runoff events; moreovhis aample was collected
during drier conditions. This led to distributions of solid partiiies that had more large, quickly
settling particles than those encountered in the natural rainfallseoeGilbertson and Nienaber
(1973) and those of Pepple et al. (2011), possibly because rainfall had not ippakggregates.
Likewise, the Gilbertson and Nienaber (1973) feedlot was locatadarch steeper slope (10%)
than the lots sampled by Pepple et al. (0.5 — 5%). The gentler slope probabbuteshto slower
runoff rates and therefore more selective transport of smaltee, easily eroded and suspended
particles. A similar hypothesis was put for by Miner et al. (1966) whedstatysical transport on
slightly sloping lots is limited to small particles while transport telejger lots can be substantial.
Additionally, the Pepple et al. (2011) study utilized grab sample calieathile the Gilbertson and
Nienaber study used electronic sampling equipment. Collection of the grplesamas delayed
towards the later stages of the runoff event due to travel times wtsheshich may have resulted in
lower sediment concentrations and finer particle sizes then thosetedlwith the electronic
equipment of Gilbertson and Nienaber where samples were collectetiepank of runoff

hydrographs.
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Figure 2. Settling velocity distributions for earthen lot runoff solids from Pepple et al. (2011),
Gilbertson and Nienaber (1973), and Lott et al. (134). Graph is constructed for a 1 m deep settlingasin.
Solid grey lines represent average + one standarcediation in settling rate from Pepple et al. (2011)
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Support of this hypothesis is provided by the data sets of Pepple et al. #201G)bertson and
Nienaber (1973), both of which show substantial event-to-event variationoff settleability, with
Gilbertson and Nienaber (1973) going so far as to classify certain evewoisdaseftling and others

as poor settling. The fact that the variability occurs within a lotatds that differences in event size
and intensity, and therefore runoff rates, can have a large impact oresedize distributions. This
concept was investigated in rainfall simulator study of Gilley.gR8l11) in which they measured
particle size distributions under various runoff rates, finding thatanguhirticle size was positively
correlated with runoff rate. Differences in natural soil texturtheflots also may be an important
factor in the settling velocity distribution as researchers hawers that between 25-50% of all solids

removed during lot cleaning could be soil (Gilbertson et al., 1975; Par&kr 2004).

Particle Densities

The density differences between the particles and fluid provide tiegréor settling, thus particle
density is an important characteristic for determining the sktfiitgaof runoff solids. Currently four
references (Gilbertson and Nienaber, 1973; Frecks and Gilbertson, 1974, Gille¢dt, 1975; and
Pepple et al., 2011) have reported particle densities of solids in fegubbt or of cattle manure. All
four studies used a pycnometer procedure (Blake and Hartge, 1986) to deterticleedeansity.
Measured particle densities have been fairly consistent, with Peppl€¢2€i1d) and Gilbertson and
Nienaber (1973) reporting average particle densities of 1.89 + 0.1% aichi.95 + 0.18 g/cin
respectively, for solids in runoff from earthen surfaced feedlotbef®on et al. (1975) also
measured the particle density of solids obtained directly from theofemdface, finding an average
particle density of 2.28 g/clrwhich is substantially denser than those found to be transported in the
lot runoff and may indicate preferential transport of the lighter pesti®epple et al. (2011) reported
the particle density of solids in concrete lot runoff to be 1.47 + 0.17gWdnich is similar to the
values Freck and Gilbertson (1973) reported for feces from cattlegeddughage (1.53 + 0.22
g/cnt) and high concentrate (1.50 + 0.23 girdiets.

These results indicate several points; first diet does not appeateta sgnificant effect on particle
density. Second, there appears to be a large difference in particleeddmsitieen earthen and
concrete lots, with concrete lot particle densities being significhgiuter than earthen lot runoff
solids. Researchers (Gilbertson et al., 1975; Parker et al., 2004) haveddpatrivhen cleaning
earthen lots, a substantial amount of soil is removed with the &attts. Gilbertson et al. (1975)

attributed the large amount of soil removed during feedlot cleaning tméaniixing,” i.e., mixing
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of feedlot soil and animal feces due to the stirring action of the Ahivoaes, thus it is probable that
the increased particle density of earthen lot runoff solids is duarnan® and soil mixing as typically
mineral particles have densities around 2.65 g(afthough there is substantial variation about this
value depending on soil mineralogy and organic matter content). Regardleggabibthn and
concrete) particle densities are substantially lower than the 268 aften assumed for solid particle
densities and used in feedlot runoff sedimentation models (Tolle 20@T); this can have a
dramatic impact on settling rates and settling basin performancendtande, earthen lot particles
with a density of 1.92 g/chithe average of values from Pepple et al., 2011 and Gilbertson and
Nienaber, 1973) would settle 44% slower than particles having a density of@85The case is
even worse for concrete lots runoff solids, which would settle 70% sloveemiasy a particle

density of 1.50 g/cfhi.e., the average of Pepple et al., 2011 and Freck and Gilbertson, 1973).
However, assuming one particle density for all runoff solids may beio@ifying. The studies by
Gilbertson and Nienaber (1973) and Gilbertson et al. (1975) reported particly dersiised with
decreases in particle size (Fig. 3). In the Gilbertson and Nienabe)) €&0dg, the densities reported
are for solids that were collected from feedlot runoff; the Gilberital. (1975) data are for solids
collected directly from the feedlot surface. In both cases the resulissimglar — smaller particles (<
45um) had densities around 2.3 gfcout for larger particles density decreased rapidly reaching 1.4
g/cnt for particles larger than 20Q0n. This implies that by using one particle density to calculate
the settling rate for solids the settling rate of large solids with\erestimated whereas those of small
solids will be underestimated. Interestingly, although the particle denagtia function of particle
size were similar for both studies (Gilbertson et al., 1975; Gilbertson amaiir, 1973) the overall
“average” particle densities measured were quite different, whichdvimply preferential transport

of particles during feedlot runoff events.
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Figure 3. Particle density of solids in lot runoff(from Gilbertson and Nienaber, 1973) and solids on
the lot surface (Gilbertson et al., 1975) versus pécle density.

This variation in particle size with particle density could alsmdeative of differences in nutrient
and carbon concentrations in the fractions. Although not investigated in the wsilk@tson and
Nienaber (1973) and Gilbertson et al. (1975), Chang and Rible (1975) presstudg an variation
in nitrogen, phosphorus, and crude fiber content with particle size i fieee beef cattle. The COD
of each particle size was calculated by assuming all crude fiber gasiocarbon and then dividing
by a factor of 2.67 based on the ratio in AQNPS (Young et al., 1987). This infomnsmsummarized
in table 1. In general, crude fiber, and therefore presumably COD, was @ gr@atentration on
larger particles, while nitrogen and phosphorus are more prevalent dergradicles. Thus, the
crude fiber/COD data seems to correspond with the particle densityf daitbertson and Nienaber
(1973) and Gilbertson et al. (1975), i.e., particles with more organic carddavirer density.
Furthermore, this data indicates that sedimentation can be used twelfeetiiuce the strength, i.e.
the chemical oxygen demand, of the wastewater, but that nitrogen and phospihatisnme need

longer settling times due to their association with smaller particles
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Table 1. Variation of crude fiber, nitrogen, and ptosphorus content with particle sizes in beef cattle
feces (from Chang and Rible, 1975).

Particle Size  Percent of Manure Nitrogen Phosphorus Crude Fiber CODt

(mm) in Size Fraction (%) (%) (%) (%)
>1.00 30.7 1.7 0.83 43.7 16.3
0.50 - 1.00 9.0 2.2 0.39 58.7 21.9
0.25-0.50 6.7 2.5 0.41 32.8 12.2
0.105-0.25 6.1 2.7 0.73 27.6 10.2
0.053-0.105 3.6 2.8 * 16.6 6.2
< 0.053 43.6 4.9 1.42 10.2 3.8

+ COD calculated by assuming crude fiber is all aigaarbon and dividing by 2.67 as per
Young et al. (1987) in AQNPS
* Value not reported by Chang and Rible (1975)

Particle Size Distribution

As discussed by Gilley et al. (2011) runoff rate has a significant influenbetb erosion rate and
particle size distribution. This implies that the sediment size lolision will be extremely variable as
flow rate is a function of the feedlot runoff hydrograph, which in turnfisation of the storm
hyetograph, feedlot characteristics, and the current hydraulic coreddf the feedlot surface.
Swanson and Mielke (1973) reiterate this thought, stating that it eneedy difficult to apply
empirical formulas to scientifically design solids traps fediets because variation in materials
available for transport, varying rainfall energies and runo&s;sand changing water temperature and
viscosities create large variability in material settlggbiAdditionally, Mgller et al. (2002) found

that the relative fraction of large particles decreased and gamtitles increased with storage time of
manure. Typically open feedlots only remove fecal materials from the lotooragce per year, thus
the particle size distribution of the manure would be expected to changhevdmount of
decomposition that occurred and the rate at which new fecal material is addeerfore, as there

is a large amount of mixing between the cattle feces and the fedtlpasticle size distributions

from earthen feedlots will be a function of not only the animal wastelgaithe soil on which the
lot is constructed.

Chang and Rible (1971) performed one of the earliest studies on the pazédessibutions of
livestock waste. In their study they dry-sieved (for deposited beafir@por wet sieved (fresh-
collected) manure samples to separated particle sizes into sigtisacinging from greater than 1000
um to less than 58m. They found that approximately 56% of solids in manure were sand sized or
larger (> 53um) and the other 44% were silt and clay sized particles {gx§3Similarly, Gilbertson
and Nienaber (1978) used a sieving procedure to study particle size. They fa@tdthat solids in
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cattle manure were silt and clay sized and 40% were sand sized. In a studyffactlieesl ration
had on beef cattle feces, Frecks and Gilbertson (1974) found that cattleifgdconcentrate ration
had a larger percent of solids of silt sized or finer (50%) thdle dat a high roughage ration (29%).
Gilbertson et al. (1975) and Swanson and Mielke (1973) reported particle sititiosts, again
determined with a sieving procedure, for solids collected from eaf#ieellot surfaces. Gilbertson et
al. (1975) reported that the material was 30% sand sized or larger, 66k4esi| and 10% clay sized.
Swanson and Mielke (1973) found a particle size distribution of 17% sand sizedil4Sized, and
36% clay sized on the lot they monitored. The particle sizes reportedrbGibioértson et al. (1975)
and Swanson and Mielke (1973) suggested a substantially smaller sarfdasizenl than was found
in fresh cattle manure (Chang and Rible, 1971; Gilbertson and Nienaber, 1978). Thisandub
follow the suggestion of Mgller et al. (2002) that storage time, ircétge weathering and
decomposition during accumulation and storage on the feedlot surface, maydasidgdhe
percentage of large particles and increasing the percentage of atickgaAlternatively this could

indicate that preferential transport of the smaller particles isroog (Miner et al., 1966).

Gilbertson and Nienaber (1973), Pepple et al. (2011), and Gilley et al. (201 ppaiéceparticle size
distributions for solids transported in feedlot runoff. The GilbertsmhNienaber (1973) and Pepple
et al. (2011) studies reported average particle size distribution fraas sainsported from multiple
runoff events, and in the case of Pepple et al. (2011), from several diffaglotsefrom naturally
occurring runoff events. The Gilley et al. (2011) study used rainfall atorulo generate runoff.
Gilbertson and Nienaber (1973) found that 80% of solids were silt sized omfhikr,only 20% of

all solids were sand sized. Pepple et al. (2011) reported that on a2®axfehe transported solids
were sand sized, 48% were silt sized, and 50% clay sized. Moreover, Peppl204t1a found no
difference in particle size distributions between the solids inutheffrfrom the concrete and earthen
lots they sampled, possibly due to the large event-to-event variatiotlimgsettes. Gilley et al.
(2011) reported that the sand sized fractions ranged from 10 to 45% of the ptditdported in
feedlot runoff while the clay sized fractions ranged from 15 to 55%. Gillaly €2011) also reported
that median particle size was significantly affected by runoff flow rath,median particle diameter
increasing with increasing runoff rate. This again illustratessiblads transport is a strong function

of the hydrology.
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Temperature Effects

Gilbertson et al. (1971) and Gilbertson et al. (1980) have stated that solidstcatiares in snowmelt
feedlot runoff are greater than rainfall runoff. Additionally, feedtodpicers in lowa have noted that
more solids tend to escape from the settling basin in winter and early gyaimm other seasons.
The fact that these issues are seasonal provides an indication that @resptil@ablity and the
increased concentrations seen in snowmelt runoff as compared to summeneseht attributed to
temperature effects. The fluid density and viscosity are bothctepdy the temperature of the
runoff; however, in general, the temperature effect on fluid density ts/ed§anegligible, as water
density (which is the primary component of feedlot runoff) varies by hessd.2% from 0°C to 20°C
(approximately the range over which runoff temperature could be expiecvary). Viscosity of
water on the other hand can vary by almost 44% over the same range, indicaiirtgpththe
potential to greatly impact settling rates. This leads to twotigues (1) what effect does temperature
(viscosity) have on settling rate, and (2) why are solids concentratignewmelt feedlot runoff

consistently higher than rainfall runoff?

It is well established that water viscosity increases sigmiflg with decreasing temperature. Similar
results were seen by Kumar et al. (1972) for manure slurries. For shetoes 5% total solids

Kumar et al. (1972) noted that fluid behavior was Newtonian and viscoséressimilar to those of
water. Thus for this analysis it was assumed that the viscosity afrtbf was the same as that of
water, although differences could occur. The required retention timegleoranoff particles in a one
meter deep settling basin were determined. The results indicateddhé&ieeging temperature (0°C)
could increase the required settling time by 1.8 times as compared todamgsenear 20°C. This
can drastically reduce the performance of the settling basirgiabpé removing particles that
settle at or near the critical particle settling velocity forohtthe basin was designed. This indicates
that to maintain the same level of performance a longer retentionstireguiired during cold weather
than during warm weather. Similarly, the higher viscosity of the runaif be reducing that amount
of “within pen” settling of solid particles by slowing settling velodgtsufficiently that solids that
would typically settle from the flow before reaching the edge of theape now transported to the
settling basin. Moreover, this increased viscosity could explain taeype flow Gilbertson et al.
(1980) reported.
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Hindered Settling

Hindered settling is a term used to designate the decrease in faityefaediment in suspension
and is believed to be caused by inter-particle forces slowing fall welbtigh sediment
concentrations cause significant counterflow of the suspending fluid aroupdrtivées, increasing
the drag force the settling particles experience, slowing the ratact particles are settled. Few
references have discussed hindered settling in relation to feedlot, tumwéver, Pepple et al. (2011)
mentioned it as a possible cause for slower settling rates. They noigi@ésshat had high total
solids concentrations (particularly samples from concrete lots) exeerienced hindered settling
(determined based on visual inspection of the settling results). P¢pplé2©11) only saw hindered
settling in one earthen runoff sample. This was a winter snowmelt sdrapleat] a solids
concentration of 2.2%. Moreover, the concrete lot runoff samplesxpatienced hindered settling
had solids concentrations exceeding 1.5%. These values are in lineasghrécommended by Steel
(1960) and Sobel (1966) whom suggested that volumetric concentrations of suspencled parti
exceeding approximately one percent (by volume) experience hinderathsetbuming the particle
densities of earthen and concrete lots (discussed above) this equaligs twosoentrations of 1.5%
and 2.0% (by mass).

Although this research provides a basis for predicting when hinderedgh#b a significant impact
on settling velocities it does little to help model the process. Unddimstaand modeling the impacts
of increased concentrations requires a more detailed description of¢hanisens slowing the
settling velocity. Thacker and Lavelle (1977) identified three presatbsit mechanisms; these were:
(1) the retardation that a single particle of sediment experiencde thecounterflow of the
suspending fluid, (2) the partitioning of gravitational, drag, and pressuesfbetween the sediment
and suspending fluid, and (3) the modification of the flow field in the vicofithe sediment
particles when other particles are nearby. Moreover, Kumar et al. (1972)tfairdcreases in total
solids concentrations positively correlated to increases in appareositysof manure slurry.

Utilizing a two-phase flow analysis approach, Thacker and Lavelle (Riggested that suggested
that the kinematic effects (counterflow of the suspending fluid andnp&ct of concentration on the
pressure field) would reduce settling velocities a factor of {1¥@)ere C is the volumetric
concentration of solids within the fluid. However, they could not extendadhaiysis to account for
dynamic factors. Based on experimental work Maude and Whitmore (1958sw®dytet the

hindering factor should be (1-Q)herea is a constant between 4-9 and C is as defined previously.
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Here we suggest a value of 9 as Steel (1960) and Sobel (1966) suggestalditinetric solids

concentrations of 1% slowed settling velocities by about 10%.

SETTLING VELOCITIES REVISITED

As an alternative to measurement of settling velocities a thedmpigeoach, Stokes law, could be
used to predict settling velocities. Stokes law can be used to calthéatequired retention time to
settle various sizes of runoff particles. Using solid particles tiensif 2.0 and 1.5 g/chfior solids in
earthen and concrete lot runoff and assuming that Stokes law applies, thegtiined to settle sand
sized particles (5(am) and larger is about 0.25 and 0.5 hours for solid particles from earthen and
concrete lots respectively (assuming a 1 m settling basin depth)liiRptee particle size
distributions reported by the various researchers (Chang and Rible,1%fisddvand Mielke, 1973,
Gilbertson and Nienaber, 1973; Frecks and Gilbertson, 1974; Gilbertson et al., 18&8s& and
Nienaber, 1978; Pepple et al., 2011; and Gilley et al., 2011) we find that a lezgetpge of
particles (47 — 65%) tended to be silt sized (2 — 50 pm). Thesdgsmdan be settled, but require
long retention times to achieve removal. For instance, particlesréha0qm in diameter require 7
and 13 hours to settle while 3 um particles require 3 and 6 days. Although not arpetééctthese
values are qualitatively similar to the settling velocity disttions reported earlier within this
manuscript, especially as this analysis didn't include the impadéfed settling would have on
estimated settling times. These retention times are often too loegtadtical at most operations,
and as a result these solids tend to settle in containment basins additiomal treatment

components used in the runoff control system.

IMPLICATIONS FOR SOLID SETTLING BASIN DESIGN

This brings us to objective three; evaluating the reported settmgcteristics of feedlot runoff
solids in terms of settling basin design standards and recommendatiawilllibeé done following
two different methodologies; the first follows the settling basin degigdelines for open beef
feedlots specified by the lowa Department of Natural Resources DbikRa 2007) and the second
following the recommended design practices recommended in the USDA'&tfegd reatment

System guidance document on solid-liquid separation (Nienaber et al., 2006).

lowa administrative code requires feedlot runoff be slowed to a fltaeite of less than 0.15 m/s for
a minimum of five minutes, sufficient storage capacity to contairuadff from a 10-year, 1-hour

storm, and one square meter of settling basin surface area for evefyo? sunoff per hour. Let’s
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look at an example using these design criteria; assume a 2-ha (4.9%ebes) feedlot near Ames,
lowa (10-year, 1-hour storm of 5.8 cm/hr). Since this is an earthen slifésziot a curve number of
around 91 is appropriate for determining the volume of runoff. Based on thisapgiteximately

3.63 cm of runoff should be generated resulting in 726 cubic meters of runoff. I8sisethe

volume of runoff occurring in one hour a surface area of the settling basin of 3@equired.
Assuming the basin is designed to provide the required five minute detémigoartd that the basin
is at steady flow (inflow = outflow) then the depth of liquid in the basin woulllben. Since the
lowa administrative code requires a maximum flow velocity of 0.15 m/s attheninute detention
time, a basin length of 45 m is required. Thus in this case the basin dimemsidd$e 6.6 m wide,
45 m long, and a flow depth of 0.2 m. What is the minimum particle size that would be tatynple
removed in this basin? Based on the depth of flow and hydraulic retention ¢iinasin should
capture all particles with a settling velocity greater than 0.0006:AJsisg Stokes’ Law (eg. 1) and
assuming a particle density of 2000 kg/m3, a fluid density of 1000 kg/m3, and a yiSco8it307
N-s/m2 (~10°C) this corresponds to a particle size of approximatelyn4@ this had been a
concrete lot (curve number of 94 and a particle density of 1,500 )ktem the design volume would
have been 853 inthe length would still be 45 m, the required width would be 7.8 m, and the liquid
depth would be 0.2 m. In this case the smallest particle size settled wdidgine Thus in both
cases the settling basin would be designed to remove approximatety sdhitth sized particles, but

virtually none of the silt.

The USDA NRCS VTS guidance document suggests designing for a soliagsetté of 1.22 m/hr
(0.61 m/hr for basins less than 0.61 m deep), for either a 10-year, 1-hour stornt ev@btyear, 24-
hour event, a dewatering time of 30-72 hours, and a liquid depth of less than 1 nth&ipasin
designed using the lowa standard had a liquid depth of less than 0.61 m |etie Hesmore
conservative case of a 0.61 m/hr settling rate. In this case it is eajgeslesign assuming all
precipitation will be converted to runoff. Following this suggestion theired| surface area would be
1,900 M. The storage volume is calculated in two ways, the first is based orojeted runoff
volume (1,160 ) or from the liquid storage depth (calculated from the settling rate asera
selected detention time, minimum of 0.5 hours) times the basin area {p8helarger value 1,160
m’ is selected. Again assume the basin is at steady flow conditiongjuttedepth would be the
design volume divided by the surface area 0.6 m and the detention time would be onadmour (b

volume divided by flow rate). Following the above procedures the minimum paitiete that would
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be projected to be removed would beu®® for an earthen lot and 28n for a concrete lot, or

roughly half of all silt sized particles.

These analysis have several cavettos; the first being thattiivgggrocess was well modeled as
discrete patrticle settling, the second that basins were modeled asibstiegdy flow conditions, and
the third was the settling was ideal, i.e., there were no turbulersmtsetiiat would cause patrticle
resuspension or delay settling, and the forth is the viscosity wasexs&lentical to that of water.
Redoing the problems above and assuming approximately 0°C (still assumogityiscthe same as
water) the critical particle diameters would beué® and 65um for earthen and concrete lot settling
basins designed to meet lowa criteria angu23and 32um for the USDA VTS guidance document

method.

Are these removals sufficient? This all depends on what the paitielelistribution in the feedlot
runoff is. One possible way of evaluating if this level of performaseedeptable is by looking at
the particle size distribution data of Gilley et al. (2011) and etiatuavhat solids concentration
reductions would be expected. As can be seen, this value would range from apeipXitr85%
for settling basins designed according to the minimum lowa DNR reqgritsror 20-90% for
settling basins designed according to the USDA VTS recommendations, agpendhe flow rate
of the runoff. Referring back to our example of an earthen lot (curve number 9T)dfitraies of 91
L/min-m would be expected. This value is substantially greaterssithihn the runoff rates
monitored by Gilley et al. (2011), but assuming there highest flow rate 1(@0-4) gives solids
representative of those present on the lot, than 80-90% of all solids ttedspmyld reasonably be
expected to settle; however, less intense storms would result inrlavegf rates. One hour storms
with intensities of 0.75 and 2.54 cm/hr would produce a runoff rates varyin@féota 21.5 L/min-
m. These low flow runoff events would result in much greater variationtlimgdiasin performance
(when evaluated as percent reduction in solids concentration), and sincd 80%orms near Ames
are less than 2.54 cm in total size could play a major role in the monienfedyance of the basin.
Additionally, it would also help explain why the samples of Pepple et al. (20 0ayksl
substantially poorer settling characteristics than the solids ebtdinectly from the feedlot in the
Lott et al. (1994) study and the electronically sampled runoff in the Gitireetnd Nienaber (1973)
study, i.e., it's probably that the samples of Pepple et al. were morersontite 0.67 L/min-m flow
rate, those of Lott et al. (1994) were similar to the 20.4 L/minem flate, and those of Gilbertson

and Nienaber (1973) were in the 6-13 L/min-m range.
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Figure 4. Particle size distributions of solids irrunoff from an earthen beef feedlot near Clay Cersr,
Nebraska at four runoff differing runoff rates per width of plot. The black line represents the critcal
particle diameter for earthen lot settling basin deigned using the Data from Gilley et al. (2011).

CONCLUSIONS

Primary treatment of feedlot runoff typically relies on solids resthaysually through sedimentation
techniques. Rigorous engineering design of sedimentation basins must chosislénto, within,

and out of the settling structure, and the settling characteristioe eblids in the runoff. In this
review typical settling properties of solids in runoff from conem@atd earthen lots was reviewed. The
results show that solids in runoff from concrete lot settle subdtarsiawver than from earthen lot
runoff. This was in large part caused by differences in average paitiokity between the solids in
the runoff (1,500 kg/rhfor concrete runoff, 2,000 kgfrfor earthen lot runoff). The large differences
in average particle density can be explained by the amount of soil miximgatite feces and being
eroded from the earthen surface. Particles size distributions texhs#ibstantial variation, both
between and within lots, which appear to be attributable to event hydrology vidok relating
particle size distributions to runoff rates are required to véhmi/conclusion. Current settling basin
design standards are then evaluated in light of the discussed s#itinagteristics; overall results
indicated that the USDA NRCS settling basin design recommendations \ettiédparticles of 23

um and 32um and larger from earthen and concrete lots respectively; whethgetisent is
adequate depends on the additional treatment the runoff receives. Thealesuhdicate that
evaluating settling basin performance as percent reductions isabtE my lead to a large variation

in reported performance as it is very dependent on the partieldistzibution of sediment in the
inflow.
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Chapter 4. Development of a Runoff and Sediment Rdung Model for
Open Lot Beef Feeding Facilities

Abstract. Feedlot runoff is a potential environmental conitaamt and requires proper management to
minimize impact on water quality. In designing rffrrmanagement systems accurately assessing thenawfou
runoff that will be generated is of premier imparte. Along with overall quantity of runoff, the feoral
pattern, both throughout the year and within therst event, can have large implications for siziogtcol
system components, in determining the performareedntrol system achieves, and in the overallypioth
potential of the feedlot. This review summarizeshiydraulic properties of the feedlot surface, #padly
focusing on variables that impact the total volumheffluent generated and the resulting amounedfraent
transported. The work cumulates in developmentfeédlot runoff routing model with a sediment
transport/erosion component. Results are compavaddnitored solids concentrations from a feedlarne
Ames, lowa to validate model performance. The é¢edhoff and sediment routing is used to assesdntipact
of various feedlot design characteristics, incluglfeedlot area, aspect ratio, and slope, on sdlidssport
from the feedlot surface. This model can be usedatuate the risk that feedlot runoff poses toawgtiality,
for prioritizing feedlots that are in need of enlead runoff control systems, and to evaluate theauliat and

sediment loadings that a runoff control systemeguired to handle.

Keywords. Feedlot runoff, feedlot hydrology, cattle manw@ljds transport, erosion, modeling

INTRODUCTION

Concern over water pollution associated with animal waste has inte#lkdhe intensification of
livestock production. The passage of the Federal Water Pollution CAitréimendments in 1972
placed the U.S. Environmental Protection Agency (EPA) in charge of developiof control
guidelines (Anschutz et al., 1979). As a result, the EPA released theriffimitation Guidelines
(ELGs), which described the design and operating criteria for coateshttnimal feeding operation
(CAFQO) waste treatment systems (Sweeten et al., 2003). Designitgmasagement systems that
meet these guidelines while minimizing construction costs requicesade estimation of the amount
of waste generated. Along with understanding the hydraulic constraintd platee waste
management system it is also necessary to estimate the nutrieotidsitbadings the system’s
treatment components will encounter. As shown in Andersen et al. (2011), maegtnutr
concentrations can be estimated based on knowledge of total solids cbotephysically based
process models that link erosion to feedlot hydrology could be used totestumi@ent losses from
the feedlot.
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A feedlot is subject to the same erosion producing rainfall agifaeemt land, and although
conditions of the feedlot and the surrounding surface may differ dragtitedleffects of rainfall on
solids transport and the erosion process are similar (Swanson et al.,A92h) average annual basis
this erosion is a function of slope angle and length, infiltration rate, and physiparties of the soll
(Zing, 1940). However, the intensity, amount, and duration of rainfall can have a proffamtde

the rate of the resultant runoff, and therefore erosion (Ayers, 1B3&3, the objective of this work
was to develop a model of the feedlot surface (using inputs of feedlotestygi@c(earthen or
concrete), average slope, size, aspect ratio, and a precipitation hpbjatpat is capable of
predicting runoff volumes and sediment mass transport from theftdbat can be used to aid in the
design of solid settling basins and runoff control systems. Specifioadigel development will (1)
discuss the hydraulic properties of the feedlot surface, (2) dislcavarious methodologies that have
been used in modeling runoff volumes, (3) propose a methodology for constructing adpftlrog
from the feedlot surfaces, (4) develop a relationship between sediamesydrt and runoff flow rate,
and (5) evaluate the implications this model has for laying out eotgedininimize sediment

transport.

FEEDLOT HYDRAULIC PROPERTIES

Properties of the Feedlot Surface

The physical properties of the soil and manure pack (thickness, bulk dersdéy helding capacity,
moisture content, hydraulic conductivity, infiltration rate, etc.) deteemthe water balance in the
feedlot area and is responsible for partitioning precipitation intoggpreunoff, and leaching
volume. Mielke et al. (1974) suggested that three layers develop ioiltheddile in a feedlot; a layer
of manure accumulation, a black interface layer of mixed organic and hsongyand the native top
soil. Moreover, he suggested that this interface layer was prymesiponsible for limiting hydraulic
conductivity. This layer forms through physical, chemical, and biologicakgses such as
compaction from hoof traffic, plugging of soil pores, dispersion of clays frorhigtesodium and
potassium levels, and biofilm development (Mielke et al., 1974, Schuman andIM®&Z&l, Miller

et al., 1985, Rowsell et al., 1985, Barrington et al., 1987; McConkey et al, 1990). 3¢niptiten of
the feedlot soil profile has generally been accepted (Mitlat. £2008; Olson et al., 2006; Maule and
Chi, 2006), although more recent work by Cole et al. (2009) divided the manure acamriotati
two layers, an upper dryer layer and lower wetter layer, although they prityabshis division may

be weather dependent with the boundary changing due to environmental conditiomsebtidbis
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manure accumulation layer Cole et al. (2009) found a black interface hayevduld limit seepage.
In either case (i.e., the profile of Mielke et al., 1974 or that of Cole, 2089), the manure-soil
hydrologic response expected would be similar; the upper layers (mahat) act as a sponge
soaking up added moisture and the compacted soil-manure interface as aresbjeror very
slowly permeable, layer (Mielke et al., 1974). This is not to say ilegdtom a feedlot surface does
not or cannot occur, but rather that on the time scale of the praoipgatnt seepage through this
interfacial layer should be negligible in the overall water balammeinBtance, Mielke and Mazurak
(1976) reported feedlot infiltration rates of 0.12 cm/day while values MeRullough et al. (2001)
ranged from 0.05 to 0.16 cm/day. This is also true of concrete lots as natiofiltould occur;
although in both cases significant fractions of precipitation could bedsiothe accumulated

manure depending on its moisture holding characteristics and its current enogsitent.

Another unique property of the feedlot surface is that in addition to peg@pitit also receives
moisture through cattle defecation. The ASABE manure charactegttindard (ASABE, 2005) can
be used to provide an estimate of the average annual addition of water wdtbederface. This is a
function of animal stocking density and is presented as such in Fig. 1 ésssuoncattle feed out
cycles per year). As can be seen, the moisture addition in feces and nrbeeqeate large, even at
25 nf/head (typical stocking density for earthen lots in lowa) approximatelynd@ear of water are
added to the feedlot surface; for concrete lots, which often statgnaities of around 12%head up
to 82 cm/yr can be added. This amount of added moisture is important to considevatuating
feedlot surface properties as it can increase moisture leveissfance in lowa annual precipitation
ranges from 63 to 102 cm (25 to 40 inches) thus moisture from animal defecation camfaccoun

between 30 and 60% of the average annual moisture the feedlot suréacesiec

Moisutre Added with Manure

0 10 20 30 40 50
Stocking Density (m?/hd)

Figure 1. Moisture additions to the feedlot surfae resulting from cattle defecation. Calculated bask
on ASABE Standard 384.2 assuming two cattle grow siper year



50

Predicting Runoff Volumes

Researchers (Gilbertson, 1980; Clark et al., 1975b) have suggested thalt GenServation Service
(SCS) Curve Number (CN) method and linear regression equations are vidimbe s predicting
runoff volumes from beef feedlots. Clark et al. (1975a) utilized the regnesgethod to show
rainfall-runoff relationships from six feedlot locations. Based osdleguations Gilbertson et al.
(1980) stated that between 0.75 and 1.5 cm of rainfall will be retained on dh# faeface and
between 36 and 86% of any additional rainfall will runoff, with values fluctgalue to lot
antecedent moisture conditions, feedlot shape, slope, and the type of feddt®. sAs an alternative
method, numerous researchers have utilized the curve number method. Vanderholokeynd Di
(1980) recommended values of 95 to 99.9 for concrete paved dairy lots and a value p®edor
beef cattle lots (Dickey and Vanderholm, 1977), suggesting that thergreatare accumulation on
the surface of the beef lot resulted in greater retention of pre@pit&iork from Gilley et al. (2011)
suggested similar results, finding that for wet earthen feedlotsya sumber of 90 was appropriate
and that greater accumulation of unconsolidated surface materialsdedoo# volumes. Miller et
al. (2003) studied runoff from unpaved lots near Alberta, Canada finding that curverswanted
from 52 to 96 for runoff events, mostly due to different amounts of wategstaiithin the feedlot
manure pack, which they propose acted like a sponge, absorbing theamifal until it became
saturated. This follows the suggestion of Clark et al. (1975b}hbaiercentage of rainfall that runs
off is proportional to the moisture deficit (evaporation minus precipitabf the region. Similarly
many researchers have found that feedlot curve numbers can varysals(@ able 1) with
different weather and storm patterns. This analysis is supplemenkeBigvitL, which used the
precipitation and runoff data of Swanson et al. (1971), Swanson and Mielke (19F&) elvil.
(2004), Andersen et al. (2012), and Kreis et al. (1972) to determine whiehraumber and linear
equation best fit the relationship between storm size and runoff depth. Baihrtte number and
linear equation fit the data similarly, explaining 73% of the variationmoff depth. The ideal curve
number was determined to be 91 and the linear regression equation sudggedtetidm of
precipitation was required to initiate runoff at which point 74% of all amdhti precipitation became
runoff. However, there was again substantial variability about theg@nships. This has led
researchers to question the use of a standardized curve number for moeelioty tmoff, and
instead investigate the use of antecedent rain indexes and wateelala the manure pack to
estimate runoff and speculate about the use models to simulate théayrarass of infiltration and

runoff.
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Table 1. Runoff curve numbers reported in literature for describing the volume of feedlot runoff from
sites with varying stocking densities, feedlots staces, and weather conditions.

Author Feedlot Conditions Location  Curve Number  @ridtion

Unpaved, 17 fihead,

Kennedy et al. (1999) Rainfall Alberta 55-83 51

Pond Ash, 46 Athead,  North
Kizil and Lindley (2002) Rainfall Dakota 82 -97 18
Unpaved, Rainfall
Swanson et al. (1971) Simulator Nebraska 76 - 98 29

Swanson and Mielke (1973) Unpaved, Rainfall Nekmask 73 -100 37
Unpaved, 18 fithead,

Miller et al. (2004) Rainfall Alberta 59 -95 61
Unpaved, 30 fihead,

Andersen et al. (2012) —-CN IA 1 Rainfall lowa 77 - 100 30
Unpaved, 16 Athead,

Andersen et al. (2012) —-CN 1A 2 Rainfall lowa 77 -98 27
Unpaved, 21 Athead,

Andersen et al. (2012) - NW IA 1 Rainfall lowa 94 - 100 6

Paved, 7 fihead,

Andersen et al. (2012) — NW IA 2 Rainfall lowa 73 -100 37

Soft chalky bedrock,
Kreis et al. (1972) 11 nf/head, Rainfall Texas 79 - 99 25

One such water balance model is that of Maule and Chi (2006), and althoughatheimmet with
only limited success, it provides a framework for physically based ferglioff models. Their model
used a moisture balance to calculate the retention factor used in§h@Ns@ethod. The basis of the
water balance was that water inputs from the both precipitation anddefttation and losses to
evaporation change the moisture content of the manure pack, and that the awvati@blelding
capacity of the manure pack is equal to the SCS retention factor. In developimpisture balance
Maule and Chi (2006) assumed that seepage from the manure pack was eegligiough the
water balance method showed promise and was more successful than a eitiseard curve
number or a curve number based on an antecedent precipitation index (Maule and Chm@@06)
information on the hydraulic properties (conductivity, water retenticap@native drying
characteristics, porosity, wetting suction, rewetting characts)sif the manure pack are needed,

limiting implementation of this methodology.
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Figure 1. Monitored runoff depth versus precipitation event size. Data from Swanson et al. (1971),
Swanson and Mielke (1973), Miller et al. (2004). Adersen et al. (2011), and Kreis et al. (1972). TI®CS

curve number and a linear regression equation werét the observed data. Model fitting suggested that

the best curve number to use was 91 and the lineeglationship indicated that 1.17 cm of precipitation
were required to initiate runoff and thereafter 74% of all additional precipitation was converted to

runoff; both equation had R? values of 0.79.

Modeling the Runoff Hydrograph

Along with knowing the amount of runoff that occurs, proper analysis oinggltthsin performance
and solids transport from the feedlot requires information on the runoff hrggto@_ott et al., 1990).
Little research has focused on this area; however, work by Swanso(il874). and by Gilley et al.
(2011) have shown that erosion from a feedlot surface is proportional towheafe of runoff across
the surface, i.e., that the transport of sediment from the feedlotesisfan general transport limited.
Moreover, Lott et al. (1990) suggested a similar idea, stating that expein Australia has shown
settling basin weirs are more prone to clogging after intense rantaits, possibly due to increased
momentum carrying more manure into and through the settling basin. The lirdebetolids
transport and flowrate reported by these researches seems plaosildemechanistic standpoint as
the feedlot surface is often covered with highly erodible pastitiewever, utilizing a relationship
between flowrate and solids transport to predict feedlot runoffssotidtent requires a flow routing

method be used to generate the runoff hydrographs.
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Several methods have been proposed to generate runoff hydrographs; thdsehiyatograph
fitting, kinematic flow routing, and SCS synthetic hydrograph generation. Ugahrograph fitting
would require the generation of large datasets in which both the preciphgetograph and the
runoff hydrograph are monitored prior to interception by the runoff contr@rsy#\lthough
example hydrographs from earthen and concrete lots have been reportedturdit@iner et al.,
1966) insufficient information is provided to construct a unit hydrograpédoas their findings and
to generalize it to feedlots of differing size and slope. A second agprasing kinematic wave
theory was proposed by Lott et al. (1990). Although many of the underlying assumptions of
kinematic wave theory are plausible for feedlots (pen sur§aeddtively uniform with no significant
irregularities, precipitation hyetograph across the feedlot suviacld be similar, in most cases
backwater effects would be negligible upstream of the sedimentati@mdysan accurate Mannings
coefficient is required (Lott et al., 1990). The value of Mannings @efii is unknown and probably
varies with different pen surface conditions. Thus, at this time tises$@thetic unit hydrograph

approach as outlined by Haan et al. (1994) seems appropriate.

In the SCS synthetic unit hydrograph approach the first step is to ediaat®e to peak of the
hydrograph. This can be estimated using the SCS Method (1975) as shown in Eqsldoahon

T, is the time-to-peak of the hydrograph in minutéiss the duration of the unit excess rainfall in
minutesL is the length of the longest flow path in met€hlis the runoff curve number (which
could be adjusted based on the available water holding capacity of the gesffioe), andlopeis

the average slope of the feedlot in m/m. This value can then be used in EglcRiliame the peak
flow rate. In this equatioq, is the peak flow rate in cubic meters per second per centimeter of
effective precipitationA is the area of the feedlot in square meters,Tgmglthe time of concentration
in minutes. The SCS Dimensionless Unit Hydrograph can then be used to geneiatg/drograph
specific to the feedlot. Eq. 3 provides a normalized equation which can b aggmfoximate the
SCS hydrograph at different points in time, in this equdtiagsmthe flow rate of the unit hydrograph,
in m/s per cm effective precipitatiog; is the peak flow rate (is-cm effective precipitation) as
calculated in equation 2js the time in minutes, ariglis the peak time (minutes) as calculated in
equation 1. To facilitate programming, the time to peak should be adjastedur at the closest
multiple of the time-step used in the model and total flow for the unit hyajpbgghould be adjusted
to ensure that it is equal to the equivalent of 1 cm of runoff from the lootig drainage area. Total
flow is checked using Eq. 4, whe@eshould be 1 cryt is the time-step used in the model in minutes

(chosen as 5 minutes herd),is the flow rate of the unit hydrograph at each point in cubic meters per
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second per crA is the area of the feedlot in square meters, and 6000 is a conversiondiers tn
centimeters and minutes to seconds. If this equation is not within theddesémrance (0.0001) the
peak flow is adjusted and then tolerance rechecked. This process shibetdtbd until the tolerance

criterion is satisfied.

Los(1000_ )
T =§+ CN

1
P2 7345/slope )
A
= 2
% = gooar, @
3822

o- qp(tiexp(l_;ﬂ
p p (3)
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A @

To use the unit hydrograph approach, estimates of effective patiopifor each time step are
required. This can be generated by using a storm hyetograph and the SCS curveneihdze(or a
feedlot surface water balance method) to estimate the amount of fatemipiluring each time step
that would be converted to runoff. Using the SCS curve number method this can be isbeahiyyl
calculating cumulative precipitation and using the curve number method tooheteumulative
effective precipitation at a given time step. The amount of efeeptecipitation for the current time
step is then calculated by subtracting off the cumulative effectaegtation of the previous time
step. The water balance method would be performed similarly, although ingbitheae would be
no runoff until the available soil storage capacity was exceeded, dt pdiitt all additional rainfall
would be considered effective precipitation. The runoff hydrograph is then gehbyatonvolution
of the excess rainfall hyetograph and the unit hydrograph. This is done uskgrithis equatioi,
is the flow rate of tha™ time increment of the runoff hydrograph in cubic meters per seBqris,

the effective precipitation, in cm, occurring during thitime increment, ant,.m.1 is the value of
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then-m+1time increment of the unit hydrograp¥,is the number of increments that have excess
rainfall, n is the time increment flow is being calculated for, anid a count variable that is used to

sum all effective precipitation increments that effect the floshefcurrent time interval.

©)

Estimation of Solids Transport

Several theories have been presented on erosion, but the prevailimgseamong process-based
erosion models is that sediment transport capacity is the fundamentptiondetermining
detachment and deposition processes. Building of this conceptual framewarkviaigh the work of
Ellison (1944, 1947a, 1947 b, and 1947 c) who proposed dividing erosion into four sub-processes, (1)
detachment by raindrop impact, (2) transport by rain splash, (3) detachmerilog dlorv, and (4)
transport by surface flow. Meyer and Wischmeier (1969) proposed thates# transport was either
detachment or transport capacity limited. Since then the conceptitefdisediment transport
capacity of overland flow has been extensively applied in many physicabyl Isail erosion models
(Foster and Meyer, 1975; Beasley et al., 1980; Foster et al., 1995). ProssestamafiRR2000) focus
on a simple transport capacity model, given as Eq. 6, which has been wipledg &0 hillslopes. In
this equatiorys is the sediment transport capacity (g/min-meter widig,the flowrate (L/min-meter
width), Sis the energy gradient (approximated as the surface gradient in %) Samaady are
empirically derived constants. This equation was modified slightlihferanalysis; both sides of the
equation were divided by flow rate per unit width to solve the equation forfemlafs concentration
(Eqg. 7). In this case the concentration is in mg/L lahdndles the appropriate unit conversions. For
this approach to be successful it is required that solids transport isdfp@eity limited, that is, there
is sufficient erodible particles available on the feedlot suttiasatisfy the transport capacity.
According to the work of Gilley et al. (2011) this assumptions is reasqrabieedlot surfaces

typically have a large supply of highly erodible material availablérémsport.

g, =kg’s’
(6)

C=kg's’
(7)
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The erosion model (Eqg. 7) was calibrated for feedlot sediment cortc@mmgrasing data from Gilley
et al. (2010), Gilley et al. (2011), and Swanson et al. (1971). These authorsdrepditeent
transport and runoff from simulated rainfall events on feedlots adusslopes ranging from 4.8 to
13% and flow rates ranges from just above 0 to about 25 L per minute per meter plot weddyeA
solids concentrations were calculated by dividing cumulative sedinagsport by total runoff. The
fitted equation is noted in Fig. 5a; also shown (Fig. 5b) is a plweafsured versus modeled
concentrations. In general, this equation showed a reasonable abilitherfieasured data
describing more than 93% of the total variability of the solids concemtriat runoff from the

feedlot. In the plot of measured versus monitored concentration data tffiellmess intercept was
not significantly different than 0 and the slope of the line was not signify different than lo(=
0.05) indicating the model performance was adequate. Moreover, thatesliboefficient§ andy

are within the ranges recommended by Prosser and Rustomji (2000) and méaxathei
recommendation of 1.5 f@randy (we foundp = 1.821 and = 1.511 respectively); however, there
are several limitations to this model. Namely, the model assumes Iskneetvér the feedlot surface,
although in some cases this may be true, especially on the smallerspldis generating these data
sets, on actual feedlots runoff might be more prone to channeling changinigtioeskip between
relationship between solids concentration and flow rate. For instance, éfliale (1966) suggested
that under channeling flow conditions runoff could be less polluted due to lesctiun between the

soil and the runoff water.
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Figure 5. (a) Solids transport capacity as a funan of runoff flow rate and feedlot slope. Open sytwols
represent measured data and filled symbols represermodeled data using the calibrated equation. Datased
is from Gilley et al. (2011), Gilley et al. (2008)and Swanson et al. (1971). (b) Comparison of measd versus
modeled solids concentrations shown with the besit-fine. The intercept was not significantly different than 0

and the slope was not significantly different tharl (& = 0.05) indicating adequate model fit.
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Although these controlled plot studies provide detailed information orekionship flow rate and
total solids, they do little to illuminate how these solids werdtjmemtd between suspended and
dissolved solids. As illustrated above, solids concentrations are eXpedaterease with greater flow
rates and steeper slopes, this is thought to be primarily due to sdteasgpended solid transport as
steeper slopes and greater flow rates result in greater fluid tiedotarger shear forces on the soil
surface, and greater turbulence to mix the sediment into the flow. Howsvepposite trend may be
expected for dissolved solids, that is increased velocities maydekstteased concentrations due to
less contact time between the flowing water and the feedlot suffificer et al., 1966). In addition
to the impact of reduced contact time, larger storm events are édras diluting dissolved solids
content in the runoff (Malouf, 1970). To test the impact of dilution on disdaolids concentration
we regressed the percent of the total moisture the feedlot surfadeerbdue to cattle defecation
(cattle defecation moisture divided by annual precipitation plusasfecation moisture) against
average total dissolved solids concentration in the runoff. Thislatbion was tested using the data
from the six sites presented in Andersen et al. (2009) and those reported hyrledrai (2003),
Yang and Lorimor (2000), Edwards et al. (1986), Woodbury et al. (2002), and Krki€lé7&). The
amount of moisture added by cattle defecation was calculated based on the AGARE
characteristics standard (ASABE, 2005) assuming two feed outs per yeat,fertiee Edwards et
al. site where the author reported that only one feed out had occurred. Regtdted that percent
moisture added from cattle defecation and average dissolved solids catmesin the runoff were
significantly correlated (r = 0.8888, p < 0.0001) and that this correlation vitasstjong (figure 5) as
evidenced by the 201 mg/L (Standard Error £ 34) increase in dissolves aaficentration for every
one percent increase cattle defecation moisture had on the moistmeehzfléhe lot surface. This
slope of this regression line was significantly different thao ger 0.0003); however the intercept
(-1703 mg/L) was not (p = 0.2342).
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Figure 6. Regression between the average dissohv&alids content of feedlot runoff and the percent of
the moisture the lot receives from cattle defecatio(moisture addition from defecation divided by anmial
rainfall plus moisture from cattle defecation). Mosture from cattle defecation calculated using ASABE
manure characteristics standard. Dashed lines repsent 95% confidence intervals.

Model Validation

The runoff and erosion model described above was implemented in java and atidd@tbVTA
model to perform validation testing. Unfortunately, no data sets where ratedfand sediment
concentrations from production feedlots were available to validate tdslihowever, average
annual solids concentrations in runoff from feedlots have been reported eromsrtots (Lorimor et
al., 1995; Andersen et al., 2012; Kreis et al., 1972; and Gilbertson and Nienaber, 18%3) ddta
sets provide average solids concentrations for feedlot runoff frenoflatarying sizes, slopes, and
shapes under different climatic conditions. At each feedlot locatiam Ifiva locations, a Nebraska
location, and a Texas location) we utilized our hydrology-erosion model to fpagdiage total
solids concentrations in feedlot runoff over a ten year period. The hydretogypn model was input
with site specific data (feedlot size, aspect ratio, and slope) based aathor’s description of the
feedlot. Climatic data (precipitation and daily high and low temperstuvere obtained for each
location for the period of 2000-2009 utilizing online sources (http://mesonet.e&gtate.edu and
http://www.wunderground.com) reported for nearby locations. The averagsdhdsl concentration
for each event was calculated as the runoff event’s flow-welghterage solids concentration;
runoff events smaller than 10°mvere discarded as none of the references reported solids
concentrations in samples from events smaller than this magnitude.iffiheim solids
concentration for each event was set as the dissolved solids tatioarcalculated from the

regression equation listed in Fig. 6. The arithmetic averagestitds concentration was then
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calculated and compared to the average solids concentration reportatiahrigeoff from each site
(Fig. 7).
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Figure 7. Comparison of average annual measured andodeled total solids concentration in feedlot
runoff from seven production feedlots. Data from Ardersen et al. (2012), Lorimor et al. (1995),
Gilbertson and Nienaber (1973), and Kreis et al. @72) The line shown represents the 1-to-1 line.

Model performance was evaluated by regressing the average modeled®ati@stration against
those measured at the site. The resulting regression line had a slop& afliiddBwas not

significantly different than zeraxw(= 0.05) and the intercept (-783) was not significantly different than
0 (o = 0.05). These results indicate that the model does not show a bias inmyestikits
concentrations and appears to be performing well; however, at sevembkdethmodeled average
concentrations differed from measured concentrations by up 25%. Moreov&pgéend intercept

of the regression line exhibited substantial uncertainty as 95%eané intervals for slope were
0.603 and 1.467 while those of the intercept were -8,600 to 7,000. Despite thisiniycéntgeneral

it appears that the model is providing a reasonable prediction sofidpdraiin feedlot runoff and as
such may provide useful information on the impact on how different feedtmitlagffect solids

transport and pollution potential.

IMPLICATIONS FOR M ANAGING THE LOT SURFACE

This leads to the question, given this information how should we design and manage the lot to

minimize solids transport? Based on figure 5 it is clear that the flow rate of effluent across the
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feedlot surface should be minimized by diverting clean water around the feedlot. This need is
further emphasized when one considers that the soil detachment rate is usually considered to be
proportional to the difference between the sediment transport capacity and sediment load in the
flow, and since the outside runoff water would be relatively clean the erosion rate from the feedlot
surface would be high. Along with this consideration other measures that reduce flow rates could
also be utilized. Based on equations 6 and 7 these measures would include minimizing the size of
the feedlot to limit extra runoff from the contributing drainage areas, i.e., stocking cattle at the
recommended density, minimizing the slope of the lot to slow the flow rate (although sufficient
slope to encourage uniform drainage and maintain a well drained feedlot need to be maintained),
and adjusting feedlot shape to minimize the length-width ratio of the feedlot (shorter slope length
and less contributing drainage area), or adding settling basins within the feedlot to break up longer

slop lengths.

To illustrate these concepts and to better understand effects of the various design variables the
developed model was utilized. The first variables investigated were feedlot size and slope. This was
done by varying these two parameters while holding storm size and intensity constant. Results
(Figure 6a) of this investigation are presented as total solids transported for a 2.54-cm, 1-hour,
uniform intensity storm. A feedlot curve number of 91 and a feedlot aspect (length-to-width) ratio
of one were used. Results showed that solids concentration increased exponentially with slope, so
minimizing the feedlot slope is critical. Lot size increases also increased solids concentration due to
greater upslope contributing area, but in this case increases were logarithmic as doubling lot size did
not double contributing flow length. Figure 6b supplements this analysis by analyzing the impact of
the feedlot aspect ratio (Length to width ratio). This analysis is also presented for a 2.54-cm, 1-hour
storm, a feedlot curve number of 91, and a lot slope of 4%. This figure shows the logarithmic
increases caused by increasing the drainage length. The slight discontinuities in this graph are
caused by incremental change in the peak hydrograph time, which was required to be an increment

of the five minute time step used in the analysis.
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Figure 6. (a) Effects of feedlot size and slope ¢he solids transport from the feedlot surface on g@er hectare

basis. (b) Effects of feedlot aspect ratio (lengtte-width) and feedlot size on the solids transportrom the
feedlot surface.

In addition to these designer controlled properties, uncontrollable hydraulic properties also play a

key role. To illustrate this effect we calculated the estimated erosion from various intensity storms.

In all cases storms were modeled to last for an hour, thus each storm event was of a different

magnitude. To make results comparable, flow weighted average solids concentrations are presented

(Figure 7). In this case the feedlot slope was specified as 4%, the aspect ratio at 1 and the runoff

curve number as 91. This plot illustrates that the larger flow rates produced by more intense rainfall

events increases the transport capacity of the flow and with it projected erosion.
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Figure 7. Total solids concentrations in feedlot rooff from a 1-, 2-, and 3-hectare feedlot as a fution
of storm intensity for a 1-hour, uniform intensity storm. Results are for a feedlot with slope of 4%, ra
aspect ratio of 1, and a curve number of 91.

CONCLUSIONS

Design of open lot runoff control systems to meet environmental guidelhilEsminimizing
construction and operation costs requires accurate estimation of thewalnafes. When
containment basins are used the estimated volumes most relevarihargna¢ scale of the
application schedule; however, other treatment options, such as sedimenabdsiagetative
treatment systems, respond to runoff at an event-by-event basisimgteéasmportance of
accurately estimating runoff from individual events. Availabledit@ére on estimating feedlot runoff
volumes was reviewed; the results indicated that while a curve nah®& seemed appropriate,
substantial variation about this value existed with reported vadnggng from 55 to 100 for
individual storm events. Although this variation appears to be relategdtof manure pack moisture
dynamics insufficient data exists to validate these claims. A sitrgoleport capacity model was then
calibrated to erosion data available from rainfall simulator ssunfiéeedlot erosion. The transport
capacity model was linked to a feedlot runoff-flow routing model to prediictssconcentrations in
feedlot runoff events. Modeled sediment concentrations were comparedeanbasured several
production feedlots to validate the model with results generally indgcgtod agreement between
measured and modeled average solids concentrations. The developed moldehwasd to assess
the impact of various feedlot design characteristics, includingdeadta, aspect ratio, and slope, on
solids transport from the feedlot surface. Overall the resultsatet] that minimizing feedlots slope

(~2%) was important for limiting the erosive potential of feedlot ruridireover, limiting pen-to-
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pen drainage paths and instead routing runoff water to conveyance strudiinexduce flow rates
limit the loss of sediment from the feedlot surface. Finallfjcalgh less frequent scrapping of
concrete may have the potential to reduce runoff volumes and thereforersolgimott, we
recommend that solids are scraped prior to the precipitation eventadlgpmeznts where more than

1 cm of precipitation is probable.
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Chapter 5. Phosphorus Retention, Accumulation, ant¥lovement in Six

Vegetative Treatment Areas on lowa Feedlots

Abstract. Increased environmental awareness has promptedebd for improved feedlot runoff control.
Vegetative treatment systems (VTSs) provide aeffestive option that may enhance environmentalrigc
Vegetative treatment systems are typically desigmetthe basis of hydraulic performance, which nesutt in
over-application of nutrients, especially nitrogand phosphorus. This study assessed the retention,
accumulation, and movement of phosphorus in vagetatatment areas used for runoff control onleixa
feedlots over a four year period. Phosphorus logdiand retention were calculated based on meastethtbd
feedlot effluent, or vegetative infiltration basfiluent, and vegetative treatment area runoff nede and
phosphorus concentrations. Results indicated teatben 61 and 89% of all applied phosphorus wasiret
(defined as inflows minus surface outflows dividgdnflows) within the treatment area, resulting in
phosphorus loadings of 124 to 358 kg P/ha-yr. Mezrments of harvested vegetation phosphorus
concentration and yield indicated that between &8 &1 kg P/ha-yr were removed with vegetation hstrve
which accounted for only 6 to 13% of all appliedpphorus. Projected soil phosphorus accumulatios wa
compared to annual measurements of soil Mehliché&sphorus concentrations increases. Both approaches
found similar increases in soil phosphorus levigldjcating that the majority of the phosphorus et in
vegetative treatment areas was due to interactiwh r@tention in the surface soil, presumably inlpools.
Deep soil sampling (0 to 122 cm) was utilized taleate vertical phosphorus movement through thie soi
profile. Sampling indicated that most phosphorusuaeulation was in the surface soil, but that sighsertical

transport and leaching were occurring after fouay® of operation especially near the VTA inlet.

Keywords. Phosphorus, feedlot runoff, mass balance, soilgitmsis, Mehlich-3 phosphorus

INTRODUCTION
Open-lot animal feeding operation (AFO) runoff has been recognized asrgigdgtollutant to

receiving waters because it contains nitrogen, phosphorus, organic matier,asw pathogens. The
U.S. Environmental Protection Agency (EPA) developed a set of efflneitdtion guidelines
(ELGSs) that described the design and operating criteria for feratioff control systems on
concentrated animal feeding operations (CAFOs) (Anschutz et al., T9iE3e effluent limitation
guidelines historically required collection, storage, and land applicatife®dlot runoff; however,
recent modifications allowed the use of alternative treatment systbiem the performance of the
alternative systems, based on the mass of nutrients releasedyuivadest to or exceeded that of an
appropriately sized and managed containment system (EPA, 2006). Vegetativeenht systems
(VTSs) are one possible alternative runoff control technology that hagpbs@osed.
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A VTS is a combination of treatment components, at least one of whichatigetation, to manage
runoff from open lots (Koelsch et al., 2006). Vegetative treatment aréds) and vegetative
infiltration basins (VIBs) are two possible treatment components f@sVA vegetative treatment
area is a band of planted or indigenous perennial vegetation situatedldpeoefscropland or
animal production facility that provides localized erosion protection andmomant reduction
(Koelsch et al., 2006). As vegetative treatment technology has matueemliffypes of treatment
systems have developed; examples include sloped, level, pumped, and spemddative treatment
areas and vegetative infiltration basins (Bond et al., 2011). BrieflgpadsVTA is an area level in
one dimension with a slight slope along the other, to facilitate sheet flonegland managed to
maintain a dense stand of vegetation (Moody et al., 2006). Operation of a sibpebisists of
applying solid settling basin effluent uniformly across the top of thetatgbktreatment area and
allowing the effluent to sheet-flow down the slope, whereas a leva&l0SEs a flood effect to
distribute the effluent over the VTA surface. A pumped VTA has the iredldtexibility of allowing
the treatment area to be located upslope of the cropland or animal profacition but still relies

on flow to distribute effluent over the length of the vegetative traatarea surface. A sprinkler
VTA has the same location flexibility as a pumped VTA, but has the addiddmantage of ensuring
uniform effluent application over the treatment area surface. IkgnésedrMankin (2000) identified
several possible methods in which effluent was treated by VTAS, incluelitigg solids, infiltrating
the runoff, and filtering of the effluent as it flowed through the vegetafidditionally, interactions
between the soil and soil fauna and the flowing effluent could provide addiitiecaanisms of
nutrient retention. A VIB is a flat area, surrounded by berms, planted to pdrempétation. A VIB
uses a flood effect to distribute effluent over the surface. Theselerea drainage tiles located 1 to
1.2 m (3.4 to 4 ft) below the soil surface to encourage infiltration of effliidat tile lines collect
effluent that percolates through the soil profile. The effluesn tleceives additional treatment, often
through use of a VTA. Nutrient and pathogen removal in the VIB relies onrffilteation as it
percolates through the soil, plant uptake and harvest, degradation ofrteeteand pathogens by

soil fauna, and sorption of contaminants to soil particles.

Two design approaches, one utilizing a hydraulic balance and the other amliedgnce, have been
proposed for sizing VTAs (Woodbury et al., 2006). Previous work by Woodbury et al. (2005) has
shown that if designed using the nitrogen balance approach, VTSs carstuigoeslize applied
nitrogen. However, in many cases VTSs have been designed based on hydraualieapee. This

typically resulted in smaller VTSs, which may cause deep percolatimmaoff water below the root
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zone and over-application of nutrients, especially nitrogen and phosphorus (Woodth 3086
As VTSs rely heavily on the soil-plant system to filter nutrient$ @ontaminants, there is a need to
understand the impacts that phosphorus application in excess of agronomic demanaihas on s
quality, phosphorus mobility, and the ability of the plant-soil system to retairefphosphorus
applications. Research has shown that continued application of phosphorus insagneatet than
crop needs cause an accumulation of phosphorus in soil surface horizons I(SL988x Moreover,
this phosphorus accumulation is often associated with concentrated anuiivad fgeerations and
repeated manure application (Sharpley et al., 1984) and has the poteradl i losses of soluble
phosphorus in surface runoff (Sharpley, 1995; Pote et al., 1996; Pote et al., HB®jnally,
increases in soluble phosphorus in soil drainage and in subsurface hbagerisen reported (Smith
et al., 1995; Eghball et al., 1996; James et al., 1996); however, because gh thledsiphorus fixing
capacity of most soils, vertical movement and leaching of phosphorus througghl ghefile is
usually low. Even under these conditions (soils with large capacitfesand stabilize phosphorus)
phosphorus leaching could occur due to both preferential flow (which wouldrieriaction between

the soil matrix and the applied effluent) or through colloid facilitated pi@ms

The issues of phosphorus accumulation and fate are especially releeent application waste
management systems where the build-up in soil phosphorus can be a majaffacting the life
expectancy of the system (Hu et al., 2006). One method of estimating the phosgadnusnt life
expectancy of land application waste management systems is to detéeréod’'s maximum
phosphorus sorption capacity and use this to estimate the amount of phosphmilisddds
potentially retain (Hu et al., 2006). This approach is based on observatibwhémamaterial
containing phosphorus is applied to soil, the soluble forms of phosphorus dectbasaeviHolford
et al., 1997), preventing losses of soluble phosphorus in runoff and leaching to greurivalso
reducing plant availability (Sui and Thompson, 2000). It has been suggestisthalded
phosphorus can be immobilized by organic matter, adsorbed (or absorbed) by istékpartreact
with other ions in the soil to form precipitates (Hu et al., 2006). This phospdamption equation-
mass balance approach was used by Baker et al. (2010) to estimate probexpedfancies of four
VTA'’s in lowa and to evaluate the impact of different design and marexgestrategies for
increasing the design life; however, this work did not compare the model tamdnphosphorus

accumulation patterns.
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The objectives of this work were to (1) evaluate if a mass babpmu®ach was capable of predicting
changes in soil test phosphorus concentrations on six vegetative treatess in lowa, (2) evaluate
changes in soil test phosphorus concentrations with time, and (3) use dleepesdio evaluate if
leaching or vertical redistribution of applied phosphorus was occurring. Ahhwatga rigorous mass
balance, since leaching of soluble phosphorus was not monitored, thechpytiized here still
provides valuable insight into phosphorus accumulation patterns within tipecsive (both with

depth in the soil profile and down the length of the vegetative treatmenteaue provides insight

into the fate of applied phosphorus.

METHODS AND M ATERIALS

Site Descriptions

Six vegetative treatment systems were monitored as part stuli. These treatment systems were
located on concentrated animal feeding operation (CAFO) sized opendmiefdehroughout the
state of lowa. The sites were described in detail in Andersen et al. @aD8aye only briefly
discussed here. Data summarizing the characteristics of the latea Biiversity (ISU) monitored
portions of the feedlots and VTSs is provided in Table 1. Information shmludés the feedlot
capacity, the VTS configuration, the size of the drainage area (feedi@dditional contributing
area, if applicable), the volume of the settling basin, the area of Bx@Wilere applicable), and the
area of the VTA.

Central lowa 1 (CN IA 1) was a 3.09 ha feedlot permitted for 1,000 head of caittleff Rffluent
drained into a solid settling basin designed to hold 4,306f effluent. The VTA consisted of two
channels operated in parallel; each channel was 24 m wide and averaged 311 nmioalg ACk
VTA soil consisted of Clarion loam, Cylinder loam, and Wadena loam (Soieg@taff, NRCS
USDA, 2010). The VTS at Central lowa 2 consisted of a SSB, VIB, and VTA. Runaofftire 1.07
ha feedlot drained into a concrete SSB which released effluent@82 &a VIB. Effluent captured
in VIB tiles was pumped onto a 0.22 ha VTA. Soils in the VIB consisted of Ni¢odat and
Webster clay loam and the VTA was Harps loam (Soil Survey Staff, NRESI3AU2010). Northwest
lowa 1 (NW IA 1) consisted of a 2.91 ha feedlot permitted to hold 1,400 head of cattliet Feeoff
was collected in a SSB with a maximum containment volume of 3,700h@a SSB outlet pipe
discharged onto VTA consisting of Galva silty clay and Radford silt kaifa (Soil Survey Staff,
NRCS USDA, 2010). Northwest lowa 2 (NW IA 2) had an SSB-VIB-VTA system designed to

control runoff from a 2.96 ha concrete feedlot. A settling basin collelsgeédlot runoff and
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released it to a 1.01 ha VIB drained by 15 cm diameter perforated tiles thdt2lle deep and
spaced 4.6 m apart. Flow from the tile lines was collected in a sump and pumped bfita the
divided into two 27 m wide channels. The channel receiving effluentwitched manually by the
producer, i.e., only one channel was loaded with effluent at a given time. NortAvzesoils
consisted of Moody silty clay loam (Soil Survey Staff, NRCS USDA, 2010) h8@st lowa 1 (SW
IA 1) was a 7.49 ha feedlot with an 11,550sulid settling basin that released effluent to a 4.05 ha
VTA divided into ten channels. Tile lines, installed to control watgetdepth below the system and
enhance infiltration of effluent into the soil, surrounded each of the \iBArels. Soils in the VTA
consisted of mostly Judson silty clay loam and smaller areas of Cotm#lylex (Soil Survey Staff,
NRCS USDA, 2010). Southwest lowa 2 (SW IA 2) was a 3.72 ha feedlot. Runoff drainedoiitb a s
settling basin and was released to a 3.44 ha VTA constructed with earthen tezuiesp
perpendicular to the direction of flow along the length. The spreadersdstbeviow of effluent
through the system, increasing the time for infiltration. Southwest IA 2 §6iliconsisted of
Kennebec silt loam (Soil Survey Staff, NRCS USDA, 2010).

Table 1. Summary of the feedlot capacity, system nfiguration, and component sizes for vegetative
treatment systems at each of the six sites. SSBalid settling basin, VIB — vegetative infiltration basin,
VTA — vegetative treatment area.

No. of Drainage Area SSB VIB VTA

Site Cattle VTS Components (ha) (m) (ha) (ha)
Central lowa 1 1,000 1SSB-2VTA 3.09 4,290 -- 491.
Central lowa 2 650 1SSB-1VIB-1VTA 1.07 560 .3® 0.22
Northwest lowa 1 1,400 1SSB-1VTA 291 3,710 -- 1.68
Northwest lowa 2 4,000 1SSB-1VIB-1VTA 2.96 ,140 1.01 0.60
Southwest lowa 1 2,300 1SSB-10VTA 7.49 11,550 - - 4.05
Southwest lowa 2 1,200 1SSB-1VTA 3.72 6,275 -- 3.44

Development of Soil P Prediction Methodology
A mass balance approach, based on the analysis presented in Bak@0&0glwas used to predict
soil phosphorus concentrations and these results were compared to soil phosphaousmighdane

for this study. The full mass balance equation is presented as Eq. 1.

ASoil P P P

phosphorus— Tapplied — Trunoff — T vegetation ™

Pleached (1)

In this equation, all terms are expressed in kg of phosphorus per hectargeryjdtative treatment
area.PappieaiS the mass of phosphorus applied to the vegetative treatment amesofi settling

basin or vegetative infiltration basin efflueRfn is the amount of phosphorus lost from the
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vegetative treatment area due to overland flow releases from thePyf&uioniS the mass of
phosphorus removed by harvesting vegetatarneds the amount of phosphorus lost with
percolating water (assumed to be negligible in phosphorus mass balanetgpdnepnornds the
change in the amount of phosphorus stored in soil profile depth that wasdahtmecan be related

to changes in soil phosphorus concentration by Eq. 2.

ASoil = p,d(C, -Cy,) 2

phosphorus —

In this equatiomy, is bulk density of the soil (kgffy d is the depth of soil sample monitored (9,
is the concentration of phosphorus in the soil (mg P/kg soil)Canid the background concentration
of soil phosphorus before use of the vegetative treatment area (ghgdit)k Combining the two

equations allows direct estimate of the change in soil phosphorus coticeraisashown in Eq. 3.

P P P P

AC . = applied ~— "runoff — "vegetation — " leached (3)

P Pyd

Use of this mass balance equation required monitoring of inflows and outflowshfeovegetative
treatment area, phosphorus concentrations in these flows, sampling afvirstddvegetation for
both phosphorus concentrations and yields to determine the amount removed wit) hadvan
estimate of the amount of phosphorus lost due to leaching below the zone stf.idids analysis,
the amount of phosphorus lost due to leaching was assumed to be negligiblsifzerphosphorus
is usually strongly retained in the soil (although preferential floaotioid facilitated transport could
cause some losses). This assumption will be investigated by looking atulte okdeep soil cores
that measured phosphorus changes to a depth of 122 cm and by evaluating potEntigllesses
by performing a water balance. All other parameters were monitored stubig including changes

in soil phosphorus. Monitoring methods are described below.

Monitoring Effluent Flows and Phosphorus Concentrations to and from the VTA

VTS monitoring data at CN 1A 1, CN 1A 2, NW IA 1, and NW IA 2 were collectedhfdune 2006
through December 2009. Data collection at SW IA 1 and 2 began in fall and spring of 2007
respectively and ended in December 2009. The data collected included dapitaiiec depths,
effluent volumes released from each VTS component, and the effluent tratioas for multiple
parameters (ammoniacal-nitrogen five-day biochemical oxygen demand, dhexyigen demand,

chloride, pH, total phosphorus, total Kjeldahl nitrogen, total suspended sdiid&-nitrogen,
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dissolved reactive phosphorus, and total dissolved solids). Complete dassritthe monitoring

methodologies can be found in Andersen et al. (2009).

Precipitation was measured using an ISCO 674 tipping-bucket rain galgdy(leelSCO, Lincoln,
NE). A passive rain gauge installed on site was used to ensure raitdadlcdaracy. lowa
Environmental Mesonet data (http://mesonet.agron.iastate.edu/ysesido determine precipitation

depths for events occurring between 1 November and 1 April, generally snowfall.

The effluent monitoring method used at the settling basin was dependent odesigat An ISCO
750 low-profile area-velocity sensor (Teledyne ISCO, Lincoln, NE.) was atssettling basins with
pipe outlets. An ISCO 720 submerged probe (Teledyne ISCO, Lincoln, NE.) in conjunchian wit
0.45 m (1.5 ft) H-flume was used to monitor outflow for non-pipe outlet locations. In 2006, the
settling basins were passively managed and one sample was collectettgliod analysis from each
SSB release. If the release continued for more than one day, an additigulal\wamcollected for
each additional day. In 2007, the producersat CNIA1, CNIA2, NWIA 1, SWIA 1, and SWIA 2
began actively managing SSB releases (NW IA 2 began managing SSBg@he2808). When the
SSB outlet was actively managed, the producers released small amouBBs affl@ent on
consecutive days. Collecting one sample per day of SSB release proved expgensigduce
sampling cost, a new sampling protocol was developed. This was to edB&& sample from the
first SSB release after a rainfall event; samples from th@wiwlg two days were archived in a

freezer. On the third day an additional sample was sent for analysis.

At sites with a VIB, the effluent captured in the tile lines wasectdld in a sump and pumped onto
the VTA. The pumped volume was measured using a Neptune 5 cm (2 in.) turhimeter
(Neptune Technology Group, Tallassee, AL). An ISCO sampler wasaiceerfvith the turbine meter
with an ISCO 780 Smart 4-20 analog interface module (Teledyne ISCO, Lincoln, INEgallbwed
the amount of effluent applied to the VTA to be calculated on a daily basml&s were collected

and shipped following the protocol described for managed SSBs.

Flow monitoring at the VTA outlet was accomplished using similar metteoti®ae at the settling
basin outlet. An ISCO 750 low-profile area-velocity sensor (Teledyne IS@0olh, Neb.) was used
on sites where the VTA had a pipe outlet, and an ISCO 720 submerged probe (T&€xyne |
Lincoln, Neb.) in conjunction with a 0.45 m (1.5 ft) H-flume was used on the other VT&s. O

sample was collected per day of release.
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The mass of each parameter released during each event was calculatdtiphyng the measured
sample concentration and the monitored flow volume. If a representative seasptet collected for
a release event, the geometric average (Andersen et al., 200@tfpedr and component was
substituted. The yearly mass of each parameter released was the susvehtirelease totals.
Calculated mass release data was then used to determine yearipnsdnccontaminant mass

transport and VTA phosphorus loadings.

Vegetation Sampling for Phosphorus

Vegetation sampling was conducted to determine the mass of phosphorus removeddiingarv
vegetation. Vegetation samples were collected within a week ofdtailes was done by collecting
vegetation samples near the inlet, outlet, and every 61 m (200 feet) dowmgthedithe treatment
area (mirroring the protocol used for soil sampling). A random spot ndasaawpling location was
selected for sampling. A 0.0931f1 ft®) area was harvested by cutting the vegetation 2.5 cm above
the soil surface. The sample was dried to constant moisture (approyiifateburs) in a convection
oven at 35°C. Yield was calculated based on the total dry mass of sangitéedahnd the area
sampled. The dry sample mass was recorded to provide an estimate ofyidldvas verified by
comparing to producer recorded masses of the harvested round bales. If dhliegydee within
10% the producer’s harvested mass was used instead (this needed to bevdatiesif conditions at
the site didn't allow harvesting of all biomass). The sample was groundg@ a5 mm sieve using
a Thomas Model 4 Wiley Mill (Thomas Scientific, Swedesboro, NJ). A 2-gudmample of the
ground sample was sent to the lowa State University Soil & Plant gigdlgboratory for analysis of
total phosphorus and total nitrogen. Multiplying the measured phosphorus caticeruf the

harvested biomass times the yield provided an estimate of phosphorualtemov
Soil Sampling for Phosphorus

Surface Soil Sampling

Surface soil samples were collected on an annual basis in the fall and fomeespstem operation
began; these samples represent soil in the zero to thirty cent{mert@to 12 inch) depth range. A
surface soil sample was collected near the VTA inlet, the VTAtoathe every 61 m (200 feet)
along the length of the VTA. At each sampling location, 10 soil cores frodiwsraf 3 m (10 feet)
around the sample location were collected and composited to make one &auoplsample location
was marked with GPS coordinates so the same location could be subsequepity @& following

years allowing change in soil nutrient content with time to be trackezlsdil samples were
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delivered to the ISU Department of Agronomy Soil Laboratory where they essaltfor Mehlich-3

phosphorus content.

Statistical analysis of the soil phosphorus data was performed ushge3gion 9.2 software (SAS
Institute Inc., Cary, NC). Analysis was performed separately for eacf kd#eanalysis was run as a
block design, using sample location as the blocking variable and yearfasthfactor. The year x
sample location interaction term was used as the error term tortedférences in average

concentration. Fisher's protected least significant differemstentas used for mean comparisons.

Soil bulk density was monitored once at each site in the summer of 2007. At edbhegit7.62 cm

(3 inch) diameter by 46 cm (18 inch) soil cores were collected. The seilvam dried to constant
weight at 105°C (approximately 24-36 hours). Soil bulk density measuremantalf three cores
were averaged to determine the bulk density of the VTA soil. This bulkigevess assumed constant
throughout all four years of monitoring. Although bulk density most likely did vitty time, the
overall fluctuation was most likely small enough to have minimal impact oresoéts. For instance,

a change in density of 0.1 g/@ahange would only change the estimated amount of phosphorus in

the soil by approximately 6%.

The viability of the mass balance method for understanding changes in soilgiussph
concentrations was evaluated by regressing the measured change in sbibplsospncentrations
against the projected change in soil phosphorus concentration as dedassiitieEq. 3. This was
performed in two ways. In the first method the annual change in phosphorus concentaation w
compared to the projected change for that year. In the second method théprejastran
cumulatively, that is the change in monitored phosphorus concentratiofwasts aompared to the
baseline (pre-system operation) soil phosphorus concentration andedgrgasst the change the
cumulative amount of phosphorus application would have caused. The advantageeobtite
method is that it provides a larger range of values in which to testet®dology and the impact of
any errors present in estimates of phosphorus loading, removal wétatreg harvest, and in soll
phosphorus concentrations was minimized since these errors get girayesmaller in comparison

to the underlying trend in the data.

Deep Soil Sampling
Deep soil sampling was conducted prior to system operation and then agahmafind 3.5 years of

system operation. A deep soil sample was collected near the VTAamdetlso near each VTA outlet
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of each VTA. Each sample location was marked with GPS coordinates samtkdocation would be
subsequently sampled in following years allowing change in soil nutriergrtomith time to be

tracked. At each soil sampling location, a soil sampling probe (Giddiagsile Company, CO) was
used to collect a 2.54 cm (1 inch) diameter soil core that was 122 cm (&)hang. The sample

was then cut into segments to represent the 0-15.4 cm (0-6 inches), 15.4-30 R2cmcfés), 30.5-

61 cm (12-24 inches), 61-94.4 cm (24-36 inches), and 94.4-122 cm (36-48 inches) depths. Each of
these segments was put in a soil sampling bag and sent for analysis to #mel $ént Analysis Lab

in the Agronomy Department at lowa State University. These soil samele analyzed for

Mehlich-3 phosphorus.

RESULTS AND DISCUSSION

Vegetation Sampling

As discussed previously, vegetation harvest and removal is criticadetative treatment system
sustainability as it offers the only acceptable means of phosphoragaigitom the treatment area.
Both the yield and the amount of phosphorus removed with the vegetation exhibgtzchgab
variation among the six sites (table 2). This variability was oftertelto the number of cuttings the
producer was able to harvest each year. In most cases the ability afdhegorto harvest the
vegetation was related to weather and soil conditions present viithiregietative treatment area. For
example, vegetation was only harvested one year at Central lowa 2edliseant system utilized a
vegetative infiltration basin that drained continuously and kept e [aogion of the small vegetative
treatment area in a saturated or nearly saturated condition makingtteaffieult. At the remaining
sites vegetation was harvested either once or twice a year asveaatis®il conditions permitted. In
certain instances, the VTA was only partially harvested during some afittiregs as certain areas
were too wet to support the harvest equipment. The yields of theseesirasiged from 5.29 to 14.8
Mg/ha (table 2). These yields are similar to those suggested by a sityiegiMinnesota extension
pamphlet on Reed canarygrass where 13.4 to 15 Mg/ha yields are reporteddot farage system
near St. Paul, Minnesota (Sheaffer et al., 1990). The lower yieldseepamm the VTAs may be
related to the opportunity for only one harvest in some years or from thadathté systems were

managed to optimize runoff disposal, not forage yield.

In general the amount of phosphorus removed trended with the mass of biomastetaexhibiting
a significant correlation (r = 0.95). However, this wasn’t always tee aa Northwest lowa 1 tended

to have lower phosphorus removals than the higher amounts of biomass removkeduggakt. The
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vegetation at this site tended to be dominated by smooth bromegrass rathiee tRaed canarygrass
that dominated the other sites. This data suggests that bromedeassaisle to utilize excess
phosphorus than the Reed canarygrass. This is supported by the carmfil&oar and Claassen
(2009) that Reed canarygrass is more effective than bromegrassatndgible soil solution of
phosphorus under high phosphorus input conditions. Similarly, Sheaffer et al. (2008httLRded
canarygrass had significantly greater phosphorus uptake than bromelgeasgrawn in a potato-
process wastewater land application area. In their study, Sheaffer2€08) found that under the
potato processing wastewater application that Reed canarygrapb@iussuptake was 31 kg P/ha
while smooth bromegrass uptake averaged 25 kg P/ha. Based on this eRéeaceanarygrass
appears to better vegetation choice when excess phosphorus applicatimalidep such as in

vegetative treatment systems.

Table 2. Yields and phosphorus removal from harvesig vegetative treatment area vegetation for
Central lowa 1 (CN IA 1), Central lowa 2 (CN IA 2), Northwest lowa 1 (NW IA 1), Northwest lowa 2
(NW 1A 2), Southwest lowa 1 (SWA 1), and Southwest lowa 2 (SW IA 2). NA — Not apable; system
operation began in 2007.

CNIA1 CNIA2 NWIA1 NWIA2 SWIA1 SWIA2

2006 Yield (Mg/ha) 6.25 0 9.21 5.29 NA 0
P Removal (kg/ha) 24 0 28 16 NA 0
2007 Yield (Mg/ha) 7.15 8.26 14.8 6.79 7.22 8.34
P Removal (kg/ha) 28 29 44 21 36 32
2008 Yield (Mg/ha) 9.34 0 12.3 4.49 3.55 12.5
P Removal (kg/ha) 36 0 38 13 16 56
2009 Yield (Mg/ha) 13.3 0 11.4 7.7 8.45 14.4
P Removal (kg/ha) 56 0 36 26 37 61
Total P Removed (kg/ha) 144 29 146 76 89 149
% of Applied P Removed 13 6 10 6 13 16

In a second experiment, Sheaffer et al. (2008) found that phosphorus uptakieecgréatly
enhanced by increasing the yield of the Reed canarygrass through supglechdition of nitrogen
fertilizer. By adding supplemental nitrogen they were able to incpgassphorus uptake to 72 kg
P/ha. Their results for phosphorus uptake are similar to those found stuthyswithout

supplemental nitrogen application as we monitored phosphorus uptake of up to/6a.kghe

feedlot runoff vegetative treatment areas received substattighgr nitrogen application rates (593-
1866 kg N/ha-yr) than the potato processing wastewater application sitegy(R#takyr), thus it is
probable that sufficient nitrogen was available at these sitgshieve the higher yields without

supplemental nitrogen application.
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As discussed in Baker et al. (2010) ensuring an adequate balance between phogpltsraisd
outputs is necessary to prolong the phosphorus saturation life of the ivegetgitment area. Baker
et al. (2010) suggested that between 30-60% of the annual phosphorus inputs shanddied. At
the sites monitored in this study only between 6 and 16% of the applied phosphorusrestedha
To achieve the phosphorus balance suggested by Baker et al. (2010), ata@nmtinese vegetative
treatment areas need to be two to five times their current size oolegtes that improve
phosphorus retention within the settling basin need to be developed. The icoipadance between
inputs and outputs indicates that the potential for rapid accumulaiibvestical movement exists
within these systems. As such, it is critical to monitor phosphorusmitbitreatment area to watch

for signs of vertical transport or leaching of phosphorus.

Surface Soil Sampling

Surface soil phosphorus contents offer the first means of assessing phoaphoroglation in the
soil. lowa soils are considered “very high” in phosphorus if the Mehlich-a&atsle phosphorus
level exceeds 31 mg P/kg soil; as seen in Table 3 the background soil pbespimmentrations at all
six of these sites were well in excess of these levels (rangimgd6 to 717 mg P/ kg soil, i.e., 3-23x
the lowa very high threshold). Although these values may seem high, it neededeized that this
recommendation on Mehlich-3 phosphorus is interpreted as the amount phosphorak atyiéid
increase wouldn’t be expected from additional phosphorus application, not as»aaofitite

potential for phosphorus to affect nearby water bodies, i.e., thesestgiserve agronomic, not
environmental purposes. However, elevated soil test P concentrationsarassiiciated with

increased transport.

Table 3 provides average Mehlich-3 phosphorus concentrations for eaclvefétative treatment
areas before application of feedlot runoff commenced and then annualpiéddamNovember)
thereafter. In general, all sites responded similarly with phosphorus Ieereasing quickly and
significantly after application of feedlot runoff commenced. Althoug hioids true as a general
trend, there were expectations to this pattern; most notably abClemta 2 and Southwest lowa 1
which both exhibited significant increases in phosphorus concentration chein{jrst year of
operation, but then stabilized around their new phosphorus level. At Centre kbwgaoccurred
because phosphorus removal within the vegetative infiltration basirastibiy limited phosphorus
inputs to the VTA especially during the second through fourth year of sggteration; however, no

obvious explanation exists as to why levels in the Southwest lowa 1 stabilabdCéntral lowa 1
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and Northwest lowa 1 exhibited strong patterns of increasing phosphorus concentrigtions w
significant differences in soil phosphorus concentrations occugkiagy one or two years of system
operation; however, within each site there were anomalies to thisnp&gecifically, the phosphorus
concentration at Central lowa 1 showed a significant decrease in 2009 @ared to 2008 levels
while at Northwest lowa 1 2008 concentrations were similar to 2007 levessoRs for these
exceptions are not clear, but they may be related sample vayiabilttonditions that were conducive
to vertical transport of phosphorus deeper in the soil profile, conahftatv paths within the VTA
that either minimized or maximized inputs of phosphorus to the specific sartgaatgpns prior to
sampling, or in the case of 2009 at Central lowa 1 drier conditions thaedligreater removal with
vegetation harvest. At both Northwest lowa 2 and Southwest lowa 2 phosphorusretioosnt

showed a trend of increasing concentration with time with no exception for amy ypéars.

Table 3. Average surface soil (0-30 cm) Mehlich-3hesphorus concentration (mg P/kg soil) for Central
lowa 1 (CN IA 1), Central lowa 2 (CN IA 2), Northwest lowa 1 (NW IA 1), Northwest lowa 2 (NW IA 2),
Southwest lowa 1 (SW IA 1), and Southwest lowa 2 (SWA 2). Values within a column that do not share

the same letter are significantly different at the0.05 level.

CNIA1 CNIA2 NWIA1 NWIA2 SWIA1 SWIA?2

Initial 286a 96a 190a 172a 132a 717a
2006 326ab 175b 355b 205ab
2007 386b 173b 442c 324bc 817a
2008 445¢ 176b 438c 354bc 200b 1040b
2009 345ab 156b 557d 451c 191b 1128b

Along with the average phosphorus concentrations it is also importamidioleohow the
phosphorus was distributed down the length of the VTA. This is illustratedgdNorthwest lowa 1
VTA (figure 1). The plots show (a) the absolute change in soil phosphorus tatioenas
compared to the initial soil sample) and (b) the relative change npechals the percent change in
soil concentration. Both plots showed a general pattern of greater actamwighin the upper
portion (near the inlet) of the VTA, as was expected, since this would bechevhere solids eroded
from the feedlot and escaping the settling basin would be expected to setilionaty, smaller
settling basin release events would not distribute the applied effluenth@ventire VTA, but instead
only load the effluent over the upper fraction of the treatment areatréhdsis present in all years,
but becomes especially evident in 2009. In general, the concentration ingasaess as sample
points progressed away from the VTA inlet; however, exceptionss@détiern did occur. Most
notably the 365-m point in 2008 exhibited a significant increase in phosphorus cdiaentize
VTA experienced heavy hydraulic and phosphorus loading during this year whidenegreated
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concentrated flows paths and greater phosphorus transport and accunatiii®@sampling

location. Corrective actions by the producer to level and reduce channeling appeas alleviated
this in 2009 as phosphorus content at this point decreased, although remnants of the 2008
accumulation remain. This illustrates two things, first it isaaltfor the producer to watch for
concentrated flow and to take corrective action as soon as possiblestd twersituation, and second

higher hydraulic loadings are prone to creating concentrated flows (leadkal., 2011).
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Figure 1. lllustration of how soil Mehlich-3 phosplorus increases along the length of the Northwestvea 1
vegetative treatment area. (a) Increases in soil psphorus and (b) percent increase in soil Mehlich-3
phosphorus concentration as compared to initial sapie.

Comparing Predicted and Measured P Accumulation

Since the general trend in the surface soil samples was increasingqgurassponcentrations with
time a direct prediction of the increase in phosphorus with the phospmass balance was
attempted. The predicted concentration changes were compared to tteredarhange in soil
phosphorus concentrations. Several soil concentration samples restdtdiscarded to make this
comparison; specifically, the Southwest lowa 2 2008 data point was nalusséal system
modifications that required dirt work in the upper portion of the vegetagaénient area during
modification of the system from a settling bench to a settling basis dithiwork created a situation
where the soil was removed, invalidating the mass balance approachorallyit the 2009
phosphorus concentration results at Central lowa 1 were not utilized awé#seaesignificant
decrease in phosphorus content; again, dirt work at this site (modificdtearthen flow spreaders

within the VTA) may have been a potential cause.

In general the remaining data points showed a reasonable fit betwgeadinted and measured

increases in soil phosphorus concentration. This is shown graphically @ éig(a) an annual
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change basis and (b) on a cumulative change from background basis. In both cases thé predic
change fits reasonably well with the monitored change although somepdisties exist. These
errors could be caused by numerous factors including measurement errosnotimg of
phosphorus applied or lost with the runoff effluent, discrepancies imtberda of phosphorus
removed with harvested vegetation, or inaccuracies in surface spiirsgn®f these three sources,
non-representative soil samples are most likely as flows and caataamgrwere intensively
monitored over the four year period and errors in overestimating loading droamesvents would
tend to cancel with others events were loading was underestimateldrigiaithough errors in
sampling vegetation were certainly present, these would have mimpati on the overall mass
balance as phosphorus harvested with vegetation was a relativelypertiat of the total
phosphorus applied. Soil samples could be influenced by concentrated flowviplaithshat VTA

that would result in either an under- or over- estimation of phosphorus actomulhin the soil.
Although sampling at multiple points and compositing ten cores from around the:daogtion
should help reduce the impact of soil variability and effluent channelind| iatieliminate the
impact. Additionally, soil conditions during sampling could have had some influeneswtsy
especially if phosphorus had been recently applied. Finally, this approachleagssaimo phosphorus
was lost below the 30 cm sampling depth and that all applied phosphorus asrimthdt is
extractable by the standard Mehlich-3 extraction technique. Thus, it ibleabsit a high prediction
of soil phosphorus could indicate that phosphorus was leached below timed&pih or indicate that
some of the applied phosphorus was fixed as a form not extracted by thie-81ptiacedure;
however, research has indicated that larger percentages ieddppkemains as soil test phosphorus in
soils with high phosphorus contents. Alternatively, a low prediction woottitteindicate non-
uniform phosphorus application that results in concentrated appliesmtand the sampling points

(such as could be caused by flow spreaders that caused effluent ponding omgsponpis).
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Figure 2. Comparison of soil phosphorus accumulatio predicted using the mass balance approach and the
phosphorus accumulation monitored shown on (a) anral basis and (b) cumulative basis. Grey lines repsent
95% confidence intervals on the regression.

Both methods of analysis, i.e., annual and cumulative, provided reasonablaemgreetween the
monitored and predicted change in soil phosphorus. For both model fits thecepbief the best fit
line was not significantly different than zero and the slope was nofisagrily different than one at
95% confidence interval. This indicates that the mass balance methaahdadsquate job of
predicting monitored changes in soil phosphorus. The cumulative data nocks 8lightly better
(R? = 0.90) than the annual change methodology=(R.73); this conceptually makes sense as the
cumulative analysis is able to utilize a larger range of daddlee impact of the sampling errors

would tend to be minimized by comparing to the larger change in soil phosphorus cdiocentra

Deep Soil Sampling

The final part of this investigation focused on if phosphorus was migratitigaligrthrough the soil
profile. This was done by collecting deep soil samples and analyzing themsriegises in Mehlich-3
phosphorus concentration and was supplemented by an analysis of phosphorus leachialg potenti
Results of the deep soil samples are illustrated graphically fositesr(Central lowa 1, Northwest
lowa 1, Northwest lowa 2, and Southwest lowa 1) in Figure 3. The analysis showsrtgea
phosphorus concentration as a function of depth in the soil profile. This aleww of the
concentration front, which can be examined for both increases in conicendrad for movement
vertically in the soil profile. All the sites showed similaerds, increasing phosphorus concentrations
near the soil surface, which is in agreement with the surfacsasopling results, and that the
phosphorus front is slowly migrating vertically through the soil profilee movement of the

phosphorus front appears to become more pronounced in the fourth year of systtimnofddiis
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would seem to support the hypothesis of Baker et al. (2010) that the soil alillite@hosphorus
saturation limit and then phosphorus will migrate vertically through tthdrsanost cases
phosphorus at lower depths (greater than 0.3 meters) appears to not yet haftetieehby
phosphorus applications. The migration of the saturation front appearstadtayet occurred at
Southwest lowa 1. This was the last system to come into operation; thpsabable that sufficient

amount of phosphorus has not been applied to saturate the soil profile.

As discussed previously in the surface soil sampling section the distnilofitphosphorus along the
vegetative treatment area is also important. In this case we weretaossted if this saturation and
vertical transport was only occurring near the inlets of the végetatatment areas or if it was also
occurring near the outlet. An example of the typical pattern of phosphoru=nt@tion profiles in
the vegetative treatment areas is shown in Fig. 4 for the Central losgefative treatment area in
2009. It is clear from Fig. 4 that most of the leaching and phosphorus accumulaticsreear the
inlets of the vegetative treatment area. As discussed previouslis éxigected for gravity flow
vegetative treatment areas as the effluent loading is not expediediniform. The inlet samples
show high levels of phosphorus accumulation and are already showing signs of pleawting
while the outlet samples show a much lower amount phosphorus accumulation. Ongerénsing
feature of the figure is the degree to which phosphorus leaching hasempymeaccur near the outlet
of VTA 2. A small berm was built to prevent releases from the VTA; kewehis berm causes
ponding and saturated condtions to occur near this deep soil sampling pointaisdapptthese
periods of saturaiton may be facilitating vertical phosphorus transgibrdut first saturating the soil

with phosphorus.

The final area of phosphorus dynamics explored was the potential fomigaleither phosphorus
concentrations in soil water leachate nor amount of water leached wasnexnithus several
assumptions were required to formulate an estimate. The amount of weltedleaas estimated

based on a water balance (shown as equation 4).
L=P+I1-R-ET 4

In this equatior_ is the amount of water leached®(ha),P and| represent inflows of water from
precipitation and effluent application respectively/fra), andR is the amount of runoff from the
vegetative treatment area¥(hma). Measurement of these three parameters was discussed in the

materials and methods section. Evapotranspiraidh\as estimated using potential
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Agronomy Mesonet site and using this as an input for SPAW model siomgati the VTAs. Using

this approach the average amount of water leached annually ranged from*A806brii700riiha.

Average leaching volumes were 4000, 5300, 3700, 7700, 1300, and ¥B@donCN IA 1, CN IA
2,NWIA1, NWIA 2, SWIA 1, and SW IA 2 respectively.
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Figure 3. Mehlich-3 phosphorus concentration profiés from the surface to a depth of 1.2 m at (a)
Central lowa 1, (b) Northwest lowa 1, (c) Northwestowa 2, and (d) Southwest lowa 1.
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Figure 4. Comparison of Mehlich-3 phosphorus conceration profiles at vegetative treatment area
inlets and outlets at Central lowa 1 after four yeas of use.

Phosphorus concentrations in the leachate were not available, so teegstimated to be equal to
the equilibrium phosphorus concentrations determined by Andersen et al. (2@&dLpbadhosphorus
sorption curves after five years of use as vegetative treatmeest & hey found phosphorus
concentrations of 1.25, 0.00, 3.82, 2.93, 0.61, and 2.15 mg P/L for CNIA 1, CN IA 2, NW IA 1, NW
IA 2, SWIA 1, and SW IA 2, respectively. Assuming these concentrationspaeseatative of
drainage water from the VTA, this approach suggests that between 0 and Ba-yg &uld have
potential been leached and accumulated deeper within the soil prafbsewed in figure 3. Based
on this analysis it appears that these systems are still retdeimgajority of its phosphorus inputs in
the surface soil; however, large precipitation and application evengsariding sufficient flow
gradient to move phosphorus deeper in the soil profile. Moreover, large santaove the effluent
through the soil profile without allowing sufficient reaction time for thiéte sorb and remove
phosphorus, making these leaching estimates conservative, i.e., mbhiegeaay be occurring than
is suggested here. Additionally, neither preferential flow nor ictalldransport were considered here;

both of these processes would serve to increase the amount of phosphorukebstiby.

CONCLUSIONS
The objective of this work was to perform a preliminary phosphorus balanoewystative

treatment systems on open beef feedlots in lowa. The monitoring residededdhat while Reed
canarygrass and bromegrass yields were substantial and capa&nh®waihg up to 60 kg P/ha it only
accounted for 6-13% of the total phosphorus retained in the vegetativecinéarea. This indicates
that the soil plays the key role in phosphorus retention and treatmbint thizse systems. Previous
research has shown that high rates of phosphorus application can restiinilation and

eventually vertical transport of the phosphorus through the soil proffile wias confirmed in this
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study which showed a significant increases in Mehlich-3 extragidolsphorus concentration in the
top 30 cm of the VTA sail profile, with significant increases often o@egmapidly, i.e., within one
to two years of system operation. The monitored increases in soil phospleoeustrongly correlated
with the mass of phosphorus applied to the VTA. Moreover, soil cores cdltectedepth of 122 cm,
indicated that after four years vertical transport of phosphorus wataddéeto a depth of about 40
cm, although saturation had not yet occurred. This indicates that a sound Hesidrcensider a
phosphorus balance prior to construction to minimize the rate at which phasphibaccumulate
within the soil and to minimize vertical transport through the maiffile. Unfortunately, specific
sizing suggestions are beyond the scope of this manuscript as an econdysis trad evaluates the
construction and operating costs and benefits associated with varioeslggstems and includes
their design life is required; however, this work shows that a phosphdamséarovides a

reasonable approach to understand the rate at which phosphorus will ateumula

Based on this analysis we provide the following suggestions for both ogesatl managing

successful vegetative treatment systems.

e Settling basin effluent should be captured and held until after a stemh éllowing a day or
two to pass until distribution to the VTA improves performance and reduceshanos loading
to the vegetative treatment area by allowing more time for sedideposition. Other
pretreatments that have the potential to remove phosphorus prior to tappkteuld be
considered.

o Good vegetation is critical to success; this vegetation not only dhe/fkotv and improves soil
structure and infiltration, but its harvest provides the only acbleptaethod of phosphorus
removal. Reed canarygrass appears to have greater potential for phespgitake than other
grasses; where possible species with high phosphorus uptake rates shatiite ut

e VTA designs should consider using multiple channels and allow the produc¢ertmide which
channels are receiving effluent. This would allow the producer to conttilize the treatment
system while being able to dry and harvest vegetation from one of the channels.

e Producers must be vigilant in watching for signs of flow channelization aimtaimning uniform
sheet-flow over the vegetative treatment area. Gullies and rillsbaugpaired by filling and
reseeding the areas. This will improve hydraulic and phosphorus distribuéotheWTA area.

e Soils provide the majority of phosphorus retention in the system. Selsitésgvith an ability to

sorb and fix large amounts of phosphorus is key to extending the life of thesyste
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¢ Methods that improve effluent distribution down the length of the VTA shoutbsidered.
Options include both sprinkler systems and surging effluent onto thet&/@istribute effluent
more evenly over the length of the treatment area.
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Chapter 6. Amounts and Forms of Phosphorus in Sixowa Grassland and

Vegetative Treatment Area Soils

Abstract. Continually land-applying manures at rates excagdirop removal can increase soil phosphorus
concentrations to levels that are of environmentaicern. Information about soil phosphorus fractias
useful for understanding the bioavailability andsseptibility of phosphorus to transport. In thiadg, we used
a sequential fractionation procedure to investigtie forms and amounts of phosphorus present isgix
used as vegetative treatment areas for controfl@egilot runoff for five years and a paired soilttkdéad not
receive the effluent application. Five soil samplese collected to a depth of 30 cm from withinutbgetative
treatment area and five more from the paired lomatt each of six sites. Soil phosphorus was tlaetitipned
into a series of pools using a modified Hedleytitaation scheme (dividing soil P into nine empitic
fractions [CaC} soluble, NaHC@soluble inorganic and organic P, NaOH-soluble iganic and organic P,
HCIl-soluble P, a second set of NaOH-soluble inoigamd organic P, and residual P]). With the ex¢eptof
one site, phosphorus concentrations were signiflgdrigher in the vegetative treatment area sdisntin the
paired sample. However, the distribution of phospedetween labile (Caghnd NaHCQ extractable) and
recalcitrant (the NaOH, HCI, and residual P) po@ss not significantly affected (p = 0.24) by theoamt of
phosphorus in the soil. Regression analysis wdigedi to evaluate phosphorus partitioning as retate the
soil’s total phosphorus content. Results indicéteat inorganic pools were increasing in an approataly
linear fashion with the soil’'s total phosphorus temt, but that organic pools showed no relationgbipotal

phosphorus. Results did not indicate saturatioaryf of the inorganic phosphorus pools had occurred.

Keywords. Feedlot runoff, phosphorus, Hedley fractionatioegetative treatment system, soil phosphorus

INTRODUCTION

Phosphorus plays a vital role in determining the productivity of telakescosystems, but if not
properly managed can accumulate and be transported to aquatic environmeais eamecause
eutrophication. In general, soils contain between 100 and 3,000 mg P/kg soil, mosthoiiswhi
present as orthophosphate compounds; however, significant quantities of prgesiborus can be
present (Condron and Newman, 2011). This is indicative that soil phosphorus dyrreroitsra
controlled by a combination of chemical and biological processes (Ftastsal., 2000); for example,
soil P transformations include precipitation-dissolution and adsorgéearption reactions which
control phosphorus transfer between the solid and liquid phases as well adadjieddiprocesses of
immobilization and mineralization which controls transformations batvileorganic and organic

forms.
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Quantifying the forms and amounts of phosphorus present in soils offers dralteevaluate the
effects that phosphorus amendments and land management changes have on phosphorus
accumulation and mobility; however, this analysis is complicated by tdvaations of phosphorus
compounds within the soil matrix. Thus, instead of focusing on specific phasptmmpounds,
classes of soil phosphorus are often defined functionally based on thestabitity with different
chemical reagents. This has lead to the development of sexgualrgial fractionation procedures
(Chang and Jackson, 1957; Hedley et al., 1982). In these procedures a soiisaalentially
reacted with a series of reagents which are assumed to dissolveedistsatf phosphorus
compounds (Sui et al., 1999). This provides operationally defined phosphorishidleat can then
be used to interpret the impact of the amendment or management change ounsloé statsoil

phosphorus, such as plant availability or susceptibility to losseséhiesd Moir, 1993).

Sequential extraction techniques offer a means in which to evaluatet iofifgnd management
changes on phosphorus distributions. One land use that has received incredasgdrsoeaent years
is land application of animal manures. In the last 30 years, crop and lkveg@m@tions have become
increasingly specialized, resulting in spatially separated productitensy$Kellogg et al., 2000).
This intensification and specialization has been driven by greanesirtt for animal products and
improved profitability, and has caused a transfer of phosphorus from grain-oigpdueas to animal-
producing regions, resulting in localized phosphorus surpluses and increhpbosohorus
concentrations (Sharpley et al., 2004; Lanyon, 2000). In addition to the direct impgletsphorus
addition, manure can increase soil pH (Eghball, 200; Kingery et al., 1994) due tofifgrge
amounts of Ca and the buffering effects of bicarbonates and organic asdstpr released during
manure decomposition (Sharpley and Moyer, 2000; Sharpley et al., 2004). Theseatioaito soil

properties can alter the forms of phosphorus present in the soil, impactinhp@tussgtability.

Due to increased environmental concerns, open lot cattle operations hawe lmeare conscientious
about preventing release of contaminated runoff from their operatiortéo baalies; however, due to
the relatively dilute nature of feedlot runoff, redistribution and application at agronomic rates can
be expensive. This has led increased interest in other altesgiat can be utilized to control and
treat the feedlot runoff. Vegetative treatment systems (VTi®9)ree possible alternative runoff
control technology that has been proposed. A VTS is a combination of treatment cotspatieast
one of which utilizes vegetation, to manage runoff from open lots (Koelsth20@6). Vegetative

treatment areas (VTAS) and vegetative infiltration basins §y#e two possible treatment
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components for VTSs. A vegetative treatment area is a band of planteligenus perennial
vegetation situated down-slope of cropland or animal production facilityptbeides localized
erosion protection and contaminant reduction (Koelsch et al., 2006). Operaai®MTéf consists of
applying solid settling basin effluent uniformly across the top of thetatgktreatment area and
allowing the effluent to sheet-flow down the slope. Two design approaches, lcaivegudi hydraulic
balance and the other a nitrogen balance, have been proposed for sizing VTAs (Webdbur
2006); however, both design procedures can result in phosphorus application iroEagessomic

demand.

As VTSs rely heavily on the soil-plant system to filter nutrient$ @ontaminants, there is a need to
understand the impacts that phosphorus application in excess of agronomic demaritidnas on
quantity and forms of phosphorus within the soil. Thus, the objectives ofutliswsere to (1)
document the effects that five years of vegetative treatmeminsygieration had on the amount and
forms of phosphorus present in the top 15-cm of the soil profile at sixatiegareatment aresa, (2)
to evaluate how the distribution of phosphorus, i.e., the percent of phosphoan®us ¥ractions,
differed between the vegetative treatment area and paired grasslarsbits at each site, and (3) to
investigate if the distribution of phosphorus was related to thetstalsphosphorus content.
Hypotheses were developed for each of the objectives; for objectivénipethesize that the large
additions of manure would result in greater phosphorus content in most wbtbariic pools in the
vegetative treatment area soils, but only small increases in oggaysphorus contents. This pattern
of accumulation was anticipated because we expected that the alrdaaty roein topsoil would
accumulate relatively little carbon during the five years of efflagplication, resulting in little to no
increase in microbial biomass or soil organic matter (Stewakt @087). Large increases in
inorganic phosphorus were anticipated based on phosphorus sorption experinméndgcttad that
large quantities of phosphorus (~500 to 1000 mg P/kg soil) could be sorbed bytlsederimng 24-
hour incubations. For objective 2 we hypothesized that vegetative ¢&rgtadnils would have larger
percentages of their phosphorus in stable sodium hydroxide and hydrochlogsteaitable pools
than their grassland counter parts. This response was anticipated basedlary evidence that
showed the vegetative treatment area soils’ reaction were mocdlmasitheir grassland
counterparts; this would result in decreased calcium phosphate solabdityreater precipitation of
calcium phosphate and phosphates associated precipitated calcium estbdmathypothesis is
supported by the work of Sharpley et al. (2004) who demonstrated that wateiableérpbosphorus

content tended to become a progressively smaller percentage of shidetalich-3 phosphorus



93

content at higher phosphorus levels, i.e., greater amounts of phosphorus veeragtobls of
greater stability. Finally, for objective 3, we anticipated a nonlirgationship between NaOH
extractable phosphorus and soil total phosphorus content. We predicteddhet athosphorus
contents the NaOH pool would increase rapidly due to iron and aluminum fixation gpliexla
phosphorus; however at high phosphorus levels this phosphorus pool would satulkiteg ria little
to no response with further increases in total phosphorus. When this dosarexpected calcium
phosphate, i.e., hydrochloric acid extractable phosphorus, to be the major ptabphosphorus
accumulation. This hypothesis is based on the iron and aluminum to have é diagseity to fix
phosphorus, as supported by phosphorus sorption experiments. We then assumeorihdimit t
calcium phosphate pool since that application of feedlot runoff would caifiyiradd calcium and

phosphorus to the soil-solution system.

METHODS AND MATERIALS

Site Descriptions

Six vegetative treatment systems were located on concentrated Ba@diat operation (CAFO)
sized open beef feedlots throughout the state of lowa and intensively moniteredfour year
period by lowa State University. The sites were described in detail in Amdetral. (2009) and are
only briefly discussed here. Data summarizing the characteristine tdwa State University (ISU)
monitored portions of the feedlots and VTSs are provided in table 1. Infornsabwn includes the
maximum cattle capacity of the feedlot, the VTS configuration, tleeddithe drainage area (feedlot
and additional contributing area), the volume of the settling basin, thefareaVIB (where

applicable), and the area of the VTA. Characteristics of theasiediscussed below.

Table 1. Summary of the system configuration and \getative treatment system components at each

site.

No. of Drainage Area SSB  VIB VTA

Site Cattle VTS Components (ha) (m) (ha) (ha)
Central lowa 1 1,000 1SSB-2VTA 3.09 4,290 -- 491,
Central lowa 2 650 1SSB-1VIB-1VTA 1.07 560 .3® 0.22
Northwest lowa 1 1,400 1SSB-1VTA 291 3,710 -- 1.68
Northwest lowa 2 4,000 1SSB-1VIB-1VTA 2.96 ,120  1.01 0.60
Southwest lowa 1 2,300 1SSB-10VTA 7.49 11,550- - 4.05

Southwest lowa 2 1,200 1SSB-1VTA 3.72 6,275 -- 3.44
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Central lowa 1 (CN IA 1) was a 3.09 ha feedlot permitted for 1,000 head of caittleff Rffluent
drained into a solid settling basin designed to hold 4,296f effluent. The VTA consisted of two
channels operated in parallel; each channel was 24 m wide and averaged 311 nmkoalg ACk

VTA soil consisted of Clarion loam, Cylinder loam, and Wadena loam (Soie$@taff, NRCS
USDA, 2010). The VTS at Central lowa 2 consisted of a SSB, VIB, and VTA. Runaofftire 1.07

ha feedlot drained into a concrete SSB which released effluent@82 &a VIB. Effluent captured

in VIB tiles was pumped onto a VTA. Soils in the VIB consisted of Nictibi@in and Webster clay
loam and the VTA was Harps loam (Soil Survey Staff, NRCS USDA, 2010). Nathovea 1 (NW

IA 1) consisted of a 2.91 ha feedlot permitted to hold 1,400 head of cattle. Feedfbtvas

collected in a SSB with a volume of 3,708. fhe SSB outlet pipe discharged onto VTA consisting
of Galva silty clay and Radford silt loam soils (Soil Survey StaR($ USDA, 2010). Northwest
lowa 2 (NW IA 2) had an SSB-VIB-VTA system designed to control runoff from a 2.@6rzete
feedlot. A settling basin collected the feedlot runoff and releaseil.01 ha VIB drained by 15 cm
diameter perforated tiles installed 1.2 m deep and spaced 4.6 m apart. Floheftdelines was
collected in a sump and pumped onto the VTA divided into two 27 m wide channels. Tihelcha
receiving effluent was switched manually by the producer. Northwest IA Zstechef Moody silty
clay loam (Soil Survey Staff, NRCS USDA, 2010). Southwest lowa 1 (SW IA 1) Wadda

feedlot with an 11,550 frsolid settling basin that released effluent to a 4.05 ha VTA was divited i
ten channels. Tile lines, installed to control water table depth bheystem and enhance
infiltration of effluent into the soil, surrounded each of the VTA chmr&pils in the VTA consisted
of mostly Judson silty clay loam and smaller areas of Colo-Ely comptéxS&vey Staff, NRCS
USDA, 2010). Southwest lowa 2 (SW IA 2) was a 3.72 ha feedlot. Runoff drained into a slhid set
basin and was released to a 3.44 ha VTA constructed with earthen berm leadéspalong the
length. The spreaders slowed the flow of effluent through the systeeasiry the time for
infiltration and promoting sedimentation of particulates suspended in theStmwhwest IA 2 VTA
soil consisted of Kennebec silt loam (Soil Survey Staff, NRCS USDA, 201@gndh site grass areas
of the same soil series were found and sampled to evaluate soil phosphtensaah distribution of
soil not receiving the effluent application; these properties are thoughgresent the original site
conditions prior to use of the vegetative treatment system, and thus prowgpa@tunity to evaluate

the impact of five years of runoff effluent application on soil phosphorus.
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Soil Sampling and Analysis

At each of the six sites five soil samples were collected from thetative treatment area and five
more from a paired area (located on the same soil series, plantedstsglasated near animal
feeding facility so subjected to the same climate) that did neiveethe feedlot runoff effluent
application. This sampling methodology was utilized as soil sample colledted begetative
treatment construction and use were not available. Each soil samplellweted by compositing soil
from five randomly selected locations within the vegetative traatarea or paired area; at each
sampling location a 1.27-cm (0.5 inch) diameter push-probe was used to smllézta depth of 15.2
cm (6 inches) from twenty spots within a 1.5-m radius of the selectedlocahis sampling
methodology was used to minimize the within treatment component variability difeterges in
greater phosphorus loading near settling basin inlets and variabgityl roperties over the
relatively large vegetative treatment areas. Collected saipleaed in a plastic bag, placed on ice,
and brought back to the Agricultural Waste Management Lab at lowa Stiaerdity. Once back the
soil samples mass was determined and they were spread out on trays tofgjgdgates were
crushed and sieved to pass a screen with 2 mm openings. Rocks and vistialovegere removed
during the sieving process. The mass of soil passing and retained on the Beemmas determined
to estimate the amount of course fraction present in each soil and detetimeimeoisture content of
the soil. A subsample of the soil passing the 2 mm screen was dried in an D98fCafor 24 hours
to determine the air dried moisture content of the soil. The remainingaplaced in screw-cap

plastic bottles and stored until use in the sequential fractionaticedgure.

Sequential Fractionation of Soil Phosphorus

A modification of the methods of Hedley et al. (1982) was selected in tkiig &t extract empirically
defined pools of phosphorus. A 0.5-g air dried, < 2 mm soil sample was placed in ace®unifiuge
tube and was sequentially extracted with 30 mL each of 0.01 M,Gal@tion, 0.5 M NaHCQ(pH =
8.2) solution, 0.1 M NaOH solution, 1 M HCI solution, and a second NaOH fractiodifibétions
made to the Hedley procedure included not using an anion exchange membrane with the 0.01 M
CacCl, extraction. The resin wasn't used since it wasn’t required to aiedéctable phosphorus
guantities and the phosphorus extracted without the resin was thought to be reetsentation of
what could potentially be transferred to surface runoff. Additionallyséoend NaOH extraction was
performed after the HCI extraction. The extraction was added basedreni#ve of Condron and
Newman (2011) and the method of Tiessen and Moir (1982) in which the authorstsuggeond

NaOH extraction, following acid extraction, can extract a sigmfifi@ction of the remaining organic
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phosphorus. The use of a second NaOH extraction is consistent with longshsthbiethodologies
for extracting soil organic matter and allows a more detailed dieaimtion of phosphorus that is
often lumped into the residual pool. All other extractions followed the atdridiedley procedure and
resulting fractions were defined according to the procedures outlined bgyHedll. (1982) and
Tiessen and Moir (1993). The CaGblution was used to extract what was assumed to be the most
labile inorganic phosphorus and was presumed to be closely related tospagius content of
surface runoff. The bicarbonate extracted phosphorus was also consbeegdHosphorus that was
thought to be adsorbed on the surfaces of more crystalline sesquioxiddsooates in the soil
(Mattingly, 1975). Organic phosphorus extracted by the bicarbonate was cedsdsily
mineralizable and to contribute to plant available phosphorus (Bowman and €¢#¢, The
hydroxide-extractable P is thought to have lower plant availability and beiassl with amorphous
and less crystalline Al and Fe oxides. The acid extraction is thoughtécteadt calcium phosphates
present in the soil, including the appetite. The second hydroxide extractiaseds extract
organic phosphorus that Tiessen and Moir (1993) speculate may have paditiplatively short-
term biolobical transformations. The remaining phosphorus, i.e., the residual phssjgor

considered to be the most stable in the soil, but which is part of an unatdatjool.

The centrifuge tubes, filled with the soil and extracting solution, weed on their side and shaken
for 16 hours on an orbital shaker (200 rpm). The soil solution was then centrifugédCgtfér 10
minutes at room temperature (24°C). The supernatant was decanted esditfiteugh a 0.45m
membrane filter. The solution was neutralized (pH between 6 and 8) usirgy(diNtfollowed by a
0.1 N back titration) NaOH or HCI and phenolphthalein indicator. A portion dflteeed and
neutralized solution was then analyzed for molybdate reactive phospisargshe ascorbic acid
method. Sample absorbance was measured on a Genesys 6 spectrophotometetestgahnav@80
nm. This portion was termed inorganic P. Another portion of the same extrasxidiaged using a
sulfuric acid-nitric acid digestion (4500-P B4, Standard methods for extonird water and
wastewater), neutralized using phenolphthalein indicator and dilute Naidkhen analyzed for
molybdate reactive phosphorus using the ascorbic acid method. The défestween the total
phosphorus determined on the digested solution and the inorganic phosphorus e&stgamic
phosphorus. Organic phosphorus contents were determined for the haHR€Both the NaOH
solutions. After the sequential extraction, the residual soil P wasrileéel using a nitric acid-
perchloric acid digestion with neutralization of the digest againraoguefore phosphorus was

determined using the ascorbic acid method.
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An analysis of variance was conducted using SAS version 9.2 softwarer{SA&é Inc., Cary, NC)
to evaluate statistical differences in the amount of phosphorus in etighpdfosphorus fractions
(CacCl, soluble, NaHC@soluble inorganic and organic P, NaOH-soluble inorganic and organic P,
HCl-soluble P, a second NaOH-soluble inorganic and organic P, and residlia B)atistical model
used consisted of Site, Application History (VTA or Grass), a Site*Aatio History interaction,
and replication nested within the Site*Application History interaction. Cdrgtagements were used

to determine if within site differences in soil phosphorus conteingeex

RESULTS AND DISCUSSION

The main objective of this study was to document how the large amounts of Patiueddil was
distributed into the various fractions of soil phosphorus and to evaluaternparating these large
amounts of phosphorus had altered the distribution of phosphorus between lab#ieatoittant
pools within the soil. The results will first focus on the absolute cdretgons of phosphorus and
how they differed between the vegetative treatment area soil anchistagid area soil with a
specific interest in which pools accumulated the most phosphorus. Tineretacentration, i.e., the
percent of phosphorus in different pools, will then be evaluated to deteifntine accumulation of
phosphorus has altered the distribution of phosphorus in the soil and how thieilayaofa

phosphorus may have been impacted.

The amounts of phosphorus measured in each of the pools are provided in Table 2alnajleoier
the paired grassland soils that did not receive the runoff applicationlaadetg consistent total
phosphorus contents, ranging from 1,042 to 1,386 mg P/kg soil. The vegetattueetnt area soils
had more variable phosphorus contents ranging from a low of 760 mg P/kg soil at {oevdr2 to a
high of 2,518 mg P/kg soill at Northwest lowa 1. At four sites (Central lowa 1, NestHowa 1,
Northwest lowa 2, and Southwest lowa 2) the vegetative treatment areaag@hosphorus
concentrations were significantly higher< 0.05 level) than the soil from the paired grassland area.
At Southwest lowa 1 VTA soil phosphorus concentration was on average higherdingna$sland
counterpart, but the difference was not significant (p = 0.15). Central lowa 2dllog&opposite
trend; at this site the paired soil sample that didn’t receive theeeffapplication had significantly
higher phosphorus concentrations than the vegetative treatment arg@hisdiite utilized a
vegetative infiltration basin to treat feedlot runoff prior to aggilon of the effluent onto the
vegetative treatment area. This treatment methodology resulted application of large amounts

(between 33 and 86 cm annually) of relatively dilute (average TotasB.lesng/L) wastewater. In
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the previous four years, i.e., prior to collection of the vegetatadrtrent area soil samples, total
phosphorus applications were approximately equal to phosphorus lossedativegreatment area
runoff. All other sites applied significantly more phosphorus to the végetatatment area than was
removed in the harvested vegetation or lost in runoff from the vegetegatment area. Thus, at sites
that received phosphorus inputs in excess of agronomic demand phosphorus |levsigniferantly
greater in the vegetative treatment area soil than in the paassland soil (p-value = 0.0043 from
contrast statement at the five sites that received phosphorus tpplicaexcess of agronomic
demand [Central lowa 1, Northwest lowa 1, Northwest lowa 2, Southwest lowa 1, and Southwest

lowa 2]).

Looking at these results in more detail we see that at Central loweethg no difference in the
most labile phosphorus (Ca@xtractable) between the VTA and the paired grassland solls.
However, the majority of the other phosphorus fractions at this said@-1P, NaHCQ-OP,
NaOH-IP, HCI-IP) were significantly higher in the VTA soil thanhe hon-amended soil from the
paired grassland location. Most notably, the inorganic sodium bicarbonate, tenin@odium
hydroxide, the organic sodium hydroxide, and the hydrochloric acid extractable paasliv
enriched by 100 mg P/kg soil or more as compared to the grassland soil. Noltlwee$tand 2 and
Southwest lowa 1 and 2 showed similar trends to those of Central lowa 1 i ialbrganic
(CaCh, NaHCQ, NaOH, and HCI extractable) phosphorus pools having large and significant
increases in phosphorus as compared to their grassland counterpartd.|@gat2 showed trends

opposite of this; presumably again do to the lower phosphorus loading raedudilithis location.

The organic phosphorus pools (NaHEOP, NaOH-OP, NaOH-OP 2, Residual P) tended to exhibit
much more variable responses with no statistical difference éetilve vegetative treatment area and
the paired soil sample typically occurring. If differences were tid@bey typically occurred in the
more easily extractable NaHGOrganic phosphorus pool than in the more stable NaOH-OP pools.
Likewise, the residual phosphorus pools were relatively similar fyetative treatment area soils and
their paired counterparts. In general, these results support oumabtigpothesis that increases in
phosphorus content would occur mostly in inorganic pools since the orgatec coettent of the

soils would remain relatively unchanged due to their high organic mattentonte

Along with the overall amounts of phosphorus in each pool, the distributiomhég@etcent of total
phosphorus in each pool, was also investigated and is presented in Figure 1.hAdtntaig sites

experienced changes in phosphorus distribution, for instance Northwest lowadoWhad a
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greater percentage of its phosphorus in the inorganic sodium bicarbonattabldrpool than the
paired grassland soil at this site; no consistent trend was evatess all sites. These results do not
support our original hypothesis that a greater percentage of the phospHiobbesawailable in more
labile (CaC} and NaHC@extractable) pools. The absolute size of these pools often were
considerably larger in the VTA soil than in the paired grasslahdosibithey were not consistently a
larger portion of the total phosphorus content. Likewise, the acid eifagtalcium phosphates)
pool sizes were typically larger in the vegetative treatmenttha@an the paired soil, but again their
proportion of the total phosphorus content in VTA soil was similar to ththiegbaired grassland soil.
Based on these results it did not appear that phosphorus was selectivelylatog in specific

pools, but rather all pools accumulated phosphorus at roughly proportional rates.
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Figure 1. Comparison of phosphorus distribution invegetative treatment areas (VTA) soils and their
paired grassland counterparts at the six sites Cerdl lowa 1 (CN IA 1), Central lowa 2 (CN IA 2),
Northwest lowa 1 (NW IA 1), Northwest lowa 2 (NW IA 2, Southwest lowa 1 (SW IA 1), and Southwest
lowa 2 (SW IA 2)].



Table 2. Absolute concentrations of soil phosphorus each of the soil fractions for the vegetativer¢éatment area (VTA) and the paired soil area
(Paired) at each of the six sites [Central lowa 1ION IA 1), Central lowa 2 (CN IA 2), Northwest lowal (NW IA 1), Northwest lowa 2 (NW IA 2),
Southwest lowa 1 (SW IA 1), and Southwest lowa 2 (SWA 2)]. IP — Inorganic phosphorus; OP — organic phephorus

CaCl-IP NaHCOyIP NaHCO-OP NaOH-IP NaOH-OP HCI-IP NaOH-IP NaOH-OP Residual P Total P
(mg/kg) (mg/kg) (mg/kg) (mg/kg)  (mg/kg) (mg/kg) (mg/kg)  (mg/kg) (mg/kg)  (mg/kg)

VTA 56 607 102 570 261 343 22 104 139 2205
CNIALl  pajred 55 422 25 320 159 192 22 72 119 1386
p-value  0.952 0.009 0.035 0.012  0.117 0.002  0.909 0.008 0.050 <0.001
VTA 4 211 20 110 120 168 8 45 75 760
CNIA2  Ppaired 46 398 43 256 78 381 19 80 77 1379
p-value  <0.001 <0.001 0.082 <0.001 0.197 <0.001  0.040 0.023 0.691  <0.001
VTA 117 719 83 657 260 392 31 144 115 2518
NWIALl  Paired 35 301 42 181 262 284 18 123 120 1365
p-value  0.001 <0.001 0.014 0.001  0.988 0.018  <0.001  0.056 0.598  <0.001
VTA 60 678 41 605 207 415 74 66 125 2272
NWIAZ  pajred 29 330 83 262 144 263 19 82 101 1314
p-value  0.044 0.001 0.006 0.002  0.472 0.004 <0.001 0.221 0.031 0.003
VTA 30 452 24 260 153 213 18 57 97 1304
SWIA1 Ppaired 15 301 55 114 351 154 7 33 103 1133
p-value  0.016 0.013 0.074 <0.001 0.128 0.029 0.010 0.013  0.142 0.077
VTA 62 696 146 443 39 430 14 57 100 1988
SWIA2  Paired 18 165 51 52 277 323 7 41 108 1042

p-value 0.003 <0.001 0.058 <0.001 0.016 <0.001 0.085 0.171 0.002 <0.001

00T
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A regression analysis was utilized to further investigate thessdts. In the analysis the amount of
phosphorus in each pool was plotted against the total phosphorus contentdf this $ollows from
the approach of Stewart et al. (2008) used to demonstrate that differenbfpgailsorganic carbon
had saturation capacity. We had hypothesized a nonlinear relationship bew@@drekiractable
phosphorus and soil total phosphorus content. We predicted that at lower phosphenis dust
pool would increase rapidly, due to iron and aluminum fixation of the applied phosphawes;er at
high phosphorus levels this phosphorus pool would saturate, resulting ito lntdefurther response
with further increases in total phosphorus. We expected,@a@INaHCQ pools to accumulate a
greater percentage of phosphorus once phosphorus levels are high as th&iggesd that more of
the phosphorus is being partitioned into more available pools. Finally, wetexpéCl extractable
phosphorus to increase more quickly at high phosphorus levels as the applicktetiaifrunoff has
the potential to add calcium to the soil as well as lead to a more baseastion, both of which lead
to the formation of calcium phosphorus precipitates. However, we saw no&vidkethese trends
(Fig. 2a-d). In the case of NaOH extractable phosphorus (Fig. 2c)dkigdicate that the iron and
aluminum hydroxides have not yet become saturated with phosphorus. Thissrespftarted by
phosphorus sorption experiments performed on the vegetative treatmefiesfivayears of use
that indicate VTA soils still have the ability to sorb significantrgitaes of phosphorus (Andersen et
al. 2012). Sorption experiments do not differentiate between precipitatidranisms and adsorption
by soil particles (including oxides), but do provide evidence that a hypotheaireation dynamic
may not be occurring yet. Similarly, we did not see preferential formatioalcfim phosphate
precipitates at high phosphorus contents (Fig. 2d) or increasing percesftagesphorus being
stored in the Caglhnd NaHCQ pools.

Based on the results of the regression analysis it appears thal posphorus stabilization
mechanisms are occurring as phosphorus is partitioning into all theniopgels; however, a
greater amount of this phosphorus is being partitioned into the NaOH pool (0.34&0h{
extractable P per mg P versus 0.134 mg HCI extractable P per mg P) pertagmmthat sorption

is a more important mechanism than calcium precipitation. These trends &ppe continuing even
at the higher soil phosphorus levels, and thus do not support the saturation hypAtirehier
interesting trend was that of the Ca€xktractable phosphorus, based on the work of Sharpley et al.
(2004) we had hypothesized that this pool would increases more slowly at higipérosphorus
contents since they reported lower percentages of phosphorus was wattalkebe (most labile pool)

with increasing Mehlich-3 soil phosphorus. We found that the most labile phosjplooiuscreased
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in a mostly linear fashion with increasing phosphorus content; similaeysdadium bicarbonate pool

also exhibited a linear trend of phosphorus accumulation.
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Figure 2. Relationship between (a) calcium chloridextractable phosphorus, (b) sodium bicarbonate
extractable inorganic phosphorus, (¢) sodium hydroxle extractable inorganic phosphorus, and (d)
hydrochloric acid extractable phosphorus versus tatl phosphorus.

CONCLUSIONS

Phosphorus fractionation can provide considerable insight into how phosphorus istzmegirin
the soil and its potential for bioavailability and loss from the ecesysin this study we fractionated
surface soil from areas that had been used as vegetative treatmasrfoathe previous five years
and from a paired grassland counterpart at each location. Our resultsishdizdtin general, land
use as vegetative treatment areas will result in rapid acctiomuéd phosphorus in the surface sail
and that the majority of this phosphorus will be stored in inorganic faithi the soil.

Interestingly, we did not find significant changes in the distribution of phogglamong the

fractions despite increases in soil pH which were expected to promotewdatamin the calcium
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phosphate pool. Furthermore, although the phosphorus application had increases ibfetlséz
labile pools, fractionation results indicated that these labile farens approximately 1/3 of the
phosphorus in both the grassland and vegetative treatment area saiisesSion analysis indicated
that the CaG| NaHCQ, NaOH, and HCI extractable inorganic phosphorus pools were responding
linearly with total phosphorus content of the soil indicating that evaigler phosphorus contents
the soils were not showing preferential accumulation of calcium phosphateslimatinig even at
these high phosphorus contents the aluminum and iron oxides in the soil still hapmtesorb and
fix more phosphorus. In general, organic phosphorus contents of the soil reowisistent,
presumably because the carbon contents of these already carbon-sicarsaihed relatively
consistent even with the addition of feedlot runoff. Overall, thetsegwdicate that the vegetative
treatment soils are converting much of the incorporated phosphorus abavatbile forms that
minimize the risk of phosphorus losses to the environment as long as pleregetation is
maintained; however, labile forms of phosphorus are also increasing withlaBad all applied

phosphorus remaining in these pools.
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Chapter 7. Phosphorus Sorption Capacity of Six low&oils as Affected by

use as Vegetative Treatment Areas

Abstract. Accumulation of phosphorus in soil is a major fadimiting the operational life of land
application waste disposal systems. Moreover, tdrient management purposes and evaluation of pialen
environmental problems it is necessary to understhe impact that manure application has on soil
phosphorus sorption characteristics. In this studppratory experiments were conducted to investiglae
impact of feedlot runoff effluent application orogphorus sorption capacities, equilibrium phosplsoru
concentrations, and phosphorus buffering capacilifesix lowa soils. Soil samples were collectednfro
vegetative treatment areas that had received feedfmff application for the previous five yearsdafinom a
paired grassed area that did not receive the effigplication. Subsamples of each soil were intedbavith a
series of twelve phosphorus solutions ranging imcemtration from 0 to 200 mg P/L to determine thiggon
characteristics of the soil. The Langmuir sorptimodel was fitted to the Langmuir sorption modedétermine
the phosphorus equilibrium concentration, the pthasps buffering capacity, and the maximum phosphoru
sorption capacity of the soil. Sorption parametefrshe paired soils were then compared to evaltlaeampact
effluent application had on soil phosphorus somptoperties. Results indicated that vegetativattrent
areas generally had elevated phosphorus equilibmmcentrations in relation to the grassed areasdjdating
an elevated risk of loss of dissolved phosphorumdst cases the ability of the soil to sorb phospé was
significantly increased. These results indicateat thegetative treatment area life had been exteiddedo
increased phosphorus sink capacity of the soil; énaw, sizable increases in the soil solution eftiilim

phosphorus content indicate that despite theseeas®s in phosphorus sink capacity

Keywords. Feedlot runoff, phosphorus, soil sampling, vegegatiieatment system, buffering capacity,

equilibrium phosphorus concentration, Langmuir sorpmodel

INTRODUCTION

The fate of phosphorus is one of the most critical factors for deterntmergustainability, life
expectancy, and effectiveness of land application waste treatmesrhsy$tu et al., 2006). In most
land application systems, the amount of waste applied is constrained by eaitfzedibyor nitrogen
loading considerations; this typically results in phosphorus applicatiexcess of agronomic
demand and can cause accumulation of phosphorus in the soil profile (Sui999L. This is
potentially of environmental concern if the increased phosphorus legeis in greater mobility and
transport to surface waters. In crop production systems this concgpicaly related to the
possibility of erosion and transport of phosphorus enriched soil particleste&sit many states have

proposed application limits based on phosphorus indexes, which switch appleatgiraints to
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phosphorus inputs when soil phosphorus levels build to a critical thresholdarSésiles exist on
municipal wastewater treatment system land application areas; hpsigee these systems typically
utilize perennial vegetation, concern over erosion and transport afytatei bound phosphorus is
minimized. In these cases phosphorus application typically is not limited| ¥ st levels, but is
instead limited by the ability of the soil to react with the phosphorus amdntriés transport. Since
most soils have high phosphorus fixing capacities the amount of phosphorwsitbatapplied is
quite substantial; however, research has indicated that continuabsippliof excess phosphorus,
i.e., above the agronomic requirement, can change soil phosphorus chemistryeastisolubility,
potentially leading to leaching or enhanced transport of dissolved phosphewface runoff

(Sharpley et al., 2004), and failure of the waste treatment system.

Although this disposal approach to waste treatment has generallyinéed tio municipalities, the
increasing concentration of the animal feeding industry and the decoupling @incttipestock
production systems have prompted renewed interest in advanced treatmeqtiésctan disposal of
byproducts associated with animal production, specifically manures and prestewaters.
Although many treatment options have been suggested, most still rely on |&odtppfor final
disposal due to the difficulty in meeting the stringent water quatitigdtions required for discharge.
This has created a demand for agricultural waste managememsygtere the main goal is no
longer to utilize nutrients for agronomic production, but instead is to naaithe costs of treating
and handling the production byproducts while minimizing any pollution associatethwiith
management and disposal. One example of this type of system is the usdaifwegeatment
systems (VTSs) for feedlot runoff control. These systems provideex tmst alternative to the
traditional storage-land application system for managing feedioffr(Bond et al., 2011), but are

designed based on a waste disposal, not nutrient utilization, paradigm.

A VTS is a combination of treatment components, at least one of whiclesitiegetation, to manage
runoff from open lots (Koelsch et al., 2006). A VTS typically consists of d settling basin

followed by either a vegetative treatment area (VTA) or a VTA in coatlzin with a vegetative
infiltration basin (VIB), although other configurations are possible. Briafsloped VTA is an area
level in one dimension with a slight slope along the other, to facilitetet $low, planted and
managed to maintain a dense stand of vegetation (Moody et al., 2006). OperatstopetlaV TA
consists of applying solid settling basin effluent uniformly acrossoghef the vegetated treatment

area and allowing the effluent to sheet-flow down the slope. Ikenberry andri{@0Ki0) identified
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several possible methods in which effluent was treated by VTAS, incladitiing solids, infiltration,
and filtering of the effluent as it flowed through the vegetated ar&4BAs a flat area, surrounded
by berms, planted to perennial vegetation. A VIB uses a flood effect tibdlisteffluent over the
surface. These areas have drainage tiles located 1 to 1.2 m (3.4 to 4 ft)Heetwiv surface to
encourage infiltration. The tile lines collect effluent thatcpkates through the soil profile and
transport it to a sump, where it receives additional treatment, bftauigh use of a VTA. Nutrient
and pathogen removal in the VIB relies on effluent filtration as it passothrough the soil, plant
uptake and harvest, degradation of the nutrients and pathogens by soil fauoap @ cf

contaminants to soil particles and organic matter.

Vegetative treatment systems are capable of converting appitzhcand nitrogen to gaseous forms
(either aerobic or anaerobic decomposition for carbon and ammonia voiatiliaatenitrification
for nitrogen), and thus remove them from the internal nutrient cycling dfeagnent system; this
doesn’t occur for phosphorus. Thus, the only environmentally acceptabledn@tihemoving
phosphorus from the treatment area is via vegetative uptake and jhigesiplies that vegetative
treatment systems rely heavily on the soil system to filter aathnehosphorus applications,
especially when nutrients are supplied in excess of crop need. In pracbsghptus transport is
controlled in large part by the sorption behavior of the soil, which can beigates by equilibrating
soil with solutions of differing phosphorus concentrations and then evaluating happiied
phosphorus partitions between the soil solid and liquid phases. This dpjgbased on
observations that when material containing phosphorus is applied to esaigitible forms of
phosphorus decrease with time (Holford et al., 1997), preventing lossdslbé shosphorus in

runoff and leaching to groundwater but also reducing plant availabiliiya¢® Thompson, 2000).

Although phosphorus sorption experiments have been widely employed for estiptedsmdnorus
mobility in soils, relatively little work evaluating how soil phosphoroipson capacity and sorption
strength are modified by previous phosphorus application is available. Wohathbeen performed
has been inconclusive, or at the very least site specific, indichihintsome cases (soil x manure
application rate combinations) the ability of soil to sorb new additions of pbaagphas been
significantly decreased while in other cases the soil’s abilitgtainm new phosphorus is increased.
The issue of repeated phosphorus application is discussed briefly inidve oéBarrow (2008), and
suggests that when a nutrient, such as phosphorus, is added to a previousbdfedilj the sorption

curve will not be the same as it would have been if all the nutrient addigoockarred at once.
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Further Barrow (2008) suggests understanding how the pathways of sorptatesrd and the

overall impact on sorption parameters are in need of greater egaluati

The issue of phosphorus retention in soils is especially relevant tomassgement systems where
repeated application of phosphorus containing waste products is commonhéhalgettive of this
work was to evaluate and compare phosphorus sorption patterns from paired tseiteghaeceived

or did not receive application of feedlot runoff over the previous fiaesyd he analysis was
performed for six sites where soil from the vegetative treatmeataae: from a paired grass area was
collected and the phosphorus sorption experiment was performed. Comparing tine frattethe

two soils allows an evaluation of the impact that use of the vegetatiatment system had on soil
phosphorus sorption properties and provides insight into how the life expectancyfanugrece of

these waste management systems have changed.

METHODS AND M ATERIALS

Site Descriptions

Six vegetative treatment systems were located on concentrated teediaf operation (CAFO)
sized open lot beef feeding operations throughout the state of lowa and intensinittyrea over a
four year period by lowa State University. The sites were describedaihideindersen et al. (2009)
and are only briefly discussed here. Data summarizing the characseoistiie lowa State University
(ISU) monitored portions of the feedlots and VTSs are provided in tablddrmition shown
includes the maximum cattle capacity of the feedlot, the VTS confignrahe size of the drainage
area (feedlot and additional contributing area), the volume of the séidl#ig, the area of the VIB
(where applicable), and the area of the VTA. Conditions at eachrsitsummarized in the following

section.

Table 1. Summary of the system configuration and \getative treatment system components at each

site.

No. of Drainage Area SSB VIB VTA

Site Cattle VTS Components (ha) (m) (ha) (ha)
Central lowa 1 1,000 1SSB-2VTA 3.09 4,290 -- 491.
Central lowa 2 650 1SSB-1VIB-1VTA 1.07 560 .3® 0.22
Northwest lowa 1 1,400 1SSB-1VTA 291 3,710 -- 1.68
Northwest lowa2 4,000 1SSB-1VIB-1VTA 2.96 ,120 1.01 0.60
Southwest lowa 1 2,300 1SSB-10VTA 7.49 11,550 - - 4.05

Southwest lowa 2 1,200 1SSB-1VTA 3.72 6,275 -- 3.44
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Central lowa 1 (CN IA 1) was a 3.09 ha feedlot permitted for 1,000 head of caittleff Rffluent
drained into a solid settling basin designed to hold 4,296f effluent. The VTA consisted of two
channels operated in parallel; each channel was 24 m wide and averaged 311 nmioalg ACk

VTA soil consisted of Clarion loam, Cylinder loam, and Wadena loam (Soie$@taff, NRCS
USDA, 2010). The VTS at Central lowa 2 consisted of a SSB, VIB, and VTA. Runaofftire 1.07

ha feedlot drained into a concrete SSB which released effluent@82 &a VIB. Effluent captured

in VIB tiles was pumped onto a VTA. Soils in the VIB consisted of Nictibi@in and Webster clay
loam and the VTA was Harps loam (Soil Survey Staff, NRCS USDA, 2010). NestHowa 1 (NW
IA 1) consisted of a 2.91 ha feedlot permitted to hold 1,400 head of cattle. Feedfbtvas

collected in a SSB with a volume of 3,708, fhe SSB outlet pipe discharged onto VTA consisting
of Galva silty clay and Radford silt loam soils (Soil Survey S4RCS USDA, 2010). Northwest
lowa 2 (NW IA 2) had an SSB-VIB-VTA system designed to control runoff from a 2.@6rzete
feedlot. A settling basin collected the feedlot runoff and release@il.01 ha VIB drained by 15 cm
diameter perforated tiles installed 1.2 m deep and spaced 4.6 m apart. Floheftdelines was
collected in a sump and pumped onto the VTA divided into two 27 m wide channels. The channel
receiving effluent was switched manually by the producer. Northwest IAS2cawisisted of Moody
silty clay loam (Soil Survey Staff, NRCS USDA, 2010). Southwest lowa 11 was a 7.49 ha
feedlot with an 11,550 frsolid settling basin that released effluent to a 4.05 ha VTA was divitted i
ten channels. Tile lines, installed to control water table depth bbeystem and enhance
infiltration of effluent into the soil, surrounded each of the VTA char&bils in the VTA consisted
of mostly Judson silty clay loam and smaller areas of Colo-Ely coniplEkSurvey Staff, NRCS
USDA, 2010). Southwest lowa 2 (SW IA 2) was a 3.72 ha feedlot. Runoff drained into a $lhid set
basin and was released to a 3.44 ha VTA constructed with earthen berm leadéspalong the
length. The spreaders slowed the flow of effluent through the systeeasiry the time for
infiltration and promoting sedimentation of particulates suspended in theStmwhwest IA 2 VTA
soil consisted of Kennebec silt loam (Soil Survey Staff, NRCS USDA, 201@gndh site grass areas
of the same soil series were found and sampled to evaluate soil phosphatias pooperties of soil
not receiving the effluent application; these properties are thoughgresesnt the original site
conditions prior to use of the vegetative treatment system, and thus prowg@ortunity to evaluate

the impact of five years of runoff effluent application on sorption progertie
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Soil Sampling and Analysis

At each of the six sites five soil samples were collected from thetative treatment area and five
more from the paired grass area not receiving the feedlot runoff effpphtation. Each soil sample
was collected by compositing soil from five randomly selected locatwithe the vegetative
treatment area or paired grass area; at each sampling location agheskvas used to collect soil to
a depth of 15.2 cm (6 inches) from twenty spots within a 1.5-m radius of the sebeetigahl. This
sampling methodology was used to minimize the within treatment component wgrréi®l to
differences in greater phosphorus loading near settling basin inletdl@dkesiy channelization
altering nutrient distribution within treatment area, and to minitiizampact of variability in soil
properties over the relatively large sampling areas. Collectedasiplaced in a plastic bag, placed
on ice, and brought back to the Agricultural Waste Management Lab at lowadJ8taersity. Once
back the soil samples mass was determined and they were spread out ordirayyt Aggregates
were crushed and sieved to pass a screen with 2 mm openings. Rocks andegsiisition were
removed during the sieving process. The mass of soil passing and retaine@ omtlsxreen was
determined to estimate the amount of course fraction present in eaghdse#timate moisture
content. A subsample of the soil passing the 2 mm screen was dried in an I8&tCafor 24 hours
to determine the air dried moisture content of the soil. The remaininga®placed in screw-cap

plastic bottles and stored until use in the phosphorus sorption curve inogbati

Phosphorus Sorption Experiment

Phosphorus sorption curves were developed using the method of Graetz a200®irQne gram

of air-dried soil was placed into each of ten 50 mL centrifuge tubes wétvsar caps and mixed
with 25 mL of 0.01 M calcium chloride (Cagsolution containing phosphorus concentrations of 0,
1, 2,5, 10, 25, 50, 100, 150, and 200 mgRE,-P/L. Two additional centrifuge tubes received 0.25
g and 0.50 g of soil respectively, which were mixed with 25 mL of 0.01 M calcium ahleoldtion
with 0 mg KHPO,-P/L. These higher dilution ratio samples were added to better evéheat
response of the soil at the low phosphorus concentration range. Samples gatdptezontally on
an orbital shaker and shaken end-to-end for 24 hours at 25+2°C. Samplesswgrlackd upright
and allowed to settle for one hour. The supernatant was filtered throughpanOfider. Dissolved
reactive phosphorus (DRP) concentrations were analyzed spectrophintaliyett a wavelength of
880 nm using a Genesys 6 (Thermo Electron Corporation, Madison, WI) photospecgtromete

following the ascorbic acid method procedure (AWWA, 1998). The amount of phosphdred bgr
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the soil was calculated as the difference between the amount of phospulawdsrathe original

solution and the amount remaining in the equilibrated solution after 24 hours.
Phosphorus Sorption Curve Fitting

Sorption data were fitted with a modified Langmuir sorption curve (Eq. 1easmed by Zhou et al.
(2005).

o SnakC (smaxkc0 . covj a

" 1+kC | 1+kC, M

In this equatiors’ represents the amount of phosphorus sorbed by the soil from the appliezhsoluti
(mg P/kg soil) Snax represents the maximum amount of phosphorus the soil can sorb (mg P/kg sail),
is a constant related to the binding energy of phosphorus to the soil L/isghe concentration of
phosphorus remaining in solution after equilibration with the soil (mg B4y the concentration of
phosphorus in solution after equilibration when the initial solution containetagpporus (mg P/L),

V the volume of solution used in the equilibration (L), & the mass of soil used in the incubation
(kg). As used here there were three fitting parameters in this equatiem attde Sa, andC,. In this
caseCy was used as a fitting parameter since three, rather than justibsapgues were

equilibrated with the 0 mg P/L solution. Results from equation 1 were cethpgainst the data
generated using equation 2, and measured values of initial and equilibrateshggiosphorus

concentration, to determine phosphorus sorption.

S'= (CI KAC)\/ (2)

In this equatiorC; represents the initial concentration of the phosphorus solution and aihnegn

terms are as defined previously.

The madified version of the Langmuir sorption curve (Eq. 1) was selected bécamne instances
the equilibrated soil was calculated to have negative sorption, i.ephitas on the soil desorbed
into solution. This is typical of soils with high initial phosphorus conmegioins and occurs because
the true value of sorbed phosphor8sdonsists of both phosphorus sorbed during the incub&ipn (
and preexisting sorbed phosphorus that is exchangegpldathematically, this is shown as Eq. 3.
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The modified Langmuir equation accounts for this desorption of legacy phospimoruscognizes

that it is a function of the dilution ratio used in the experiment.
S=§,+S (3)

Equation 1 was fit to each data set, i.e., sorption data for each of theabdgmples, using

nonlinear regressiosy ., k, andCy were iteratively adjusted to minimize the sum of the squared
differences betwee8’ calculated using Egs. 1 and 2. This nonlinear regression was performgd usi
the Solver function of Microsoft Excel; all parameters were alklbigevary freely except fdt,,

which was required to have a value greater than or equal to zero. Based duabt®fvthe fitted
parameters, five additional terms were calculated, these therequilibrium phosphorus
concentration (EPg in mg P/L, the amount of native sorbed phosphorgsifi3ng P/kg soil, the

soil's phosphorus buffering capacity (BC) in ([mg P/kg soil] / [mg RALE remaining sorption
capacity of the soil (mg P/kg soil), and the percent phosphorus satuftiensoil (%). These were

calculated using Egs. 4, 5, 6, 7, and 8 respectively.

S

EPC,=———— (4)

Q) k(Smax - SO)

B SmanCO CV
> =1ike, T M ©)

ST

BC=——T"&__ 6
(1+kC)? ©
SC= Smax - S0 (7)
%Sat- 1oosi @)

max

The EPGis the solution phosphorus concentrations that causes an equal amount af sorgti
desorption of phosphorus and is often interpreted as an indicator of the sohgpbgius loss
potential of the soil to both runoff and leachate. Higher values indicagategpotential for

phosphorus to be lost to runoff or drainage water (Zhou et al., 2005; Zhang et al. W20@gpw
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values indicate reduced phosphorus loss potential. It should be recognized vhhtdlmlculated is

a function of the soil-to-solution ratio used in the study and does not diremtig@in situ values of

soil solution phosphorus concentration; however, work by Zhang et al. (2008pdiess the this
parameter was correlated withsitu phosphorus concentrations. This makes this parameter of great
interest to water quality as it provides an assessment of solubleegahosphorus levelsy S

indicates the amount of phosphorus sorbed to the soil under field condittbpsogides an index to
assess if use of a soil as a vegetative treatment area hasatctiee amount native phosphorus
sorbed to the soil. The buffering capacity (BC) provides an index of tlity abia soil to resist

further increases in soil solution phosphorus concentration as it pravidesation on how much
phosphorus can be sorbed before the soil solution concentration increases b 1thig teérm is
calculated based on the first derivative of equation 1. The sorption caj@C)tprovides information
about how much more phosphorus could potentially be sorbed by the soil, and the perceotyhosph
saturation indicates how much of the phosphorus sorption capacity is lguiieat by native

phosphorus.

Statistical Analysis Methods

An analysis of variance was conducted using SAS version 9.2 softwageiiStkute Inc., Cary, NC)
to evaluate statistical differences in EP&, BC, SC, % Sat, S, and k. The statistical model used
consisted of Site, Application History (VTA or Grass), a Site*Applaatiistory interaction, and
replication nested within the Site*Application History interaction. @sitstatements were used to
determine if within site differences in soil sorption parametetaexkibetween the VTA and Grass

land use history at each site.

RESULTS AND DISCUSSION

Analysis of Phosphorus Sorption Curves

Figures 1 a-f show the complete phosphorus sorption curves for the VTA a®9Bila at each of
the six sites. Each point on a figure represents the average value i@diicate soil samples from
within the VTA or the paired grass area. Error bars were added in bothahe x-directions. Error
bars in the x direction represent the standard deviation of the measuitéulieguconcentration for
each initial phosphorus concentration. Error bars in the y-direction espr@standard deviation of
the calculated soil sorption. Also displayed in the figures is tle@l fitangmuir sorption curve for
each of the Site*Application combinations. All data were well fit by the timuavith R values

greater than 0.98. All samples also exhibited a plateau to the amount of phesphboould be
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sorbed with this generally occurring at soil solution equilibrium comagoih of around 80 mg P/L,
providing visual support that a Langmuir type model was appropriate for sratgkinterpretation

of the results.

Five of the six sites showed the same general trend, greater amounts of pissptyuiion by the
VTA soil samples than the grass-area soil samples at higlosohlitosphorus concentrations. The
only site not following this trend was SW IA 1, where the grass soil igtlglhigher phosphorus
sorption capacities than the vegetative treatment area stdwAtquilibrium solution phosphorus
concentration most sites had greater phosphorus sorption by the graasmptissghan the VTA soils
samples. The reduction of phosphorus sorption by VTA soils at low phospgadution
concentrations was expected as the five years of use as a vegetativet area had drastically
increased soil test phosphorus concentrations by 100 to 400 mg Mehlich-8iP#tgr®st sites
(Andersen et al., 2011). Central lowa 2 was unique in that its vegetatnént area soil exhibited
higher sorption at low concentrations than the soil samples from treeagess The VTA soil at this
site had exhibited steady to slightly lower Mehlich-3 phosphorus congensratver the previous
three years and had a neutral phosphorus balance over this time, i.e., phcadioouns to the
VTA were approximately equal to phosphorus losses in VTA runoff. Thiegefisteady
phosphorus concentrations may have resulted in fixation and diffusion of phosplepesid®
mineral particles and left the mineral surfaces more able to atatenmew phosphorus.
Alternatively, this may have been due to phosphorus losses in leachaiTfothat washed the
desorbable native phosphorus from the soil or incorporation of this labile phosjitorthe

growing vegetation.
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Figure 1. Phosphorus sorption curves for vegetativeeatment area and grassed area soils at (a)
Central lowa 1, (b) Central lowa 2, (c) Northwest dbwa 1, (d) Northwest lowa 2, (e) Southwest lowa {f)
SW IA 2. Each point in the figures represents the arage of five soil samples. Solid lines representoael

fits of the modified Langmuir equation to monitored data.

Calculated Phosphorus Sorption Parameters

Average results of phosphorus sorption properties, calculated based ittedheahgmuir equation,

are shown in Table 2. Parameters shown include the equilibrium phosphorusticdiace(EPG),

the amount of native sorbed phosphorug, e phosphorus buffering capacity (BC), the phosphorus
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binding energyk), the maximum phosphorus sorption capacity of the sgilXShe remaining soil
phosphorus sorption capacity (SC), and the percent phosphorus saturation (Yt SatData

were analyzed in two ways the first was to perform a site-byesitgarison between the vegetative
treatment area and grassed area soil samples to evaluatetitatatifferences existed. In addition to
this analysis, a second analysis where data were blocked by site feasedrto evaluate if results
could be generalized across the sites used in this study. These resditsassed below for each

parameter.

Table 2. Equilibrium phosphorus concentration (EPG), the amount of native sorbed phosphorus ¢
the phosphorus buffering capacity (BC), the phosphais binding energy (k), the maximum phosphorus
sorption capacity (Smax), the remaining soil phosphorus sorption capacitySC), and the percent
phosphorus saturation (% P Saturation) of vegetativéreatment area and grassed area soil samples from
Central lowa 1 (CN IA 1), Central lowa 2 (CN IA 2), Northwest lowa 1 (NW IA 1), Northwest lowa 2
(NW 1A 2), Southwest lowa 1 (SW IA 1), and Southwedbwa 2 (SW IA 2). SEM = standard error of the
mean. Bolded values indicate that the value for th# TA and Grass soils samples were statistically
different (p < 0.05) at that site.

EPG S BC k Shnax SC % P
Site Land Use (mgP/L) (mgP/kg) (L/kg) (L/mg) (mgP/kg) (mgP/kg) Saturation
VTA 1.25 73 52 0.092 732 659 10.1
CNIA1l  Grass 1.44 40 26 0.055 556 516 7.3
p-value 0.631 0.077 0.005 0.140 0.010 0.022 0.268
VTA 0.00 0 39 0.040 997 997 0.0
CNIA2 Grass 1.70 66 34 0.071 595 529 10.8
p-value <0.001 <0.001 0.554 0.220 <0.001 <0.001 <0.001
VTA 3.82 127 28  0.053 761 634 16.7
NWIA1l  Grass 0.79 40 47  0.114 525 485 7.7
p-value  <0.001 <0.001 0.036  0.017 <.0001 0.017 <0.001
VTA 2.93 74 37 0.053 847 772 8.6
NWIA2  Grass 0.71 47 56 0.135 517 470 8.7
p-value 0.006 0.153 0.040 0.002  <0.0001 <0.001 0.944
VTA 0.61 60 90  0.183 632 571 9.7
SWIA1l  Grass 0.35 13 36 0.052 735 722 1.8
p-value 0.510 0.014 <0.001 <0.001 0.121 0.016 0.003
VTA 2.15 75 30 0.059 658 583 11.0
SWIA2  Grass 0.72 16 24 0.057 470 453 35
p-value  <0.001 0.003 0518 0.935 0.006 0.036 0.004
SEM 0.27 13 6 0.017 33 43 1.8

The first parameter investigated was the equilibrium phosphorus conicentfdtis value represents

the solution phosphorus concentration where sorption and desorption are equed.dédérmined at
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these sites ranged from a low of 0.00 mg P/L for the VTA at Central lowa 2 diTto s high of
3.82 mg P/L for the Northwest lowa 1 VTA soil. These values are simithose reported by Sui
and Thompson (2000) for biosolids amended soils in lowa, but are generally lawéndke found
by Zhang et al. (2009) for surface soil horizons in vegetative treatmezss @n New York farms that
had received runoff effluent application for a comparable amount of Atdeur of the sites
equilibrium phosphorus concentrations were significantly different i soil than grassed area
soil samples. These were CN 1A 2, NW IA 1, NW IA 2, and SW IA 2. At all théss, sxcept
Central lowa 2, the equilibrium phosphorus concentration was significagtlyegrin the vegetative
treatment area soil than in the grassed area soil, indicatingsadraak of soluble phosphorus losses
in drainage water and the possibility of soluble phosphorus transfer tbwater. Overall, the
results indicated that using vegetative treatment areas willavage increase soil equilibrium
phosphorus concentrations (p-value = 0.0301). Similarly, the native sorbed phosph®aiso
significantly higher in VTA soil than in the grassed area soil (p-val0€036). All sites except
Central lowa 2 showed this trend with three of the sites having signifidagtier native sorbed
phosphorus levels than the grassed area at that site. These resikxpected as all the VTAS,
except Central lowa 2, had received and retained large amounts of phosphpothe pvevious five
years based on Mehlich-3 phosphorus test results. Central lowa 2 was orltatgophosphorus

inputs to its treatment area were low due to the effective rerimotla vegetative infiltration basin.

No consistent trend across the sites was seen for phosphorus bufferityg (pep@.1184). The site-
by-site trend also show this inconsistency with two of the sites, Cemtvall and Southwest lowa 1,
having significantly increased buffering capacities, and two, Northieast 1 and Northwest lowa 2,
having significantly decreased buffering capacities. In all dhgeluffering capacities reported here
are similar to those reported by Sui and Thompson (2000) for an lowa Molliseimgagpplications
of biosolids. This would seem to indicate that these soils had a historyhdéhals of phosphorus
application which is supported by the relatively high Mehlich-3 soil testd?sl€90 — 300 mg
Mehlich-3 P/kg soil) present prior to use as vegetative treatmess Andersen et al., 2011).

No general effect on phosphorus sorption strength, i.e., binding energy, wés s€&8747). This
was surprising as Sui and Thompson (2000), Holford et al. (1997), and lyamuremy&%96) had
all reported significant decreases in phosphorus binding strength withevapnlication. In our
study two of the sites, Northwest lowa 1 and Northwest lowa 2, exhibited thisipatsgnificant

decreases in binding energy; however, Southwest lowa 1 exhibited a signiftceas&in binding
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energy. The other three sites showed no significant change in binding ereggcdnclusive
results, i.e., both increases and decreases in the soil's phosphorog bimeligy, are similar to those
reported by Laboski and Lamb (2004), whom also found that manure application could eitfeseinc

or decrease binding energy.

In general the results showed a strong trend of increasing maximum phespbigtion capacity
with use as a vegetative treatment area (p < 0.0001). Results fromduadlisites also indicated this
trend of increasing maximum phosphorus sorption capacity with allesitept Southwest lowa 1,
which had no statistical difference in maximum sorption capacity, hayndisantly higher

sorption capacities in the VTA soil than in the grassed aik&suilarly, Laboski and Lamb (2004)
reported increases in the phosphorus sorption capacity of a Nicolleeat#ld with manure and
found that greater increases in phosphorus sorption capacity occurrgleatrhanure application
rates. In most cases the increase in maximum phosphorus sorption capacity gveater magnitude
than increases in native sorbed phosphorus, so statistical resultsdoringnsorption capacity were
similar to those of the maximum sorption capacity. In general the \6ii&\lsad significantly greater
(p < 0.001) remaining sorption capacity than the soil samples from the gresse@leese results
were unexpected as we had hypothesized that the high phosphorus loading e®stess
received would fill up the soil’s existing sorption capacity. Thisltdsas important implications for
projecting the phosphorus saturation life expectancy of these vegetaditradnt systems, indicating
that they may be able to fix phosphorus for greater lengths of time tigarally anticipated (Baker
et al., 2010); however, without knowing the mechanism of this rejuvenation in phospbipatisn
capacity further projections of phosphorus saturation life expectaa@}sar uncertain. Although
these results of increasing phosphorus saturation life expectancymwex@ected, they are not
unprecedented. Similar increases in phosphorus sorption life were seanNarskegon wastewater

treatment system (Hu et al., 2006) in Michigan.

Results indicated that use as vegetative treatment areascsigthjfi(p = 0.0497) increased the
percent phosphorus saturation of the soil samples. This result held thiteeadites which

individually exhibited significant increases in percent phosphorusasiaturthese were NW 1A 1,
SWIA 1, and SW IA 2. An increase in percent phosphorus saturation was also sestrati@va

1; however, at this site the change wasn't significant. Central 2osfewed a significant decrease in
phosphorus saturation in the VTA as compared to the grass while Nortbwas2 koil remained

unchanged. At Northwest lowa 2 this was likely caused by a large increasesinilts phosphorus
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sorption capacity while at Central lowa 2 this was likely due teke$easily desorbed phosphorus

from the soil.

CONCLUSIONS

Phosphorus retention in vegetative treatment areas is very dependanipbogphorus sorption and
desorption properties of the soil. Our laboratory studies indicate that usitas a vegetative
treatment area is likely to increase the phosphorus concentoatiom amended soil and of
phosphorus in the soil solution (as evidenced by the increase in eguniliphiosphorus
concentration). However, our results also suggested that continuahtpplof feedlot runoff has
the potential to significantly increase soil phosphorus sorption cag8git), with most sites
experiencing increases of between of 175 — 400 mg P/kg soil in sorptiontyayfen compared to
the grassed area soil samples, presumable due to the large amouictsrofageplied with these
wastewaters. Despite these increases in phosphorus sorptionycapestisoils also showed
significant increases in their percent saturation with phosphomslias in their soil solution
equilibrium phosphorus concentrations. These changes could be imporesgash has indicated
that losses of soluble phosphorus can increase rapidly when the érogpihorus saturation of the
soil reaches a change point (roughly 10-30%) while the soil solutionkegum phosphorus
concentration provides a direct estimate of concentrations of phosphahmtethrough the soil.
These results indicate that while the phosphorus sink potential aditmeay increase, resulting in
vegetative treatment areas that provide longer lives than diygimdicipated, the level of
environmental protection provided by the system is declining due to the gretetial for loss of
soluble reactive phosphorus from the treatment system. Future world skeeklto evaluate how this
phosphorus is partitioning in the soil, (i.e., what pools are accumulating tdsphmrus and the
mechanisms responsible for its retention in the soil without incrgasitive sorbed phosphorus).
Additionally, investigations into the mechanisms increasing soil phospkorption capacity could

be beneficial for siting similar waste treatment systems.
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Chapter 8. Vegetative Treatment System Impacts on @undwater Quality

Abstract. Increased environmental awareness has promptedebd for improved feedlot runoff control.
Vegetative treatment systems (VTSs) provide aetiestive option that may enhance environmentalrigdy
protecting water quality. Vegetative treatment eyst are typically designed on the basis of hydecauli
performance, which may result in excess applicabibsome nutrients, specifically nitrogen and phsps.
Groundwater quality monitoring is required to dateéne the effect, if any, that VTSs have on groutetlwa
Shallow groundwater (2 — 10 m) quality beneath\&i8s in lowa was monitored over a four year period.
Monitoring wells were located up-gradient, withand down-gradient of the VTSs. Groundwater sampéee
collected on a monthly basis and analyzed for aniacafnitrogen, chloride, nitrate-nitrogen, and &dc
coliform. A trend analysis was conducted to evaugbundwater response patterns to VTS construétieh
use. In general, monitoring wells located withirdatown gradient of the VTS showed increasing trémds
chloride and decreasing trends in nitrate concetitnas. No trends for fecal coliform or ammoniaciogen
were seen. Statistical analysis was performedabfte differences between up-gradient, within, do@n-
gradient monitoring wells. In general, no differesan ammoniacal-nitrogen concentration were séecal
coliform concentrations were generally highesttat within VTS monitoring well, but no differencesvieund
between up-gradient and down-gradient concentrati@hloride concentrations were generally signifitya
higher within and down-gradient of the VTS when parad to the up-gradient well; nitrate concentraiso
were generally significantly lower at these locagoOverall, VTSs do not appear to be significaddgrading

groundwater quality at these locations.

Keywords. Feedlot runoff, vegetative treatment systems,taéige treatment areas, vegetative infiltration

basins, groundwater monitoring, groundwater quality

INTRODUCTION

Open-lot animal feeding operation (AFO) runoff has been recognized asrgigdqtollutant to
receiving waters because it contains nitrogen, phosphorus, organic méttey asa pathogens. The
U.S. Environmental Protection Agency (EPA) developed a set of efflneitdtion guidelines
(ELGSs) that described the design and operating criteria for feruatioff control systems on
concentrated animal feeding operations (CAFOs) (Anschutz et al., T9iE3e effluent limitation
guidelines historically required collection, storage, and land applicdti@ediot runoff, however,
recent modifications allowed the use of alternative treatmentsystden the performance of the
alternative systems, based on the mass of nutrients releasedyuivadest to or exceeded that of an

appropriately sized containment system (EPA, 2006).
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Vegetative treatment systems (VTSs) are one possible aiternanoff control technology that has
been proposed. A VTS is a combination of treatment components, at least one of Whésh uti
vegetation, to manage runoff from open lots (Moody et al., 2006). Vegetattmant areas (VTAS)
and vegetative infiltration basins (VIBs) are two possible treatroomponent options for VTSs. A
sloped VTA is defined as an area level in one dimension, to facilitagt 8w, with a slight slope
along the other dimension, planted and managed to maintain a dense stanthtibne@éoody et
al., 2006). Operation of a VTA consists of applying solid settling basimeetfluniformly across the
top of the vegetated treatment area and allowing the effluent tofeiveetown the slope (Moody et
al., 2006). Ikenbery and Mankin (2000) identified several possible methods in whiemeivas
treated by VTAS, including settling solids, infiltrating runoff, and fitg as it flowed through the
vegetation. A VIB is defined as a flat area, surrounded by berms, plantedieneat vegetation
(Moody et al., 2006). Effluent is distributed over the VIB surface viaafidfect. Vegetative
infiltration basins have drainage tiles located 1 to 1.2 m (3.4 to 4 ft) belmwithgurface to
encourage infiltration of effluent. The tile lines collect ediht that percolates through the soil profile.
The effluent then receives additional treatment, often from a VTAidWutand pathogen removal in
the VIB relies on effluent filtration as it percolates throughsthig plant uptake of nutrients, and

microbial degradation of the nutrients and pathogens by soil fauna (Moody2€08)),

Two design approaches, one utilizing a hydraulic balance and the other amtiedgnce, have been
proposed for sizing VTAs (Woodbury et al., 2006). Previous work by Woodbury et al. (2005) has
shown that if designed using the nitrogen balance approach, VTSs canfsllgagiize applied
nitrogen. However, in many cases VTSs have been designed based on hydiautiapee. This
typically resulted in smaller VTSs, which may enhance opportunities fprplreolation of runoff
water below the root zone and over-application, i.e., in excess of agronomic demarideafsnu
especially nitrogen (Woodbury et al., 2006). As VTSs rely heavily on thelsoif system to filter
nutrients and contaminants before water percolates through theddidd, ghere is a need to
understand the impacts VTSs designed on a hydraulic performance have on groumaaliger
Thus far only limited data on the impacts of VTSs on groundwater yjisalitvailable, but work
(Faulkner et al., 2011; Woodbury et al., 2005; Kim et al., 2006; and Schellinger andrCH282)
has been inconclusive with Woodbury et al. (2005) detecting no percolation witMii $ney
monitored and Faulkner et al. (2011) suggesting that groundwater impawageahlikely based on

their monitoring results, while Kim et al. (2006) and Schellinger andséla(1992) reported poorer
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treatment, i.e., higher concentration levels in leachate, which they thoaglitue to preferential

flow.

The objective of this study was to evaluate the impact VTS intstalland use had on groundwater
guality. This manuscript reports results from a four-year groundwaterariogistudy at six VTS
locations on open beef feedlots in lowa. A trend analysis was used to evalopbral patterns in
the groundwater concentrations, specifically those of chloride, as #arve as an indicator of
manure transport, and nitrate, as it is of environmental concernesisrof the trend analysis were
used to compare groundwater concentrations before-and-after VTS uswlysisaof variance was
then used to compare groundwater concentrations up-gradient, within, and ddientgrthe

VTSs.

MATERIAL AND METHODS

Site Descriptions

The performance of six vegetative treatment systems was monitoessk fhatment systems were
located on CAFO open beef feedlots throughout the state of lowa. At many ofaherisenore than
one VTS was installed. At these sites, one of the VTSs was monitored/aystate University (ISU)
for nutrient release from each system component; only effluent releasethk final treatment
component of the other treatment systems (those not monitored by ISU)rfeaed. Table 1
shows the VTS configuration, the number of head, and the feedlot (55555+and additiovede if
present), VIB (where applicable), and VTA areas for both the on-farnShdhbnitored portions of
the feedlot and runoff control system. Groundwater wells were sitbthatalled at each farm by an
lowa DNR geologist. Maps showing locations of the wells in relation toetididt and VTS location
are shown in Figures l1a-f. Full descriptions of these sites were providediéns&én et al. (2009);

brief descriptions are provided here.

Central lowa 1 (CN IA 1) was a 3.09 ha feedlot permitted for 1,000 head of caittleff Rffluent
drained into a solid settling basin designed to hold 4,296f mffluent. A gate valve on the SSB
outlet was used to control release volumes and rates onto the VTATFheovisisted of two
channels operated in parallel; each channel was 24 m wide and averaged 311 nmioalg ACk
VTA soil consisted of Clarion loam, Cylinder loam, and Wadena loam (Soieg@taff, NRCS
USDA, 2010). Long-term average rainfall at this location was 85 cm ofpi@n per year. Three

groundwater wells were installed at Central lowa 1 (CN IA 1). Depththiéoup-gradient, within,
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and-down gradient were 7.8, 3.8, and 3.7 m, respectively; approximately the botemofheach
well was screened. Average depths to groundwater were approximately 3.5, 0.65, andthel m at

three locations, i.e., up-gradient, within, and down-gradient respectively

The VTS at Central lowa 2 consisted of a SSB, VIB, and VTA. Runoff from the 1.0@dlatfe
drained into a concrete SSB with a volume of S0Rrnior to reaching the SSB outlet pipe, the
effluent flowed through a "fence" of round bales. A gate valve controlteghy\how much, and at
what rate effluent was released .The outlet from the settling bas@iseel effluent into the 0.32 ha
VIB. Effluent from the VIB was pumped onto a 0.2 ha VTA. Soils in the VIB caesist Nicollet
loam and Webster clay loam and the VTA was Harps loam (Soil Survey SRESNSDA, 2010).
Long-term average annual precipitation in this region averages 8%cee groundwater wells were
installed at Central lowa 2 (CN IA 2). Well depths were approximately ppmpaimately the
bottom meter of each well was screened. Average depths to groundwaeppeoximately 1.5, 1.5,

and 1.2 m at the up-gradient, within, and down-gradient locations.

Northwest lowa 1 (NW IA 1) consisted of a 2.91 ha feedlot permitted to hold 1,400 freztlen
Feedlot runoff was collected in a 1.2 m deep SSB having a volume of 3*708a15SB outlet pipe
discharged effluent uniformly along a concrete spreader located aloeowp width of the 1.68 ha
VTA. A valve was used to actively control release of effluent fronS8B to the VTA. The
Northwest IA 1 VTA soil consisted of Galva silty clay and Radford silt [¢8oil Survey Staff,
NRCS USDA, 2010). Long-term average rainfall at this location was 66 cmaypipa&on per year.
Three groundwater wells were installed at Northwest lowa 1 (NW IAé&)wells installed were up-
gradient, within VTS 1, and within VTS 2. Well depths for the up-gradieitjimiVTS 1, and within
VTS 2 wells were 6, 9, and 6 m respectively. Approximately the bottom metaclofeell was
screened. Average depths to groundwater were approximately 3.7, 3.9, and 1.9 mreg¢the t
locations. Based on groundwater level monitoring it appeared that the géirestbn of
groundwater flow was towards the within VTS 2 well from both the up-gnadvell and within VTS

1 well.



Table 1. Description of whole farm and lowa State biversity monitored vegetative treatment systems ahe Central lowa 1 (CN IA 1), Central

lowa 2 (CN IA 2), Northwest lowa 1 (NW IA 1), Northwest lowa 2 (NW IA 2), Southwest lowa 1(SW IA 1), an&outhwest lowa 2 (SW 1A 2)

feedlots. Information includes the number of head focattle, the VTS configuration, and the size of th feedlot, settling basin (SSB), vegetative
infiltration basin (VIB), and vegetative treatment area (VTA).

# of Cattle VTS Components On Farm ISU Monitored
Feedlot SSB VIB VTA Feedlot SSB VIB VTA
Site Farm ISU On Farm ISU Monitored (ha) (m) (ha) (ha) (ha) (m) (ha) (ha)
CNIA1 1500 1000 2 SSB-3VTA 1SSB-2VTA 4.11 5639 -- 2.14 3.09 4289 -- 1.49
CNIA2 2400 650 3SSB-5VIB-2VTA 1SSB-1B/4t1VTA 3.26 136 1.09 0.72 1.07 51 0.32 0.22
NWIA1 3400 1400 3SSB-5VTA 1SSB-1VTA 8.92 8906 -- 4.06 291 3710 -- 1.68
NWIA2 4000 4000 1SSB-1VIB-1VTA 1SSB-1B/-1VTA 2.95 110 1.01 0.60 2.96 110 1.01 0.60
SWIA1l 2300 2300 1SSB-10VTA 1SSB-10VTA 9.4 11550 -- 4.05 7.49 11550 -- 4.05

SWIA2 5500 1200 12 SSB -7 VTA 1SSB-1VTA I8.6 33180  -- 184 3.72 6275 -- 3.44

L2T
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Northwest lowa 2 (NW IA 2) had an SSB-VIB-VTA system designed to control rimooff a 2.96
ha concrete feedlot. A settling basin with 1,120capacity collected the feedlot runoff. Effluent
from the settling basin was released onto a 1.01 ha VIB. The VIB had 15 cm diperéeated tiles
installed 1.2 m deep and spaced 4.6 m apart. Flow from the tile lines wagedoihea sump and
pumped onto the VTA. A gated pipe was used to spread flow evenly acrosg Width of the VTA.
The 0.6 ha VTA was divided into two 27 m wide channels. At a given time, effluentungseg
onto only one of the VTA channels. The channel receiving effluent washeditoanually by the
producer. Northwest IA 2 consisted of Moody silty clay loam (Soil Survey StRIES USDA,
2010). Long-term average annual precipitation at this location was 66 cecgdifation per year.
Two groundwater wells were installed at Northwest lowa 2 (NW IA 2). Wellhdefor the up-
gradient and down-gradient wells were 9 and 6 m respectively. The bo#teanahthe each well
was screened. Average depths to groundwater depths at the up-gradeomwargiadient wells were

5.7 and 3.4 m respectively.

Southwest lowa 1 (SW IA 1) was a 7.49 ha feedlot. Runoff drained into an 113560drsettling
basin. A gate valve on the settling basin outlet was used to control $8Ba®lto the VTA. The 4.05
ha VTA was divided into ten channels. Effluent reaching the bottom of eaclckWdinel was then
directed to the western most VTA channel. The VTA outlet was located 8b®we (in elevation)
the bottom of the westernmost channel. This provided storage of effiubetVTA before a release
would occur. Tile lines, installed to control water table depth below the sgstémnhance
infiltration of effluent into the soil, surrounded each of the VTA chasrigie tiles were 1 m below
the surface, 15 cm (6”) in diameter, and ran along the edges of each channelrtaunniag along
the bottom of the VTAs. Atile access point was installed in early 2008 tdontime amount and
guality of flow in the tile lines. This point was located such thdicav was from the vegetative
treatment area. Soils in the VTA consisted of mostly Judson siltyaday &nd smaller areas of
Colo-Ely complex (Soil Survey Staff, NRCS USDA, 2010). Long-term aveaageaal precipitation
in this area was 91.5 cm. Two wells were installed at Southwest lowa 143)WThe locations of
these two well do not allow for analysis of the impact of the VTS, butaddest the impact of the
feedlot. Depths for both wells were approximately 6.1 m; average deghsundwater were 1.9

and 2.9 m for the up-gradient and down-gradient wells respectively.

Southwest lowa 2 (SW IA 2) was a 3.72 ha feedlot. Runoff drained into a solid desitimg
designed to hold a 25-year, 24 h storm. A gate valve was installed ortlihg bafsin outlet to
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control effluent release onto the VTA. The 3.44 ha VTA was constructaceaithen berm, level
spreaders, along the length. The spreaders slowed the flow of effluent threwylstem, increasing
the time for infiltration to occur. Southwest IA 2 VTA soil consiste&kefinebec silt loam (Soil
Survey Staff, NRCS USDA, 2010). Long-term average rainfall at thagitotwas 92 cm of
precipitation per year. Three groundwater monitoring wells were iedtatlSouthwest lowa 2 (SW
IA 2) to collect samples up-gradient, within, and down-gradient of the XV&age water table
depths at the three well locations were 5.5, 2.4, and 5.1 m respectively. Grountbpéter
monitoring indicated that the up-gradient well is truly up gradiemyever, the “down-gradient” well
is most likely operating as a second within VTS monitoring well and isulgtdown-gradient of the
VTS.

Monitoring Methods

Groundwater samples were collected monthly (between"taad 1% of the month) from each
monitoring well and tested for ammoniacal-nitrogen gM\HH,-N), chloride (Cl), nitrate-nitrogen
(NOs-N), and fecal coliform (FC) concentrations. Occasionally wells werarld no sample could
be collected. Prior to sample collection stagnate water was puayedte well. The well was then
allowed to recharge for five to seven days, after which a 250 mL samplehegset! (100 mL of no
treatment, 100 mL of acid treatment, and 50 mL in a sterile bottle for ®@dalm enumeration).
After collection, the sample was placed on ice and shipped to a cedbfi@atory for analysis
following chain-of-custody protocol. At the sites flow volumes from eachefreatment
components, i.e., the settling basin, vegetative infiltration basins, aathtieg treatment area were
monitored for flow volumes and nutrient concentrations on an event-by-eveplirsabasis to

determine nutrient loading on each component (see Andersen et al., 2009 for sanwgils)g de

Concentration Data Analysis

Regression analysis was used to analyze temporal trends in the grourndwessntration data,
specifically those of chloride and nitrate. The regression equdtiwad for an intervention at an
unknown time. This equation fitted the data to three distinct phases. Jthghfase of the equation
was a “stationary” mean, i.e., the average concentration before VTi8uotios and use. At the
intervention point, the equation began a linear concentration increasgreassiephase, which
occurred until the concentrations reached a new mean. The linear énoreesrease portion
indicated how quickly the VTS was affecting groundwater concentrationgevépplicable, the third

stage of the equation represented the average groundwater concenti@tiompdé mentation and use
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had created a new approximately steady-state groundwater concentifagi@guation used to model
groundwater concentrations is shown in Eq. 1. In this equatitepsents the sample concentration
at the 1" sampling time, Bis average concentration before construction of the WTSthe rate of
change in groundwater concentration per day during the linear increasesgephase; is the lag

time (in days) before the linear increase/decrease phase hegribe lag time (in days) until the
linear increase/decrease engls, is a step-function defined as 0 for all times less thand as 1 for

all times greater than or equalag; is the model-fit error of thé'isampling time, ant} is a count
variable that tracks the number of days since the background water saamplel\cted. Equation 1
was fit to the monitored data using the solver function in Microsoft Egaeiriimize the sum of

squares of error between the monitored and modeled concentrations.

C =By + At 7)) — Al =7, + & (1)

[ry00

After fitting Eq. 1, a before-and-after analysis was performed fdr watl to determine if the change
in average concentration was significant. This analysis wasrperfioin Microsoft Excel as a
comparison of means and assuming the variances for both time periods,dre. abefafter
intervention, were homogeneous. Variances were estimated based on the residbetween the
fitted model and the measured concentrations. An analysis of varianegym®evas also used to test
for differences between up-gradient, within VTS, and down-gradient.\@aily the concentration
measurements falling into the third phase of Eq. 1 were used to evafterendes between
locations. The analysis was conducted as a REPEATED measures erpesimg the PROC

MIXED command in SAS 9.2. The analysis was conducted on a per site beaigiridi.e., up-

gradient, within VTS, and down-gradient) was considered a fixed factor.

Estimating Leaching Volumes and Masses

Along with evaluating the trends in chloride and nitrate concentration indy@ter below the
vegetative treatment area, estimating the mass of these pasalmatbed also provides significant
insight into system performance and environmental impacts as it providssessment of potential
nutrient loss mechanisms. The leached volume was estimated based on &vaumater balance as

shown in Eq. 2.

L=P+|-R-ET-AS )
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WhereL is the volume of water leached¥m),P is the volume of water added through precipitation
(m*ha), | is the volume of the water added via effluent applicatiotti@), R is the volume of water
lost via runoff from the VTA (rfiha),ET is volume of water evaporated and transpired from the VTA
(m*ha), and1Sis the change in soil moisture occurring during the monitoring peridtigin
Precipitation depths were measured using an ISCO 674 tipping-bucket rainGeleggne 1ISCO,
Lincoln, NE). A manual rain gauge installed on site was used to ensuiigd|rdata accuracy. lowa
Environmental Mesonet data (http://mesonet.agron.iastate.edu/) foc#tien closest to each site
were used to determine precipitation depths for events occurring betwerehider and 1 April,
mostly snowfall. Volumes dfandR were measured using ISCO 6712 sampler (Teledyne ISCO,
Lincoln, NE) equipped with either ISCO 750 low-profile area-velocity sefisedyne ISCO,

Lincoln, NE) for pipe outlets or ISCO 720 submerged probe (Teledyne ISCO, h,idiBl) in
conjunction with a 0.45 m (1.5 ft) H-flume for non-pipe outlet locati&Tsvolumes were

determined using the SPAW (Soil-Plant-Air-Water, Saxton et al., 2006)| twosienulate the

hydraulic budget of the site based on monitored site and weather conditiange@h soil moisture,
4S,was then assumed to be negligible in the water balance over the cotnsenatti-year

monitoring period.

At sites with a within VTS well (Central lowa 1, Central lowa 2, Nortsiwewa 1, and Southwest
lowa 2) the estimated leached volume was multiplied by the monitored gratardwncentration
from the within VTS well using the steady-state values as detedmiieg Eq. 1. The groundwater
sample was assumed to represent the concentration of the leacmapérigslecvidence suggests that
the large volumes of effluent applied in the vegetative treatmesd aeeise water table mounding
(Machusick et al., 2011), i.e., the water table within the VTA would be htbherthe surrounding
landscape. Monitoring at these sites suggests this was occurrirgesigable levels within the VTA
were typically higher than those monitored before system operationeroeech Additionally, results
indicated that in many cases chloride levels monitored at the within \&llthave approached those
of the applied effluent, indicating little mixing with groundwater flatsthe within VTS well. No
within VTS well was installed at Northwest lowa 2, thus an alternatethod was used to determine
the mass leached at this site. In this case we used Eq. 3, which is baseassrbalence of chloride
and assumes transport is dominated by convection, i.e., diffusion of chlanelgigble.

Cav

C _
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up down
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This equation represents a mass balance of a conservativeitrabisr case chlorid& represents
the volume of groundwater flow through the upper end of the VT (nthe volume of leachate
(md), C,p is the concentration of chloride in the up gradient well (mdZLy is the average
concentration in the applied effluent (mg/L) corrected for plant uptakeipgesion, VTA release,
evapotranspiration and scaled based on relationship between applied ddooéetration and
within VTS concentration of the other sit€%owniS the concentration of chloride in the down
gradient well (mg/L). Groundwater concentrations were taken as \aihtgegsed for the new steady-
state conditions as determined in the trend analysis. The value ot¥levas then used in Eq. 4 to
determine the concentration of nitrate-nitrogen in the leachate.cdimigntration was then
multiplied by the leaching volume to determine nitrate-nitrogen leaching.anailysis relies on
several assumptions, most notably, that vertical leakage of grounduvategh the aquatard below

the monitored water table is negligible and that transport is dominateshiagation.

L -QC
Cleach = (Q+ )Cdl‘iW” Q = (4)

Due to the siting of the groundwater wells at Southwest lowa 1 neither efrtiethodologies could
be used; however, tiles were installed around the VTAS at this site. Rtbaoacentrations
measurements from these tiles provide a measurement of the mhaksideéand nitrate leaching
from the VTA, although additional leachate may not have been intercepted bgghe ti

Soil Sampling

Soil sampling was conducted prior to, and then again after approximatentithree years of,
system operation. A soil sample was collected near the inlet and outéetholfSt) monitored VTA
channel. During the initial soil sampling GPS coordinates were recardeddry sample location so
the same spot would be sampled in subsequent years. This allowed change inesutilowntent

with time to be tracked at various positions in the VTA. At each aoipéing location, a soil
sampling probe (Giddings Machine Company, CO) was used to collect a 2.54rah)(diameter
soil core that was 122 cm (48-inches) long. The sample was cut into segpmepiesent the 0-15.4
cm (0-6 inches), 15.4-30.5 cm (6-12 inches), 30.5-61 cm (12-24 inches), 61-94.4 cm (24-36 inches),
and 94.4-122 cm (36-48 inches) depths. Each of these segments was put in a sog saggind
sent to the Soil and Plant Analysis Lab at lowa State University ftysssmaf KCI extractable N@

N and NH-N. Average concentrations for both parameters were calculateddbrdepth increment;
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the calculated average was assumed to represent the concentrdtmmafpoint of each sampling
depth.

RESULTS AND DISCUSSION

Trend Analysis

The trend analysis was conducted by fitting Eq. 1 to the monitored coneenttata for each
parameter at each well and at each location. No trends for ammoniaagénior fecal coliform
concentrations were found for any well at any site. Trends in chloride @atd nvere seen at most

locations and are discussed below.

Chloride

Chloride is present in large quantities in the feedlot runoff; flowgited average concentrations of
chloride in the settling basin effluent were 234, 205, 596, 456, 232, and 500 mg/L for CENA 1,
IA2, NWIA 1, NWIA 2, SWIA 1, and SW IA 2, respectively (concentrations for CN 1A 2 atl N
IA 2 are for the VIB effluent as this was applied to the VTA). Chlorgdeiatively un-reactive, i.e., it
is not sorbed to soil and only small amounts are incorporated into [si¢inean account for between
0.2-2% of dry mass). As such it was treated as a conservative tracer wiyemgreand interpreting

groundwater data.

A plot of the chloride trends at the Central lowa 1 monitoring welsa@svn in Fig. 2a. In this figure,
the x-axis represents the number of days the system was in operaiOnalue represents the date
the background sample at each well was collected. VTA operation then cordnagtige one

month. At CN IA 1 chloride concentrations in the up gradient well remained coostarthe 3.5
years of monitoring; concentrations at the in the VTS and down gradidatowth increased after
VTS operation began. Statistical results indicated that chlorideenotmations were significantly
different (p < 0.0001) after use of the VTS as compared to pre-VTS conditibogh the within

VTS and down-gradient wells. Model fitting results indicated th#tiwiVTS chloride concentrations
increased by 124 mg/L while down-gradient concentrations increased by 15 mg/enCaticns
within the VTS and down-gradient wells quickly reached a new stdatl/«oncentration,
presumably due to the shallow depth to groundwater at this site. Groundwatielectibmcentrations
within the VTS well stabilized at an average of 200 + 30 mg/L. The gdagiéatm shows a cyclical
pattern; groundwater concentrations decrease in the winter and inoré@assummer; this follows

the effluent application pattern for the VTA. Also of note are the high chloddeentrations at the
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up-gradient well (273 + 36 mg/L). This well was located at the edge ¢E¢léot; it appears that
leaching of chloride from the pen surface has lead to elevated leveisuBreork by Olson et al.
(2005) and Maule and Fonstad (2000) have shown that chloride concentratioogridwater near
the feedlot are often elevated as they reported concentrationsgéiregn 18 — 664 mg/L depending

on feedlot age and site conditions.

Trends for chloride concentrations in Central lowa 2 ground water (Figureditated decreasing
concentrations at the up gradient well, no change in the down gradient welicegabing
concentration at the within the VTS well. Concentration changes uptggadient and within VTS
wells were significant with p-values less than 0.0001. The inc(8Z@gag/L) in the VTS
groundwater well indicates that this VTS is infiltrating wastew as intended. The increasing trend
was much slower at this site than at Central lowa 1. Although this site alsshalibav depth to
groundwater, the well screen was installed in a clay layer with lowgadgifity which slowed
chloride transport to the well and limited percolation of applied eff|eemilar to the phenomena
noted by Faulkner et al. (2011) on their New York VTS site with a shallowl$@ildecrease in
chloride concentrations at the up-gradient well was unexpected; houwestigations of site
conditions prior to VTS installation indicated that feedlot runofflpd around this well location.
Construction of the VTS lowered effluent and chloride application on s exducing chloride

loading to the groundwater near this well.

Northwest lowa 1 (Figure 2c) had a constant chloride concentration in thedigngraell and
significant (p < 0.0001) increases in both within VTS wells; irs@ean chloride concentration were
210 and 451 mg/L at the within VTS 1 and VTS 2 wells, respectively. The ladgpéifoe VTS 1
chloride concentration started increasing was larger than thienedar VTS well 2. This was
probably due to the greater depth to the water table at VTS well 1,mgsalincreased travel time
before chloride in the applied settling basin effluent leached to gratadwiowever, the
concentration in VTS well 2 stabilized after the VTS well 1 conetiotr. Water table monitoring at
this site indicated that groundwater was flowing from the VTS well atdsWWTS well 2, thus
concentration at VTS well 1 would need to stabilize before VTS wagdliRis serving as a chloride
input to groundwater near this well. Results at Northwest lowa 2 wailarsio those at Northwest
lowa 1. Up gradient concentrations were stable over the 3 %2 years of monitdrngoncentration

increase in the down gradient well was again significant at the 0.000IMéveloncentration
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increasing by 158 mg/L. The deeper water table at this site againdidtayteme before the

groundwater concentration began to respond.

Chloride concentrations in the Southwest lowa 1 (Figure 2e) groundwateneghsanstant. This
was due to the siting of the monitoring wells. Both wells are installedadbegt to the VTS, thus the
monitoring wells did not allow the true impact of the VTS to be asde$be chloride trends at
Southwest lowa 2 (Figure 2f) were different than at the other locafibesconcentrations in the
VTS and the down gradient wells both decreased significantly (p < 0.0001) doyl@% mg/L, after
initiating use of the VTS. The groundwater concentration decreases ngstenably due to
improved effluent distribution over the VTS. Previously, feedlot runoffiatdite was allowed to
pool in a grassed area below the feedlot. The VTS now spreads the agfiiregltsasin effluent over
the VTA, rather than allowing unsettled feedlot runoff to pool in thation where the groundwater

wells were installed. Groundwater concentrations in the up-gradehtemained constant.

A correlation analysis was used to relate chloride concentrations mdritdhe VTS well (except
for NW IA 2 where the down gradient well was used as no in VTS well wilalaleaand SW IA 1
where tile flow chloride concentrations were used) to the flowdwedyaverage chloride
concentration (corrected for losses of chloride in VTA release andvadtad vegetation and
volumes of water from precipitation , VTA release, and evapotranspiratitmy effluent
concentration applied to the VTA (Table 2). The correlation analysisated a strong relationship
between the applied chloride concentration and the chloride conaamirathe groundwater
(Pearson’s r = 0.91). With the exception of Central lowa 2, which had itéoeaied in a clay layer,
chloride concentrations averaged 85% of the applied chloride conaamtwEtiCN IA 2 chloride
concentrations at the groundwater well were only 28% of the applied coticentnge hypothesize
that the clay layer restricted percolation and limited the impacflaéat application on groundwater

quality at this location.
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Table 2. Applied effluent chloride concentrations ad within VTS well groundwater chloride
concentrations at Central lowa 1 (CN IA 1), Centrallowa 2 (CN IA 2), Northwest lowa 1 (NW IA 1),
Northwest lowa 2 (NW IA 2), Southwest lowa 1 (SW IA }, and Southwest lowa 2 (SW IA 2).

Applied Effluent Cl Concentration Groundwater @oncentration

mg/L mg/L
CNIA1 223 200
CNIA2 228 64
NW IA 1 634 576
NW IA 2t 430 235
SW IA 1% 175 180
SWIA2 525 437

Tt Groundwater concentration from the down-gradiesit
¥ Groundwater sample represents effluent in tedities around the VTA.

Nitrate-Nitrogen

Nitrate-nitrogen (N@N) trend analysis was conducted in a manner similar to that of chlbride.
general N@N nitrogen application on these sites exceeded crop uptake; howeves stitdihigh
strength wastewater have indicated that 50-80% of the applied N could tfedogth denitrification
and ammonia volatilization (Reed et al., 1998; Crites et al., 2000; Johns @08)., Reveral soil
factors could lead to high denitrification rates including high le¥abil moisture, neutral to slightly
alkaline soil pH, warm soil temperatures, and high availability chteitand organic carbon
(Firestone, 1982). Many of these conditions were present in these VTAdimgchigh levels of soil
moisture and organic carbon availability. Thus, these conditions along witietiu of decreasing
NOs-N at the within VTS and down gradient monitoring wells may indicate thatifieaiion was
serving as a sink for a significant portion of the applied nitrogegrnatively, since effluent was
surface applied and soils are at neutral to slightly alkalineio@aiarge fraction of nitrogen may

have been volatilized as ammonia.

Central lowal (Figure 3a) within VTS and down gradient wells showee@aksng trends in NEN
concentration with time. Original NEN concentrations were 216 and 70 mg/L at these locations,
respectively; after the linear decreasing trends had reached stesly-state, concentrations
averaged 11 and 26 mg/L. This indicated that there was lesdlNgching potential under the
current land use as compared to previous conditions. During the summers of 2007 (aycl0@) da
and 2008 (around day 800) within VTS groundwateg/NZoncentration exhibited an annual peak;
this trend was not noted in 2009. These peaks occurred in late summer and may timalichier soil
conditions during these periods were facilitating greater nitrate produbtn vegetative uptake and

denitrification were capable of utilizing, with the absence a peak in 200®lydssing due to greater
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vegetative uptake as greater yields were obtained that year. Upngnzittate concentrations
remained relatively constant; however, there was a period of abnorngdilgdmcentrations between
day 700 and 800. This corresponded to construction of a hoop building near the groundwater well
The construction disturbed the soil in this area and possibly mobilizedenitthat had accumulated
within the soil profile. Groundwater NEN concentrations returned to normal after this flush of
nitrate. The trends observed in the soil nitrate concentrations (Figucerdplement those observed

in the groundwater. Prior to system operation nitrate concentratidms sutface soil (top 15 cm)
averaged approximately 5 mg B/kg with increasing nitrate concentrations observed deeper in the
profile (up to 15 mg NO3-N/kg at the 94-122 cm depth). Two years after commepsiams
operations nitrate concentrations in the surface soil (top 15 cm) werardiddist higher averaging
20-25 mg/kg in 2008 and 2009 (Fig. 4a); however, these elevated nitrate cdimenware

confined to the upper profile as at depths greater than 30 cm the sc@l oonaentration was less

than under the previous land use (row crop agriculture), potentialatedicreduced nitrate leaching

potential.

Central lowa 2 (Fig. 3b) also showed a trend of decreasing\Ni@ the in VTS well. Interestingly, a
decreasing trend in NN concentrations was also seen in the up gradient well; this cordespon
with the decreasing trend in chloride seen in this well. This magatethat installation and use of
the VTS improved effluent handling over previous conditions at thishiteérend in NG-N
concentration was seen at the down gradient well. In general nitrate-nit@gesntrations were
consistently low (< 10 mg NEN/L) at this site, which is in stark contrast to observatiorushedr
sites. Again soil samples at this site (Fig. 4b) tended to corrolibeagmtterns observed in
groundwater as nitrate concentrations deeper in the soil profile wénd@gar than under the

previous land use.

Northwest lowa 1 (Fig. 3c) showed no trend in up gradiengzN©oncentration, increasing NOI
concentrations in the within VTS well 1, and a decreasing trend in VTIwal this site, the VTAs
contributing flow to VTS well 1 are located higher in elevation than We$ 2 VTA. We observed
that this lead to dryer VTA conditions. This could lead to more condistamtated conditions that
encourage nitrification and possibly limit denitrification opportunifidse within VTS 2 well was
positioned below a VTA that was lower in elevation, had a shallower gratedtable, and stayed
consistently wetter. The wetter condition could encourage high ratesitffibation and potentially

limit nitrification. Denitrification appears to have occurred asmtiouous decrease in NO
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concentration was monitored through the end of 2009 despite that fact that greunifiats of
nitrate were probably increases (as within VTS well 1 was upemadf within VTS well 2). These
differing responses at with VTA wells 1 and 2 support a nitrificationtdfcdition treatment
mechanism rather than volatilization of ammonia as the mechanism of nitevgeval since
ammonia volatilization would presumably resulted in lower nitrate cdrateons at both
groundwater wells; however, measurements of gaseous nitrogen emissichbevorduired to
verify this hypothesis. Monitoring of soil nitrate concentrationsiatgite showed a similar pattern to
those observed at CN IA 1, i.e., high nitrate concentrations in the surfabatdoilv concentrations
deeper in the profile (Figure 4c). However, nitrate concentrations sutfece soil at this site where
much higher (average values of 131 and 70 mg-NARg in 2008 and 2009) than was observed in
2006 (15 mg N@N/kg) or those observed at Central lowa 1.

Northwest lowa 2 (Fig. 3d) groundwater trends were similar to those ebsatrthe NW 1A 1 up-
gradient and within VTA well 2 locations, i.e., nitrate concentratitengined constant in the up
gradient well while the down gradient well showed a consistent trend refadéng NG-N
concentrations. At the down gradient well, N®Qlevels were initially monitored to be 164 mg/L, by
the end of the 3 Y% years of monitoring nitrate-nitrogen concentrations haasthail 15 mg/L. This
would again indicate that the VTA exhibited reduced nitrate leachingtmdtihan the previous land
use (row crop production), and that the VTA is potentially encouraging ifieatton as nitrate
concentration has decreased below those monitored in the up-gradiefitheehends in soil nitrate
concentrations (Fig. 4d) shared some similarities to those obsemvtrtasites, but in this case
elevated nitrate concentrations (> 80 mgsNNBkg) down to a depth of 60 cm was observed in 2009.
This may indicate the potential of nitrogen movement through the soilepitodwever, below this
depth concentrations dropped rapidly to average values lower than obsereddrevious land use

condition.

No trends in N@N groundwater concentrations were seen at Southwest lowa 1 (Figure 3eyathi
again attributed to the monitoring well siting being around the feedlot antdentveatment system.
Soil nitrate concentrations (Fig. 4e) exhibited a small deeri@asitrate nitrogen concentrations
throughout the soil profile, but in both cases (before and after sys&rthasactual nitrate
concentrations observed were relatively low, averaging between 2 and 8 aiyRgOSouthwest
lowa 2 showed a small, but signification (p < 0.001) increase mNNEncentration at the up

gradient well. Model fits were extremely poor for the in VTS and down gradienitoring wells; as
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such the models are not shown (Figure 3f). These two wells exhibitedsaisial pattern with
maximum NQ-N concentrations occurring during the summer and minimums occurring in the
winter, similar to seasonal pattern noted at CN IA 1. This would seem tatediat during the
warmer, and drier, summer months larger amounts of the applied ammonium and witgagen
were being nitrified, increasing leaching potential. During the winter jaigsnitrate-nitrogen
concentrations would drop to levels near the detection limit. Groundlga&tmonitoring at this site
indicated the presence of a seasonal high water table that leadragion of the soil profile in the
winter and spring; during the summer the shallow water table dropped rafhdlse conditions wet
conditions in the winter and spring could denitrification, but the higher oxggailability during the
summer and fall would favor nitrification. Soil sampling (Figure 4f) showethkedly different
response at this site than that observed at the other five sitesdeeper soil profile exhibited small
increases in nitrate concentration (~1-2 mgsMZkg) as opposed to the decreases in nitrate observed
at the other locations. However, similar to the other sites, the suwdéilcagain had increased nitrate-

nitrogen contents when compared to before system operation.

Effect of VTS on Groundwater Quality

Ammoniacal-Nitrogen

Most of the groundwater samples collected were at or below the amuademitaggen detection limit
of 0.20 mg NHN/L. When calculating statistics all samples that were reported @s detection

limit were assumed to be at the detection limit. Averages, standaatidesj and significant
differences are shown in Table 2. The majority (> 90%) of samples at CN IWW1AN2, and SW 1A
1 were at or below detection limit (0.20 mg/L). At NW IA 1, more than 80% opkenvere below
the detection limit and no significant difference in ammoniacal-nitroganemtrations was detected.
At SW IA 2 ammoniacal-nitrogen was not detected at the up gradient eeih ¥ TS and down
gradient well were significantly different from the up gradient wdle higher levels were present at
the start of the study and may indicate previous contamination of shabowdyvater. The VTS area
had received runoff from the feedlot for more than 30 years, thus the highlsrdan probably be
attributed to historic ammonium accumulation in the soil with the more eveidlii®n of effluent
over the VTA actually reducing the risk of detectable levels ahaniacal nitrogen. At CN IA 2
ammoniacal-nitrogen was rarely, ~20% of the time, detected at the VTS monitoring well.

Monitoring wells up-gradient and down-gradient of the wells were above tibetida limit for more
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than 95% of the time. At this site all wells were significantly défé from each other with the up-

gradient well having the highest concentrations; the VTS well was\trest.

Overall the groundwater monitoring results would seem to indicate thas¢hef VTSs was not
causing ammoniacal-nitrogen concentrations in groundwater to increasaanpthe deep soil
sampling conducted within the VTA provides significantly more insight inta wiagy be occurring.
At many of the sites soil ammonium-nitrogen concentrations were eléuatechparison to under
the previous land use. In many ways this result is unsurprising asr¢hégsed frequently with
nitrogen, specifically ammonia, rich wastewaters. However, at tvatiéos, CN IA 1 and NW IA 2
increases (~ 15 and 28 mg NN/kg respectively) in soil ammonium content were observed deeper
(below 0.6 m) in the soil profile. At both sites this trend was only observed anhamlected near the
VTA inlet. Moreover, these cores tended to have high nitrate contentssartaee and then low
concentrations lower in the profile, i.e., opposite the trend observed fasraenrihis may indicate
that different depths of the soil were experiencing different leofedgration. The soil surface has
dried and nitrogen in this soil depth has mineralized, while deeper soith@ofile the soil is still

under anaerobic conditions.

Table 3. Average (standard deviation) ammoniacal-tiogen concentrations in up-gradient, in
vegetative treatment system (VTS), and down gradiémonitoring wells for Central lowa 1 (CN IA 1),
Central lowa 2 (CN IA 2), Northwest lowa 1 (NW IA 1), Northwest lowa 2 (NW IA 2), Southwest lowa
1(SW IA 1), and Southwest lowa 2 (SW 1A 2). Lower cse letters represent significant differences at the

o = 0.05 level within a row.

Down

Site Up Gradient In VTS Gradient
CNIA1 0.22(0.09 0.21(0.08 0.20 (0.00)
CNIA2 3.02(1.0) 0.23(0.01 1.37(0.6%
NWIA1 0.36(0.82) 0.69(2.30) 0.51(0.93)
NW IA2 0.20 (0.00) NA 0.21 (0.06)
SWIA1 0.21(0.09) NA 0.21 (0.03}
SWIA2 0.20(0.00) 1.08(2.05) 0.65 (0.56)

SW IA 2 exhibited the opposite trend in ammonium-nitrogen concentratiopsaaisCN IA 1 and
NW IA 2. As discussed previously, the in VTS well at SW IA 2 had numerous groumdaatples
that were above the ammoniacal-nitrogen detection limit but this egapemabe due to background
contamination. Soil samples appear to confirm this as high levels (200-2561 ) \vere

observed at the lower depths in the soil profile during collection of tleghaund soil sample. After
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several years of VTS operation these levels had decreased below 50,/gikigtdnd appear to

continue to be decreasing.

Chloride

In general, it appeared that chloride concentrations in the V1IS wxere higher than the up-gradient
wells. The applied wastewater had high concentrations of chlorideidghie relatively un-reactive,
as such it can be used as a tracer of where manure or wastewater haplegtarad infiltrated. The
high chloride concentrations could be taken as an indication that the Wére infiltrating a large
portion of the applied effluent. At CN IA 1 chloride concentrations at theaglient well were
significantly higher than the in VTS and down gradient wells; this wadl located near the feedlot
and high concentrations are probably a direct result (see Olson et alarzDPB&ule and Fonstad,
2000 for discussion of groundwater contamination around feedlots). At CN 1A Zidehhaais highest
at the within VTS monitoring well; concentrations in up-gradient and doadignt wells were
significantly different, but actual chloride concentrations veem@lar at 15 and 12 mg/L respectively.
NW IA 1 and NW IA 2 both experienced chloride concentration increases at\WieSi and/or down-
gradient wells as compared to the up-gradient well. Chloride conttensrat SW IA 2 were
significantly higher at the in VTS well; the down-gradient well wias aignificantly higher than the
up-gradient again indicating infiltration of wastewater. At SW IA babk concentrations at the

down-gradient well were significantly lower than the up gradient wel

Table 4. Average (standard deviation) chloride corentrations in up-gradient, in vegetative treatment
system, and down gradient monitoring wells for Cemtal lowa 1 (CN IA 1), Central lowa 2 (CN IA 2),
Northwest lowa 1 (NW IA 1), Northwest lowa 2 (NW IA 2, Southwest lowa 1(SW IA 1), and Southwest
lowa 2 (SW IA 2). Lower case letters represent sigficant differences at thea = 0.05 level within a row.

Site Up Gradient InVTS Down Gradient
CNIAL 273 (36) 200 (30 71.0 (7.0)
CNIA2 15429 64.0(7.1Y 12.1 (5.2

NWIA1 54.4(9.8) 256 (82Y 576 (31§
NWIA2 55.8(6.4) NA 235 (139
SWIAL1 48.1(24.7 NA 17.7 1.7

SWIA2 8.14(1.26) 437 (34% 63.2 (13.9)

Nitrate-Nitrogen

Nitrate-nitrogen concentration differences seem to be very sitdiseciarge differences occurred

at different sites. At most of the sites (except CN IA 2) nitrat®gén concentrations exceeded the
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10 mg NQ-N/L drinking water concentration, most notably at CN IA 1 the average otatien

was 117 mg/L. As mentioned this well was located near the feedlot and it nrapdiing

monitored groundwater concentrations. Similarly Maule and Fonstad (2000kceportcentrations
ranging from 2.5 — 233 mg NEN/L. At CN IA 2, the down gradient well had a significantly higher
average concentration than either the up-gradient or the VTS h@hgver, actual concentrations
were relatively low with an average of 2.52 mg/L. NW IA 1 NOconcentrations were lowest at in
VTS 2 well (shown as down gradient in Table 5) and highest at in VTS lséssded previously,
this well was sited at a location with a deeper depth to groundwateinthd'S 2. As a result,
conditions in the VTS were drier and presumably facilitated nitrificatiahlimited denitrification.
The VTS well 2 was located below another VTA, that was lower in elevatid stayed much wetter;
presumably facilitating denitrification as N®™ concentrations were reduced at this location.
Similarly down-gradient N@N concentrations at NW 1A 2 were significantly lower than up-gradient
concentrations. At SW IA 2 concentrations in the VTS were significaigher than either up-
gradient or down-gradient. Both the in VTS and down-gradient wells hacaimgunts of variability
in NOs-N concentrations; this was caused by the seasonal trend of highét dlibcentration in
summer and low concentration in winter. Overall it appears that ¥feSsot causing significant
increases in groundwater N® concentrations, and in some cases they are even reduciy NO
levels; however, seasonal trends of higheMOconcentrations in the summer were seen at several
locations. More research to determine mechanisms that cause thdsartrtdQ-N concentrations

and to determine which sites would experience-N®emoval within the VTS is required.

Table 5. Average (standard deviation) nitrate-nitr@en concentrations in up-gradient, in vegetative
treatment system (VTS), and down gradient monitoriig wells at Central lowa 1 (CN IA 1), Central lowa
2 (CN IA 2), Northwest lowa 1 (NW IA 1), Northwest bwa 2 (NW IA 2), Southwest lowa 1(SW IA 1),
and Southwest lowa 2 (SW IA 2). Lower case letterepresent significant differences at the: = 0.05 level
within a row.

Down
Site Up Gradient INVTS Gradient

CNIA1 117 (53) 11.0 (23.1y 26.0 (12.4)
CNIA2 0.18(2.03 0.33(0.19) 2.52(2.74)
NWIA1 19.0(11.3) 57.7(16.6) 3.80(5.56)
NWIA2 40.3(5.1) NA 15.3 (8.5)

SWIA1 39.6(12.5) NA 0.18 (10.51Y
SWIA2 11412 336(32.1) 2.72(19.4
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Fecal Coliform

The log value of all fecal coliform concentrations was taken. Stafistnalysis was performed on the
log values of the fecal coliform concentrations. With the exception of Cémtra 2, fecal coliform
concentrations were highest at the within VTS well. At Central loviee 2rfonitoring well was
installed in a clay layer that slowed percolation and reduced transpamntaiminants to
groundwater, similar to the function of the fragipan described at i@t al. (2011) at their New
York VTS site. At most sites (CNIA 1, CNIA2, NWIA 1, NW IA 2, and SW IA 1) coneditns

at the up- and down-gradient wells were not significantly differenihN\AtIA 1, concentrations at
VTS 1 were significantly greater than the up gradient well. In VTS 2vedhown as down gradient in
Table 6) was not significantly different from either the up-gradsit or VTS 1. No impact was
seen at the NW IA 2 or SW IA 1 monitoring wells. All three wells at SW |AePevsignificantly
different from each other with concentration being highest at the in \&ll%nd lowest at the up-
gradient well.

Table 6. Log values of average (standard deviatiorf¢cal coliform concentrations in up-gradient, in
vegetative treatment system (VTS), and down gradiémonitoring wells at Central lowa 1 (CN IA 1),
Central lowa 2 (CN IA 2), Northwest lowa 1 (NW IA 1), Northwest lowa 2 (NW IA 2), Southwest lowa

1(SW IA 1), and Southwest lowa 2 (SW IA 2). Lower casletters represent significant differences at the
= 0.05 level within a row.

Site Up Gradient In VTS Down Gradient
CNIA1l 2.24(1.33 2.63(1.06) 1.55 (0.69)
CNIA2 1.66(0.84) 1.21(0.49 1.87 (0.89)
NWIA1 1.28(0.44) 1.71(0.65)  1.60(0.74)
NWIA2 1.30(0.67 NA 1.47 (0.69)
SWIA1 1.47 (0.79) NA 1.93 (1.09)
SWIA2 1.49(0.56) 3.70(1.59)  2.17(0.94

Chloride and Nitrate-Nitrogen Leaching

Using the methods described previously the average volume of water and widssidé and nitrate
leached was calculated. The calculation was based on a cumulaivébalance to determine the
amount of water potentially leached and the monitored concentration ctdaddstrate
concentrations at the within VTS groundwater well. In general, thesedshleeching masses were
30-85% of the applied chloride masses with another 5-20% being removed wehtbdrvegetation.
Thus, approximately 60-90% of the applied chloride can be tracked at itleasékhough far from
perfect, this level of tracing provides strong evidence that tihilggestimates are reasonable.
Following the same methodology W® leaching was estimated to range from 2-39 kg-Na-yr.

At SW IA 2, where tile lines surrounded the VTA, approximately 28 kg-NM@a-yr was monitored
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in tile flow. This estimate is reasonable in comparison to the dstineached masses of nitrogen
occurring at the other five sites. In general, these results ararsimthose of tile drained fields
under a corn-soybean rotation in the upper Midwest. For instance, resulthédfidwest have
ranged from 0 — 50 kg NéEN/ha (Randall et al., 1997; Randall et al., 2003; Randall and Vetsch,
2005), while the work of Bahksh et al. (2005, 2006) found losses in lowa were 11 to 14 kg N/ha.
These nitrogen leaching losses only account for a small portion, i.e., Q&-2% applied nitrogen

at these sites. This analysis, in conjunction with the measured grounditratie-nitrogen
concentration data, would seem to indicate that despite the high hydraulitcragdmloading these
vegetative treatment areas are receiving; they are not causirsgiegdearm to groundwater

resources.

Table 7. Volume and mass of chloride and nitrate-miogen estimated to be leached by the vegetative
treatment areas at Central lowa 1 (CN IA 1), Centrdlowa 2 (CN IA 2), Northwest lowa 1 (NW IA 1),
Northwest lowa 2 (NW IA 2), Southwest lowa 1 (SW IA ), and Southwest lowa 2 (SW IA 2) based on

long-term hydraulic balances and monitored groundwéger concentrations.

Leached Volume Chloride Nitrate-Nitrogen
Site (m*/ha-yr) (kg CI/ha-yr) (kg NOs-N/ha-yr)
CNIA1l 3,600 710 39
CNIA2 6,200 400 2
NWIA 1 5,800 3,300 22
NW IA 2 6,700 1,600 15
SWIA 1t 1,300 250 14
SWIA2 4,200 1,800 11
T Leaving volume and masses estimate based onongatitile flow
measurements.

CONCLUSIONS

A trend analysis was conducted to evaluate groundwater chloride aré r@sponse patterns to
VTS construction and use. In general, monitoring wells located within and dedieigtr of the VTS
showed increasing trends in chloride and decreasing trends in nitragsttahions. No trends for
fecal coliform or ammoniacal-nitrogen were seen. Statistical asalgs performed to test for
differences between up-gradient, within, and down gradient monitoring wells. Irajeae
differences in ammoniacal-nitrogen concentration were seen with mosesameptg below the
ammonia-nitrogen detection limit. Fecal coliform concentrations wereagnkighest within the
VTS monitoring well but showed no difference between up-gradient and downsgradie

concentrations. Chloride concentrations were generally significhigiher within and down-gradient



145

of the VTS when compared to the up-gradient well; nitrate concentratienesgenerally

significantly lower at these locations. Overall, it appeared\ii&s do not appear to be significantly
degrading water quality at these locations. A water-balance modelevasgbd to estimate volumes
of water that were leached, which was used to estimate chloride atd laaching. In generally,
results suggested that 30-85% of the applied chloride was in the ledcva¢eer, only 0.5-2% of
the applied nitrogen was leached. Nitrate-nitrogen leaching massesstiarated to range from 2-40
kg/ha; these values are similar to those reported for corn-soyba#iandile drainage in lowa and

suggest more study is needed to better understand the fate of the ajalgehni
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Chapter 9. The Impact of Vegetative Treatment AredJse on Soil
Biologically Available Carbon and Nitrogen Pools

Abstract. Vegetative treatment systems are being utilizexbirol and treat runoff from beef feedlots. These
systems are grassed areas that rely heavily osdiieplant system to control and treat oxygen dedivam
materials, nitrogen, and phosphorus present in flifrom open beef feedlots. In the short term tieye
proved effective and are playing a critical roleahating the point source pollution potential oé¢ teedlot, but
due to their nature as part of a waste disposalesyshey are subject to high nutrient loading, espby
nitrogen. As such there is great interest in thpauat this application has on the soil organic matiad on the
ability of the soil to treat future feedlot runaffplications. Of specific concern are symptomsitobgen
saturation (as seen in forest ecosystems subjdtgtolevels of nitrogen deposition) as these awoaiated
with reduced nitrogen retention within the ecosyssnd increases nitrogen losses. One of the primary
symptoms cited is nitrogen enriched of soil organatter, as this is often linked with losses ofliad
nitrogen . Unfortunately, these changes are oftaml lho detect due the large size of the soil orgamatter
pool in comparison to the change in nutrient cohtétowever, the labile component of soil organidteracan
serve as an early indicator of these changes. Wenmeed a long-term biological fractionation of séiom a
vegetative treatment area (after five years of ase) from a paired grass area to evaluate if usthef
vegetative treatment area to control and treat feedinoff has caused increases in soil labile earplabile
nitrogen, or nitrogen enrichment of the labile fiiao. Results indicated that while use of the asih
vegetative treatment system has often increasesbilig labile carbon content, labile nitrogen ir@ses were
usually larger. This resulted in enrichment of agen in the labile organic matter pools, indicatilogser
nitrogen cycling, which could make the vegetatigatment system more prone to nitrogen loss vieHiea or

gaseous emissions.

Keywords. Biological fractionation, labile carbon, labile tnogen, soil carbon-to-nitrogen ratio

I NTRODUCTION

Vegetative treatment systems are being utilized to control andurezf from beef feedlots. A VTS
is a combination of treatment components, at least one of which utilizeati@yetio manage runoff
from open lots (Koelsch et al., 2006). Vegetative treatment areassj\anl vegetative infiltration
basins (VIBs) are two possible treatment components for VTSs. Aategereatment area is a band
of planted or indigenous vegetation situated down-slope of cropland or an ammchadtjon facility
that provides localized erosion protection and contaminant reduction ¢kalal., 2006). A sloped
VTA is an area level in one dimension, to facilitate sheet flow, with htsigpe along the other,

planted and managed to maintain a dense stand of perennial vegetation (MaqQ®B066).
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Operation of a sloped VTA consists of applying solid settling basin afflugformly across the top
of the vegetated treatment area and allowing the effluent to sheatdlowthe slope. Ikenberry and
Mankin (2000) identified several possible methods in which effluent watettdy VTAS, including

settling solids, infiltrating the runoff, and filtering of the effluenitdtwed through the vegetation.

These system have proven effective in the short term (<5 years),thesasystems rely heavily on
the soil-plant system to control and treat oxygen demanding materiadgenitfrand phosphorus
present in runoff from open beef feedlots there are questions about tHerorgustainability of
their treatment mechanisms. Specifically, there is concernhihabil organic matter will become
nitrogen enriched and exhibit nitrogen saturation systems typical afaesttUnited States forests
experiencing high levels of nitrogen deposition. Unfortunately, changes organic matter are
often small in comparison the size of the soil organic matter pool, md&tegtion difficult.
However, the labile component of soil organic matter plays an impodarinrshort-term nutrient
turnover (Tisdale and Oades, 1982) and is often more sensitive to manageamg&s that total
carbon or nitrogen, as such, it has been suggested that it could senaady adicator of future
trends for the soil organic matter (Bremer et al., 1994). Thus,istuthys pool can provide

information on impacts management changes are having on soil quality idiertmanner.

The objective of this study was to perform a long-term (>1 year) bi@lbiyactionation of soil from
Six vegetative treatment areas and paired soils from grasslagashesite to evaluate if increases in
labile carbon and nitrogen had occurred. These data were also utilizeduate if the labile pool

was becoming nitrogen enriched, i.e., if it was exhibiting signs of nitragarason.

METHODS AND M ATERIALS

Site Descriptions

Six vegetative treatment systems were located on concentrated Ba@diay operation (CAFO)
sized open beef feedlots throughout the state of lowa and intensively monitaredaweyear
period by lowa State University. The sites were described in detail in Amdetral. (2009) and are
only briefly discussed here. Data summarizing the characteristine tdwa State University (ISU)
monitored portions of the feedlots and VTSs are provided in table 1. Infornsabwn includes the
maximum cattle capacity of the feedlot, the VTS configuration, tieeddithe drainage area (feedlot
and additional contributing area), the volume of the settling basin, the area\dB (where

applicable), and the area of the VTA. Characteristics of theasiediscussed below.
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Table 1. Summary of the system configuration and \getative treatment system components at each

site.

No. of Drainage Area SSB  VIB VTA

Site Cattle VTS Components (ha) (m) (ha) (ha)
Central lowa 1 1,000 1SSB-2VTA 3.09 4,290 - 491,
Central lowa 2 650 1SSB-1VIB-1VTA 1.07 560 .3® 0.22
Northwest lowa 1 1,400 1SSB-1VTA 291 3,710 -- 1.68
Northwest lowa 2 4,000 1SSB-1VIB-1VTA 2.96 ,120  1.01 0.60
Southwest lowa 1 2,300 1SSB-10VTA 7.49 11,550- - 4.05
Southwest lowa 2 1,200 1SSB-1VTA 3.72 6,275 -- 3.44

Central lowa 1 (CN IA 1) was a 3.09 ha feedlot permitted for 1,000 head of cattieff Rffluent
drained into a solid settling basin designed to hold 4,206f mffluent. The VTA consisted of two
channels operated in parallel; each channel was 24 m wide and averaged 311 minalg ACEe

VTA soil consisted of Clarion loam, Cylinder loam, and Wadena loam (Soieg@taff, NRCS
USDA, 2010). The VTS at Central lowa 2 consisted of a SSB, VIB, and VTA. Runaofftire 1.07
ha feedlot drained into a concrete SSB which released effluent®2 &a VIB. Effluent captured
in VIB tiles was pumped onto a VTA. Sails in the VIB consisted of Nictii@tin and Webster clay
loam and the VTA was Harps loam (Soil Survey Staff, NRCS USDA, 2010). Nathovea 1 (NW
IA 1) consisted of a 2.91 ha feedlot permitted to hold 1,400 head of cattle. Feedibtvas
collected in a SSB with a volume of 3,708, ihe SSB outlet pipe discharged onto VTA consisting
of Galva silty clay and Radford silt loam soils (Soil Survey StaR($ USDA, 2010). Northwest
lowa 2 (NW IA 2) had an SSB-VIB-VTA system designed to control runoff from a 2.@6raxete
feedlot. A settling basin collected the feedlot runoff and release@il.01 ha VIB drained by 15 cm
diameter perforated tiles installed 1.2 m deep and spaced 4.6 m apart. Flaweftidmlines was
collected in a sump and pumped onto the VTA divided into two 27 m wide channels. The channel
receiving effluent was switched manually by the producer. Northwest I1A Zstethef Moody silty
clay loam (Soil Survey Staff, NRCS USDA, 2010). Southwest lowa 1 (SW IA 1) wadda

feedlot with an 11,550 #rsolid settling basin that released effluent to a 4.05 ha VTA was divitied i
ten channels. Tile lines, installed to control water table depth baaystem and enhance
infiltration of effluent into the soil, surrounded each of the VTA chanr&bils in the VTA consisted
of mostly Judson silty clay loam and smaller areas of Colo-Ely comptexS&vey Staff, NRCS
USDA, 2010). Southwest lowa 2 (SW IA 2) was a 3.72 ha feedlot. Runoff drained into aetbilid s
basin and was released to a 3.44 ha VTA constructed with earthen berm leagéspalong the

length. The spreaders slowed the flow of effluent through the systeeasirog the time for
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infiltration and promoting sedimentation of particulates suspended ifotheSouthwest IA 2 VTA
soil consisted of Kennebec silt loam (Soil Survey Staff, NRCS USDA, 201@gndh site grass areas
of the same soil series were found and sampled to evaluate the slilsddton and nitrogen
content of soil not receiving the effluent application; these propatethought to represent the
original site conditions prior to use of the vegetative treatmergraystnd thus provide an
opportunity to evaluate the impact of five years of runoff effluent agipdic on soil labile organic

matter.

Soil Sampling

At each of the six sites five soil samples were collected from thetative treatment area and five
more from a paired area that did not receive the feedlot runoff effyogplication. This sampling
methodology was utilized as soil sample collected before vegetatimérgaconstruction and use
were not available. Each soil sample was collected by compositingasifi’e randomly selected
locations within the vegetative treatment area or paired areahasaapling location a push-probe
was used to collect soil to a depth of 15.2 cm (6 inches) from twenty spots withimaradius of
the selected location. This sampling methodology was used to minimizéliretreatment
component variability due to differences in greater phosphorus loading rtkag $etsin inlets and
variability in soil properties over the relatively large vegetatreatment areas. Collected soil was
placed in a plastic bag, placed on ice, and brought back to the AgriculturalMésigement Lab at
lowa State University. Once back the soil samples mass was determihéebyawere spread out on
trays to air dry. Aggregates were crushed and sieved to pass awithe2mm openings. Rocks and
visible vegetation were removed during the sieving process. The mamlspafssing and retained on
the 2 mm screen was determined to estimate the amount of course fraesiont in each soil and
determined the moisture content of the soil. A subsample of the sailgp#ss 2 mm screen was
dried in an oven at 105°C for 24 hours to determine the air dried moisture contensoiltThe
remaining soil was placed in screw-cap plastic bottles. A subsample sbthivas used in the

biological fractionation procedure.

Biological Fractionation Procedure

Biologically available carbon and nitrogen were determined using longétdriyear) laboratory
incubations with repeated leaching (Stanford and Smith, 1972). Although attisriation
techniques, physical and chemical can be used to separate orgaeiqmal, we were interested in

determining whether nitrogen and carbon being added to the vegetativeetrearea was being
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stored in biologically available pools or if it was stored in formsweae not available. Laboratory
incubations provide the only fractionation method that directly assayguétion (Robertson and

Paul, 1999) and as such were utilized in this study.

A 100 gram (air-dried weight) subsample of each soil sample was incubaigtihaal temperature
(35°C) (Campbell et al. 1993; Drinkwater et al., 1996) for approximatgbat to determine the
biologically available carbon and nitrogen. A plastic (Buchner funasluged to contain the soll
during the incubation. A glass fiber filter (Whatman GF/A, Whatman Inm, Arbor, MI) and an
“extra thick” glass fiber prefilter were placed at the bottom offtin@el. Glass wool was placed on
top of the filter and then the 100 grams of soil was added. This glass woaldaedkta help provide
structure and keep the soil at aerobic conditions. A third glaessfiiter (Whatman GF/A, Whatman,
Inc., Ann Arbor, MI, USA) was placed on top of the soil to avoid particle dispersiomgdweter and
leaching solutions additions (Motavalli et al., 1995). The Buchner fumitd were then placed into
individual air-tight plastic containers (0.83 L volume) with screw top kEgégh lid had been fitted
with a septa to allow gas samples to be drawn from the head space. Watey taybtdicity
(determined by saturating the soil and then allowing it to free day two howsg)etermined from on
a separate subsample of soil. Distilled water was added to thEesgjlincubated to bring it to 70%
of its field capacity. Soil mass was then tracked and additional a@died as necessary (every few
days) to make sure the soil sample remained at 70% of its field ga@gthis moisture content

maximizes nitrification (citation).

The labile carbon pool size was estimated by capturing carbon dioxideheaddspace of the
incubation jars. Soil respiration rates were measured on days 1, 3, 6, 10, 15, 19, 27,838%0}
67, 74, 88, 96, 104, 110, 119, 136, 147, 160, 172, 186, 199, 216, 238, 261, 277, 302, 327, 357, and
385 (33 times). On dates when respiration was measured samples wedendinenbient air for 15
minutes. The covers were then screwed onto the samples to make thght aid carbon dioxide
allowed to accumulate. Samples were kept sealed for periods rangingefreral hiours (beginning
of the incubation) to several weeks (end of the incubation). A series obtagks, kept with the soil
samples at all times, where also sealed at this time. Afteescribed amount of time had passed
carbon dioxide levels present in the head space of the blanks and spilsssaas measured using
an infrared gas analyzer (LICOR-3200; LICOR, Lincoln, NE, USA). During Ipeadsgas sampling
a 10 mL air-tight syringe was used to stir gasses in the head space thgdradireinjecting five

samples. A sample of the head space gas was then drawn and injectedgatoahalyzer which
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measured the mass of g@resent in the sample. The mass of @f@sent and the volume of the
sample was recorded, allowing calculation of the concentration ofr®e headspace gas. The
average concentration of G@ the eight blanks were used to correct, @@duction to account for
ambient levels. The mass of gf@spired by the soil was then calculated multiplying the change in
headspace concentration by the volume of the container (corrected fotuitmewccupied by the
Buchner funnel, the soil material, and the water within the contaireg)miss of C@generated was
then divided by the mass of dry soil and the length of time the sample wasctctvaormalize the
results to mass of Gper mass of soil per unit time. This respiration rate represdreedte at the
midpoint of the time interval the sample was covered. Respiration rtatevea then fit to a two pool
decaying exponential model (shown as equation) using a least squares fittedppeotn this
equationR; is the soil respiration rate (mg C/kg soil-da@)andC; are the size of the easily
mineralizable and slowly mineralizable pools respectively (mg €8k, k; andk; of the rate
constants associated with these pools (day-1)t &nithe incubation day (day). The equation was
then integrated with respect to time to estimate the total masshufrcrespired over the course of

the incubation, which was assumed to represent the biologicallyldedilaction.
R =Ck exgd—kt)+C k exg—kt) (1)

Labile nitrogen pool sizes were estimated by extracting minerabeit from the soil sample with
periodic leaching. Leaching occurred on days 0, 7, 21, 35, 50, 75, 101, 151, 250, and 385. The sall
was leached with a solution containing all essential nutrients edcggtanford and Smith, 1972;
Nadelhoffer, 1990). At each leaching ~100 mL (exact volume was measuredbyring density of
the leaching solution and by weighing a graduated cylinder with the hggsbiution in it and after
the leaching solution was added to the soil sample) of N-free soltismdded to the top of the
filter, allowed to equilibrate with the soil for 0.5 hours, and then drawn thrahegsoil with a weak
vacuum. The vacuum was applied until leachate stopped dripping from the filteiy(asoahd 5
minutes, but always less than 10). Leachate was frozen until conclusienyafar long incubation.
The frozen leachate was then thawed and analyzed fgeNlEnd NQ'-N concentrations by steam
distillation and trapping in a boric acid solution and titration (for; ) and an ion specific
electrode (for N@-N). The volume of leachate was determined by measuring the mass aideach
solution added to the soil sample and the mass of the soil sample befoftealedehing, and
measuring the density of the leachate. The mass gf-Ntand NQ-N leached was calculated by

multiplying the measured concentrations by the volume leached. This vadusovmalized by
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dividing the mass of NF-N and NQ'-N leached by the air-dry weight of the soil sample. This data
was then fit to a single pool exponential model of the cumulative mass ledtleddbile N pool was
defined as the sum of all inorganic N in the leachate solutions. A singlenpdel (2) was fit to the
cumulative nitrogen mineralization data using a least squares fittingcunee In this equatioRy is

the soil nitrogen mineralization rate (mg N/kg soil-dd@y)s the size of the mineralizable pool (mg
N/kg soil),k is the rate constants associated with this pool (day-1}, iarite incubation day (day).

Differentiation of this equation provides the rate of nitrogen miretadn as a function of time.
Ry = N(1—exp(- kt)) )

Analysis

The mass of labile carbon, nitrogen, and the C:N ratio of the labile ongeatier mineralized from
the VTA soils and the paired grass area were compared usinga+dhlistotal mass of carbon and
nitrogen mineralized. Visual comparison of the carbon and nitrogen mineaaizatves were made
to evaluate if differences in the relative recalcitrancéefarganic matter existed. That is, the
mineralization curves were inspected to evaluate if samplestfr@wulifferent treatment (VTA versus
grassed area) had the same shape or if the curves differed fardiffertions of the incubation. This
analysis was supplemented with t-tests conducted at every netasspeation point and every

cumulative mineralization point to evaluate if observed differenege significant.

RESULTS AND DISCUSSION

Rates of carbon respired from the soil pool declined rapidly duringrshd% days of the incubation
and then exhibited a slower linear decline for the next 150-200 days befomibgcelatively stable
at around day 180-220 (figure 1). At most of the sites (CN 1A 1, NW IA2, SW IA 1,4htA)

the trends in carbon mineralization from the grassed area soilandife vegetative treatment area
soil were essentially the same shape although at all four of theseesparation from VTA soils
tended to be slightly higher on average than soils from the grass arsa.résalt was seen to a much
greater extend at NW IA 1 where vegetative treatment areaxbdiited a much greater respiration
rate than the paired grass area soil for the first 165 days of the inouldtthis point the two curves
became very similar; however, the vegetative treatment aredilbtéraled to have slightly higher
respiration rates. At CN IA 2 the opposite trend was found. At this site itteel pgass area soil
tended to have higher respiration rates throughout the incubation with ti29€@rdays being the

period where this was most evident. This site utilized a vegetatilteaitidn basin in the treatment
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system prior to applying effluent to the vegetative treatment &lgs component was extremely
effective at removing many contaminants including oxygen demanding sulsstamtsolids and
thus presumable greatly reduced the organic loading onto the VTis aitéh The other sites did not
utilize vegetative infiltration basins or, as was the case at A%/ the infiltration wasn't nearly as
successful at removing contaminants prior to effluent application lbateegetative treatment area

due to the use of a surface drain to expatiate drainage of the wegethitration basin.

At all sites the carbon respiration data were well fit by the double empah@ecay model with R
values ranging from 0.983to 0.995. This indicates that utilizing the fitfedt®on to estimate
respiration rates on dates when it was not measured and using it toketéermass of carbon
respired (by integrating to determine the area under the curvejidf®appropriate. Although
caution must be exercised in evaluating the meaning of the fitting parateetamined (Table 2), the
fact that total mass of respired carbon represents match88¥85the sum of the easily
mineralizable and slowly mineralizable pod £ C,) indicates that the fitted parameters are

reasonable and can be interpreted.

We had originally hypothesized that using the soil as vegetative treatreasteould increase
mineralizable carbon. This hypothesis follows from Stewart et(@087) description of carbon
saturation where a hierarchy of carbon storage (in pools of differiadcittance due protection
mechanisms —physical protection, chemical protection, biological iteaate, and non-protected) is
proposed. In this model they suggest increasing inputs of carbon can causesriarbagogically
available carbon will increase, although only slowly if the soil is iteaarbon saturation. Thus we
expected increases in soil carbon due to the large increase in carbag foaw application of
feedlot runoff, but recognized that these change could be small as lowa typiksally carbon rich

and presumably near their carbon saturation limit.
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Figure 1. Soil respiration rates (mg C/kg soil-dayfoncentrations as a function incubation date forhe
grassed and VTA soil at (a) Central lowa 1, (b) Caral lowa 2, (c) Northwest lowa 1, (d) Northwest lova
2, (e) Southwest lowa 1, and (f) Southwest lowa @raphs are on different scales to make trends more

As can be seen, the size of the easily mineralizable pools at CN IA 1 aldZ#Nd not change,

evident. Solids lines represent model fit of the da.

although in both cases the lability of these pools did increase slightly. NMéxderienced a

sizeable increase in this carbon pool (318 mg C/kg soil), but the labilityliglaitysdecreased.

Similar changes (i.e., increased pool size with decreased labilitg)neéed at NW IA 2 and SW 1,
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although in these cases increases in carbon pool sizes were much $xh8N§rlA 2 a small
decrease in carbon pool size was found. All sites except CN IA 2 had increadgdrstmvalizable
carbon pool sizes. This pool was much larger than the quickly mineral{gabl£9x) and rate
constants where much more similar among the sites, with only small chamgisdanstants seen.
At both northwest lowa sites these pools showed large responses, apprgximalding in size after
five years of use as vegetative treatment areas. Responses atl@niland 1 were small with
increases of approximately 20% occurring. Little to no change was s8&vi l& 2 while CN IA 2
decreased by approximately 50%. Although it is unclear what this pooleafseis appears that this
pool may be able to accumulate more carbon depending on its current pool sizgan telits
saturated capacity; however, more research is needed to understand tfibymoh general these
results were similar to what we expected as most sites exhibitaedraase in mineralizable carbon;
the one exception to this was at CN IA 2 where mineralizable carbds taained. We hypothesize
that this was due to the application of large amounts of the diluteéddrteatment in the highly

effective vegetative infiltration basin) wastewater.

Table 2. Summary of the rate coefficients determirgfor the two-pool carbon respiration model.

G C ki Kk,
Site Treatment | (mg C/kg soil) (mg C/kg soil)  (day?) (day?)
CNIA 1 Grass 302 4374 0.467 0.013
VTA 299 5404 0.651 0.012
CNIA 2 Grass 316 3979 0.863 0.009
VTA 315 1804 1.103 0.010
NW IA 1 Grass 270 4413 0.729 0.007
VTA 588 9924 0.579 0.010
NW IA 2 Grass 365 5917 0.858 0.009
VTA 435 8305 0.753 0.007
SWIA 1 Grass 268 2241 0.952 0.009
VTA 346 3084 0.816 0.010
SW IA 2 Grass 326 3469 0.788 0.008
VTA 292 3553 0.720 0.008

Nitrogen mineralization rates remained approximately lineahfofitst 100-150 days of the sail
incubation. At that time rates began to slow and a plateau can be seecumtliative nitrogen
mineralization curves shown in figure 2. Interestingly, nitrogen minataiz was greater in all the
vegetative treatment area soils than in the paired grass aredingdlN IA 2. This result was not

unexpected as these waste treatment systems receive high nitrogestiappiates (593-1866 kg
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N/ha-yr) as they are being utilized as effluent disposal areas. Tieealization pattern at Central

lowa 2 is particularly interesting, at this site we saw reduadaba mineralization and thus had

expected lower nitrogen mineralization as carbon and nitrogen retentiotoeagksanechanisms are

often linked. However, looking closely at the nitrogen mineralizationrpatsg this site it appears

that what may have occurs is that the reduced mineralizable carbon witeiltrezluced the soils

ability to recycle nitrogen in microbial biomass during the incubation ancatluvged nitrogen

leaching earlier in the incubation than from the paired grass area. imcthigtion nitrate accounted

for 96.1 + 1.4% (ave =* s.d) of the total mass of nitrogen leached in thedations. The first two

leaching periods, day 0 and day 7, averaged only 87 and 91% of the nitroged kesanfteate, but

the 8 other leaching (day 21, 35, 50, 75, 101, 151, 250, and 385) averaged 95-97% of nitrogen in the

nitrate form.

At all sites the nitrogen mineralization data was well fit by the one-pgarential decay model
with R? values ranging from 0.990 to 0.999. This indicates that utilizing the &tjeation to estimate
cumulative nitrogen mineralization on dates when it wasn’t measured anéitmidetthe rate of
nitrogen mineralization (by differentiation to determine the slopeeo€tinve) should be appropriate.
Although caution must be exercised in evaluating the meaning of the fittiagetr determined
(table 3), the fact that cumulative mineralized nitrogen repre88r9% of the mass estimated in
the mineralizable pool (N) again indications that the fittedmpeatears are reasonable. At all sites,
except CN IA 2, the size of the mineralizable nitrogen pool was subdiatatiger in the vegetative
treatment area soil than its paired grass counterpart. In partiddlex € NW IA 1, and NW 1A 2 all
had statistical significantly larger nitrogen pools (p < 0.001, <0.001, and 0ditiwely). While
not quite significantly different SW IA 1 and SW IA 2 also tended to show highhgased nitrogen
levels (p = 0.078 and p = 0.130). From a practical view the mineralizable nipogksize more

than doubled at NW IA 1, increased by about 50% at CN IA 1 and NW IA 2, and increased by 20% at
SW IA 1 and 2. At CN IA 2 the pool size remained constant despite the facatban pool sizes
decreased. No consistent trend in nitrogen lability was seen as ressesiained relatively similar;
however, it appears that lability of nitrogen at CN IA 2 may have inede&¥e believe this may
have occurred due to the loss of carbon; since less mineralizable cavawailable present to
maintain microbial biomass the nitrogen cycle was looser and nitrogen cdelached earlier in the

incubation.
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Table 3. Summary of the mineralization rate constan(k) and the mineralizable nitrogen pool size (N)
determined for the one-pool nitrogen mineralizationmodel.

N k
Site Treatment | (mg N/kg soil)  (day?)
CNIA 1 Grass 504 0.0075
VTA 753 0.0085
CNIA 2 Grass 385 0.0074
VTA 369 0.0111
NW IA 1 Grass 464 0.0077
VTA 1041 0.0059
NW 1A 2 Grass 611 0.0054
VTA 906 0.0069
SWIA 1 Grass 385 0.0086
VTA 457 0.0101
SWIA 2 Grass 465 0.0075
VTA 536 0.0080

Finally, we used these data to evaluate the C:N ratio of the fadwle This was done in two ways;
first by plotting the cumulative mass of nitrogen mineralized agdiestumulative mass of carbon
respired (figure 3) and second by evaluating how the C:N ratio of the faiml changed through the
incubation. This analysis provides insight into the C:N ratio ofhtimeralized organic matter on
average, but not how it varies throughout the incubation. In this analysis meetfai the C:N ratio
of the organic matter on average was 13.7. Moreover, the two pools showbadladrnee of
correlation as the size of the labile carbon pool explain over 80% oatiaien in the size of the
labile pool. However, a closer look indicates that the labile rétrggpols have been enriched in
comparison to the paired grassland soil counterparts, that is they enihgiglotted above the best-
fit line in Figure 3 while soils from the grassed area typicallyt@ibbelow the line. This is an
interesting phenomenon and is one of the traits often associated withmiedgeation in forest
ecosystems. As this is the case it would seem to indicate thatgbtative treatment areas are
progressing to greater degrees of nitrogen saturation which may makmtrerausceptible to future

nitrogen loss.
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Figure 2. Cumulative nitrogen mineralization massegeached (mg N/kg soil) as a function incubation de
for the grassed and VTA soil at (a) Central lowa 1(b) Central lowa 2, (c) Northwest lowa 1, (d) Northwest
lowa 2, (e) Southwest lowa 1, and (f) Southwest l@2. Graphs are on different scales to make trendsore

evident. Solids lines represent model fit of the da.
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Figure 3. Labile nitrogen versus labile carbon of the 60 soil samplessted. Results showed that
for every unit increase in labile nitrogen an increase of 13.7 units ahrbon was expected,
however, it also indicated that labile organic matter in the vgetative treatment area soils is

nitrogen enriched.

The carbon respiration rate and nitrogen mineralization rate werdatatt for every day of the

incubation using the fitted model equations. The ratio of carbon minei@iizatnitrogen

mineralization was then plotted as a function of time. This analysgerformed to evaluate how
the characteristics of the labile organic matter changed throughciiigaition and to determine if
differences in characteristics were seen between the vegetatit@ent area and grassed area soils.

In general, the largest C:N ratios were seen near the beginninginctbation. These values

quickly (usually less than 50 days) decreased to ratios of around 10 ordrcases slightly lower.

At both CN IA 1 and CN IA 2 the labile organic matter fractions during tHg stages of the

incubation (before 165 and 330 respectively) appeared to be nitrogen enridied At soil. As

time progressed the labile organic matter C:N ratios became similar between the two soils.

Similar trends were noted at NW IA 2 while SW IA 1 and SW IA 2 VTA and grasskaifglshowed

basically the same trends throughout the incubation. NW 1A 1's soil showegbsite trend;

during the initial period of the soil incubation the soil appeared to haveeaasilg respired carbon
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than the mass of nitrogen mineralized would have suggested. As the incubatiesggeghough the

C:N ratios narrow rapidly to ratios values as low as 4 for the VTA soill
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Figure 4. Carbon-to-Nitrogen ratios as a functionmcubation date for the grassed and VTA soil at (a)
Central lowa 1, (b) Central lowa 2, (c) Northwest bwa 1, (d) Northwest lowa 2, (e) Southwest lowa &and
(f) Southwest lowa 2. Graphs are on different scateto make trends more evident.

Statistical analysis of the mass of C respired, N mineralizetitree C:N ratio of the labile organic
matter is presented in Table 4. At Central lowa 1 the increase indabilen in VTA was not quite

significant (p = 0.060), but the increase in mineralizable N was (p < 0.0638 significant
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enrichment of nitrogen was present in the labile organic matte® (@17). At Central lowa 2 a
significant decrease in mineralizable carbon was monitored (p < 0.0d&)nelchange in
mineralizable nitrogen was seen. This indicates that a deastisignificant enrichment of nitrogen
occurred in the labile pool. At Northwest lowa 1 significant incregsesneralizable carbon and
nitrogen occurred; however this results in an increase in C:N ratio lafbiifee organic matter. This
result is particularly interesting as the data points from ttesskiow a strong indication of nitrogen
enrichment in figure3, i.e. VTA points are above the regression line vdiigasnples from the
paired grass are below the regression line. At Northwest lowa 2 a signfficail®018) increase in
mineralizable nitrogen was seen, a non-significant increase imalinable carbon was also observed
(p = 0.200) as was a non-significant increase in nitrogen enrichnmentlabileeorganic matter (p =
0.154). At Southwest lowa 1, increases in mineralizable carbon, nitrogen, svatea garbon to
nitrogen ratio were observed, but none of the changes were significant. AwvEsiuiibwa 2 none of
the changes in mineralizable carbon, mineralizable nitrogen, or carimitmegen ratio were
significant (p = 0.902, 0.130, 0.058 respectively).

CONCLUSIONS

A biological fractionation technique was used to evaluate if fivesygfause had caused a significant
increase in biologically available soil carbon and nitrogen, or mtr@prichment of labile soil
organic matter. The results indicated that increases in biollygscall carbon did occur, but increases
in nitrogen were typically larger and often more significant. Thisésslted in nitrogen enrichment
of the labile soil organic matter, a typical symptom of nitrogen atdur. This has resulted in lower
carbon-to-nitrogen ratios in the soil organic matter, reducing itisyaoilserve as a nitrogen sink.
This could indicate that the vegetative treatment areas are imgcomre prone to nitrogen loss
either through leaching or through gaseous emission as the capacity of theitlize and retain

nitrogen is becoming exhausted.
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Table 4. Summary of mass of C respired, N mineralexd, and the C:N ratio of labile organic matter at
Central lowa 1 (CN IA 1), Central lowa 2 (CN IA 2), Northwest lowa 1 (NW IA 1), Northwest lowa 2

(NW 1A 2), Southwest lowa 1 (SW IA 1), and Southwedbwa 2 (SW IA 2).

C Mineralized N Mineralized C:N Ratio
Site mg C/kg soil mg C/kg soil mg C/mg N
Grass 4718 475 10.0
(309) (60) (1.3)
CNIA1
VTA 5701 724 7.8
(955) (64) (2.0
p-value 0.060 <0.001 0.017
4186 362 11.6
Grass
(858) (78) (0.5)
CNIA2
VTA 2099 364 5.8
(307) (18) (0.9
p-value <0.001 0.954 <0.001
4299 440 9.9
Grass
(677) (90) (0.8)
NWIA 1 VTA 10296 935 11.0
(1032) (36) (0.8)
p-value <0.001 <0.001 0.045
6235 536 11.5
Grass
(2011) (78) (2.5)
NW IA 2
VTA 8270 844 9.7
(2566) (219) (0.9)
p-value 0.200 0.018 0.154
2444 371 6.6
Grass
(510) ) (1.5)
SWIA1
VTA 3335 448 7.4
(721) (71) (0.6)
p-value 0.054 0.078 0.339
3651 440 8.3
Grass
(731) (57) (1.0
SWIA2
VTA 3707 512 7.2
(663) (76) (0.5)
p-value 0.902 0.130 0.058
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Chapter 10. Vegetative Treatment Systems: Design, &agement, and
Siting Recommendations
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Abstract. Runoff from open lot animal feeding operations has been recognized as a potential
pollutant to receiving surface waters. This effluent is known to contain mistsach as nitrogen and
phosphorus, as well as other potential pollutants such as organic matter, solids, anglepatiDue
to increased recognition of the potential impacts feedlots can have ongquatéy, cattle producers
are facing increasing pressures to improve their feedlot runoff contramgstAs a result, vegetative
treatment systems are increasingly being utilized on beef feedifiiefsicihus producers are
seeking guidance on what it takes to make these systems successfuk [Had tmconsiderable
research over the last ten years on how to successfully utilize \regétaatment system. Here, we
provide recommendations, based on our experiences utilizing them on condestiatal feeding
operations, about what it takes to make these systems succesgéuletal, we have found that it
requires a combination of proper siting, sound design, and good management to get ideal
performance. It is critical that minimum distances (~1.5 — 3 m)danpiwater are maintained to
ensure system releases do not occur except from events larger thasigimestierm. Vegetative
treatment system designs should seek to provide flexibility sthéhaperator can adapt to current
weather conditions. To achieve this we recommend building large settlimg bagh controlled
outlets that allow the producer to hold effluent for several days untihe@eabnditions permit
application to the vegetative components. Finally, attentive managementirede@uroducers must
be vigilant in operating the system to ensure channeling doesn’'t develodfltleattes being
applied at a rate the system is capable of handling, and making sure that syst@oser@mare
operating effectively. Finally, the current state of the knowledge oroteedbff control is accessed
and recommendations about areas requiring further research provided. Wetdee research on
evaluating nitrogen emissions and maximizing denitrification are imperanavaluating these

systems.

Keywords. Runoff, vegetative treatment systems, runoff control, open lot, \regétaatment area
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Introduction

Runoff from open-lot animal feeding operations (AFOs) has long been recdb@sizepotential
pollutant to receiving waters. As such, adequate control and management aistieiwater is
required to mitigate its potential impacts on surface and ground whtaditionally, the level of
control implemented at animal feeding operations has varied by the sizeognapdec location of
the operation. Typically, larger farms (concentrated animal feedimgtopes, i.e., those over 1000
head of cattle) have used containment basin systems to control runoffwailéasms (< 300
heads) have often relied on solids settling systems and vegetagéxiadito manage their
environmental risk. However, changes in United State Environmental Ryotagency’s (US EPA)
effluent limitation guidelines (ELGs) that allowed concentratdchal feeding operations (CAFOS)
to utilize alternative systems, i.e., systems other than containemeh&pplication systems, if the
performance obtained was as good as or better than that of a tradiyisteah have lead to greater
interest in the use of alternative runoff control technologiesil&@ig increasing scrutiny over the
impact small and medium sized (< 1000 head) operations can have on water gsialityrhed the

development and implementation of cost effective options of managinglaft.

Vegetative treatment systems are one option that has shown good ptagmti@ide runoff control
and are less costly to construct than containment basins (Bond et al., 20rEsAk, anany
operations are seeking guidance on how to site, design, and manage vefgetdthant systems to
be successful. Thus far, guidance on these topics has typically been baikbdrdahe review of
vegetative treatment systems performance by Koelsch et al. (200@) @aympanion resources
developed for the Heartland Regional Water Coordination Initiative tethge Treatment System
Guidance document (USDA NRCS, 2006). Although these references remain hsdfsf ten years
has seen installation and intensive monitoring of a significant numivegefative treatment systems
at commercial feedlot operations. This has resulted in sigmifieaw knowledge about how
treatment system performance varies under different conditions, vitleestto make these systems
successful, and raised new questions about what is required to &éesareyistems are appropriate
and remain effective. Thus, it seems appropriate that vegetatwméngt systems again be reviewed
to ascertain the current state-of-the-knowledge of vegetagiagnent systems, specifically focusing
on what the last ten years of field implementation has taught us aboutimiagitheir performance

and sustainability.
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The format of this review is as follows: (1) a discussion of atirgevernment regulation regarding
control of feedlot runoff, (2) a review of vegetative treatmentesydiasics (terms and definitions,
system configurations, component types, system variations, etc.), (83w of the design principles
and goals of vegetative treatment systems (theory behind design, theemfrdiskerent treatment
components, and hydraulic, nitrogen, and phosphorus cycling and retention in vegetatient
systems siting, design, and management). Throughout each section taetaillighlight the current
state of the knowledge of the topic, provide tips related to design, sitidgnanaging the runoff

control systems, and address areas that could be the topic of fseaecte

Feedlot Runoff Regulations

Runoff from open-lot animal feeding operations is regulated by a combiraitiederal and state
guidelines. Federal regulation can be traced to the Federal WatdrdAdBontrol Act Amendments
of 1972, which placed the U.S. Environmental Protection Agency (EPA) in chatgeelbping
runoff control guidelines. As a result, the EPA developed the Efflueritdtion Guidelines (ELGSs),
which set criteria for when an animal feeding operation could be desigasiconcentrated animal
feeding operations, i.e., CAFOs, and specified the design and operatingddardaired of waste
management systems at these facilities (Anschutz et al., 1979)ic¢dibyothese ELGs required
collection, storage, and periodic land application of manures and wastewateeser,
modifications to the ELGs in 2003 (Federal Register, 2003) and reaffirmed8nRé@eral Register,
2008) allowed the use of alternative treatment technologies if perfme was equivalent to, or
exceeded, that of the traditional containment-land application systé&iAs 2B06). Runoff control
requirements for open lot animal feeding operations not designated as CRQs@lly set by
state regulations. In lowa, non-CAFO open lot cattle feeding operationalgeet to the regulatory
requirements of Chapter 65 of the lowa Administrative Code (lowa DNR, 200¢h vdtuires
removal of settlable solids from the runoff and that any settled efftaksased from the runoff
control system not cause the receiving water body to exceed the waigr cqiiatia set for its
designated use. Similar standards, ranging from the lowa standard, i.e., no heaters of the state,
to a “no potential to discharge” requirement exist in other Midwestatess for instance Nebraska
requires no hydrologic connection between the feedlot and surface wateMvinksota
requirements range from buffer strips to no potential to discharge degemdthe environmental

risk runoff from the operation poses (Branch, 2003).



174

Although not explicitly stated in the EPA’s ELGs, the preamble to the 200@lmés insinuates that
the purpose of these standards should be to ensure surface waterstiaig apelicable water quality
standards (EPA, 2008). Specifically, the 2008 ELG preamble suggests thattedterology-based
limitations prove insufficient to attain or maintain applicable wateality standards; NPDES permits
must contain more stringent limitations representing that level ofatorgcessary to ensure that
receiving waters meet applicable water quality standards. Intteyo ensure surface waters meet
water quality standards the EPA has predominately focused on point souisdmaslitesulted in
great progress, but in many agricultural watersheds water qualityasds are still not being met.
Researchers, government officials, and the general public have comedalittagion that we must
now focus our efforts on nonpoint source pollution to achieve the desired coticergi@ndards.
Thus far legislation has focused on the “point source,” i.e., the prodwariea, but to better evaluate
the overall impact animal feeding operations have on water quality, nsitred@ases from both the
production area (animal housing, feed and manure storage areas) and the laatiospptes need to

be considered.

This intention of the EPA to move towards this whole-farm evaluatiéi@is is made clear in the
preamble of the CAFO bill. The preamble states “regulatory provisiensuaeted toward the
CAFO’s wastewater discharges, but EPA encourages operationsgeteqgbarticipate in the

alternative performance standards program to consider environmerdabeellistically, including

opportunities for achieving improvement in multiple environmental m@ige 7222, emphasis

added). Unfortunately, given the structure of the CAFO rules provisions, &f#keas that the
baseline level of wastewater discharges to be considered when evalwatyggformance of an
alternative system be limited to those discharges from the productamorayestating in the final rule
that the alternative manure treatment system should have on net, no addiicdmeaige as compared
to traditional containment systems (EPA, 2003). This partial treatmen€aF0Os manure
management system, splitting off the water quality performance abidsigtion area subsystem
from that of its land application subsystem is also inconsistent withsERv& characterization of
land application areas as being “integral to CAFO operations” (EPA, 2008) thStpractical
implication of the rulemaking language, despite the encouragementigithe preamble and EPA’s
related statements, precludes a multi-media approach when it comes to ithiédravg production
area wastewater management systems might contribute to performgnoegments in the land
application system. Given these statements in the CAFO rule preamblaifiagsit opportunity

exists to provide a framework to make the comparison between baselteaneamgement systems



175

and proposed alternative treatment systems. This framework must considautlient management
at the farm and watershed scale would be impacted by the change in waste reahpgggtice, i.e.,

if an advanced treatment system is used how is nutrient application on drivpfeacted. Is more
mineral fertilizer added to cropland to replace the manure nutrieint toeated, is manure processed
into a fertilizer product that is easier to manage and utilize espdertilizer, and how do we account
for these potential environmental impacts in comparing the baselthalternative manure treatment

systems.

Similarly, regulations for small and medium sized feedlot operationsftame predicated on the
impact these operations have on water quality or their potential to imptatquality. This creates
regulations with our true goal, waters meeting the quality standéarfis Seeir dedicated use, in
mind. However, this often leads to confusion among cattle producers ovaetheiements as it
makes the standard that the runoff control system must achieve unele#ingre isn't a specific
storm size or design standard provided, but instead a necessity to not iatpaiguality. One way
of clearing up this confusion is to specify a specific design standard, stivl 25-year, 24-hour
storm, that these facilities must meet. However, if our goal truty ve all water meet the
standards specified for their designated use, this methodology mbg tiet most efficient use of
funds. Perhaps a better methodology is to classify operations based om affag#ors, including
distance from the water body, size of the operation, landscape betweenrti®opad the stream,
etc. to classify operations into different groups based on the risk theyopmater quality. This
would ensure that systems that provide the desired level of envintedraecurity are being
constructed where they are needed while providing cattle producers sefestive areas with a way
to continue to utilize low cost systems. Alternatively, watersbalbsnodeling could be performed
to evaluate the influence of differing levels of runoff control widuhve on water quality with the

watershed; however, this would be challenging to implement limitingatgipality.

Vegetative Treatment Systems

A vegetative treatment systems (VTSs) are a combinationatfrte;t components, at least one of
which utilizes vegetation, designed to manage open lot runoff (Moody et al), 2e@@tative
treatment areas (VTAS) and vegetative infiltration basins (V#Bs two possible vegetative
components for VTSs; other options include wetlands, serpentine chameekettling benches. As
vegetative treatment systems have developed and the technology matteeshtdiariations and

system configurations have developed. In general, all systems stasowie sort of solids settling
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system, i.e., settling basins, settling benches, or similar settlirgjlse where the coarse solids are
removed by sedimentation. Effluent is then metered onto either a tiregy@téiltration basin and then
to the vegetative treatment area or directly onto the vegetednent area where water and
nutrients are utilized for forage production. A VIB is a flat areapsunded by berms, planted to
permanent vegetation (Moody et al., 2006). A flood effect is used to distthrieffluent over its
surface. Drainage tiles located 1 to 1.2 m (3.4 to 4 ft) below the soil stof@ncourage infiltration
of effluent. The tile lines collect effluent that percolatestigh the soil profile; captured effluent is

then pumped onto a VTA for further treatment.

Vegetate treatment area types included sloped, level, pumped, andesprinkk. A sloped VTA is
an area level in one dimension, with a slight slope along the other dimendamilitite sheet flow
that is planted and managed to maintain a dense stand of vegetation (Mood®086al.Operation
of a sloped VTA consists of applying solid settling basin effluent (orta&ge infiltration basin
effluent) uniformly across the top of the vegetated area and allowingfltreneto sheet-flow down
the slope (Moody et al., 2006). A pumped VTA is similar to that of a sloped Wadwever, since
the effluent is pumped to the VTA there is greater flexibility inatsation, i.e., it can be located at an
elevation above the feedlot since effluent transport is mechanizedttAa sloped VTA, sheet flow
is used to distribute the effluent over the length of the VTA. Similatitwtéexibility exists for a
sprinkler VTA; however, in this case rather than relying on flow twidige the effluent, a sprinkler
system is utilized (Gross and Henry, 2007). This allows more precise coveratffluent
distribution, but a greater degree of effluent pretreatment is néadledt sprinkler clogging and
abrasion of the effluent distribution equipment. A level VTA is simitegloped, but in this case the
VTA is level in both directions and utilizes shallow ponding, i.e., a floodirergffo distribute the
effluent over the VTA. This is similar to a VIB, but no drainage @espresent to encourage

infiltration.

Vegetative Treatment Systems: Theory and Concept

The theory behind all runoff control systems developed thus far has beem; $imiék the hydraulic
connection between the feedlot and the water of concern. This perspesthe seen in the work of
Smith et al. (2007) who states “if no water is released, no nutrients wéldasesed either.” Although
this is sound in principle, creating a “no-discharge” system has proven elugiveesearchers
suggesting that under certain weather conditions discharges &edikecur (Koelliker et al., 1975;
Sensink and Miner, 1975; Zovne et al., 1977; Wulf and Lorimor, 2005; Andersen et a., 2010).
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Moreover, Moffitt and Wilson (2004) point out that the waste managemdstsisonly as good as
the operators' ability to follow their operating/nutrient managemenspleghich can be impacted by
the field conditions on which the containment structures contents were ppleziaVegetative
treatment systems are no exception, even with proper siting and mamagentain weather

conditions, i.e., large, intense storms or prolonged rainy periods, maysceelsase.

In theory, vegetative treatment systems provide several advaotagabeir containment basin-land
application systems. Most notably, as vegetative treatment sys¢eso minimize long-term
effluent storage, making them less prone to catastrophic failusas berm breaks. This provides a
significant advantage, because although catastrophic failures oincoaiteis basins are relatively
rare, when they do occur they generate a large amount of negative puhbiectty the environmental
harm they can cause. However, by minimizing long-term effluent storageatieg treatment
systems become more sensitive to short-term weather patternseAkey difference between
vegetative treatment systems and containment based systemsivisghagffluent is released from
the vegetative treatment system it has already received sonmeainéas it has flowed through a
settling basin, a vegetative treatment area, and possibly an ifitetsin. Effluent released from a
containment basin system has only received treatment from a settlingPrasiiding a greater
degree of treatment of released effluent provides a failsatbdaregetative treatment system,
provides increased environmental security should a release occureaks tire sedimentological

connection between the feedlot and the surface water.

One limitation of vegetative treatment systems is that singestii@e as the final effluent disposal
area nutrient cycling (nitrogen and phosphorus) within the treatmsteinsys much more critical to
understanding the treatment mechanism and sustainability of the systatndliena containment-
land application system. Specifically, when we design containment-landagjgolisystems our

focus is on understanding hydraulics, i.e., what size the basin must beatio etlmunoff between
pump-out periods. With vegetative treatment systems, it is still imapiotd understand the hydraulics
of the system, but since, in this case, the VTS also serves @slietion area, designs must also
consider nitrogen and phosphorus budgets. Hydraulic, phosphorus, and nitrogen budgets wil

discussed conceptually in the following sections.

Hydraulic Considerations in VTS Design, Management, and Siting
Understanding the hydraulic budget of the vegetative treatment syistesgential to minimize

unplanned releases, for evaluating leaching potentials, and to understanckrelhéianaerobic
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(oxidizing/reducing) conditions occur in the soil profile. As wasestatreviously, if no water is
released from the runoff control system then no nutrients will be eithertfidgsiestion we seek to
address here is how do we design, site, and manage vegetative treasteems sych that no release
will occur from events smaller than the design storm. Several metme®have been proposed;
some revolve around detailed simulation modeling that evaluate howsaafedifferent precipitation
events cause differing hydraulic responses (Wulf and Lorimor, 2005; Anderder?@18; Tolle,
2009), while others have suggested developing general rule-of-thumb sizingngsidelsizing for a
one-time occurrence of the design storm is appropriate (Blume, 2006). Froatieapperspective

all both methodologies are useful at certain times. Although detailedasiom modeling allows the
most focused effort to maximize system performance while minimizirtgitdses so at the expense
of great time and energy investments in setting up and running the simulaweh as in obtaining
the necessary inputs to ensure model accuracy. Alternatively, geuielelrges on siting and sizing
VTSs provides estimates of system requirements, but may fail to pradeegtable systems under

certain circumstances.

Given these risks we suggest that were feasible, and when robust estifsgtgtem performance are
required, simulation modeling be performed. However, it is our intention herevider
recommendations based on the general guideline approach, focusing on big-pictepesc@re

thing our work has taught us is that given certain weather conditioredatigg treatment system
effluent releases will occur; when they do it is important to matiegsystem such that the release is
a result of the rainfall onto the VTA rather than the runoff from thdlé¢surface. VTS system
performance is greatly enhanced when the operator has the ability tdyaotivege when the
feedlot runoff is distributed to the VTA. Additionally, the use of properlygiesl physical flow
barriers, such as berms, or the use of effluent recycling systemsdaor leliminate releases as a
result of chronic wet periods. With these ideas in mind we think thetbreemajor considerations
for optimizing vegetative treatment system performance on a hydbadis; these are siting, design,

and management. The impact of each of these three factors is discusged be

SITING

Siting is of premier importance for achieving successful runoff contpelcigcally, hydraulic
conductivity and depth to water table play large roles in the system’s hgdrarfbrmance. Sites
with shallow water table are often hydraulically challenged as thdees pore-space available in the

soil profile to infiltrate and store additional water. This makessites more susceptible to releases
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via saturation excess flow, i.e., saturation of the soil profile from therbatp. At locations with
deeper water tables this phenomenon was less likely to occur. Atdbasens the primary
mechanism of vegetative treatment area release is Hortoniagn.tovthe application rate exceeded
the infiltration rate of the soil. Of these two issues, manageimentcontrolling the effluent
application rate can minimize or eliminate Hortonian flow from the appéiedl6t runoff, where as
runoff due to saturation excess is much more challenging to manage for (otteimgdqnger
storage times before effluent application can commence). Thissrealexting sites with appropriate

depths to water table critical for achieving the desired perforenanc

Before suggesting required groundwater depths a few notes of caution. The grmurtiypth
guidelines provided here are only from a surface release perspectiva, preskervation of
groundwater quality. It has been our experience (five years of monitoring sitesixthat
groundwater will not be negatively impacted from vegetative treatrygsterss, but long-term (>10
monitoring) should be conducted at numerous sites to verify this for sitesdifielent hydrologic
and geographic. With that said, minimum distance to groundwater can be estraséd on a
specified design storm size and soil type following the princigielsdut in Andersen et al. (2010).
The design storm size specified here is 13 cm (5.1 inches), which oxiapately the 25-year, 24-
hour storm for much of lowa. There must then be sufficient pore space in theogltp infiltrate
this depth of precipitation, i.e., the current air filled porosity of thiensast be equal to the design
storm. In performing this analysis, we assumed a hydrostatic soil moistéite with the water table
at a specified depth. In performing the calculation several soil preparere required, these
included the porosity, the field capacity, the air entry pressure, and theizedistribution index.
These soil properties were estimated using the regression equationgurégefaxton and Rawls
(2006) based on soil texture. For each soil texture representative satayacmhtents were selected
and the required soil properties calculated. The required water talihetodyatve sufficient air-filled
porosity to infiltrate 13 cm of precipitation was calculated. Thelt®$or various soil textures are
shown in Table 1. As can be seen, these depths ranged from 1.5 m (4.9 feet) to 3.8ewt)12.5 f

depending on the soil texture.
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Table 1. Required water table depth to have suffieint air-filled pore space to store 13 cm of water.

Required Water Table Depth

Soil Type % Sand % Clay
m (ft)

Clay 30 50 3.8 (12.5)
Clay Loam 33 30 3.3 (10.7)

Loam 42 18 2.7 (9.0)
Loamy Sand 82 6 1.6 (5.3)
Sand 92 5 1.5(4.9)
Sandy Clay 52 42 3.6 (11.8)
Sandy Clay Loam 60 28 2.6 (8.7)
Sandy Loam 65 10 2.0 (6.5)

Silt 7 6 3.7 (12.3)

Silty Clay 7 47 3.6 (11.7)
Silty Clay Loam 10 34 3.6 (11.8)
Silt Loam 20 20 3.4 (11.3)

Table 1 listed the required depth to groundwater to have availabletsgafitrate direct rainfall
onto the VTA; however, for a VTS to be successful it must also have ispdieesoil profile to store
runoff from the feedlot. Again, assuming a 13-cm design storm the volume of rumofttfe feedlot
can be estimated using the SCS curve number method (~91). This woltlthr&8icm of runoff
from the feedlot. The effect of this runoff on the required water talpihdan be minimized by
storing the effluent into a containment basin until the water tableitetlee VTA has receded;
however, if the producer wishes to release this effluent onto the Vilidgdor shortly after the
storm, the required depth of the water table would increase. In this casquived depth is a
function of two parts, the required depth to infiltrate all direct rainféath ¢ime VTA (which was
presented in Table 1), and the depth required to infiltrate and storethet feinoff in the soil
profile. This results in the required water table depth being a fundtitve & TA to feedlot area ratio
as well as soil type. The results are shown in figure 1 for three exawifd: clay, loam, and sand.
As can be seen, the required depth increases rapidly at VTA: feedloaidosdess than one, but at

ratios above one the required depth is relatively stable.
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Figure 1. Water table depth requirement as a functia of the ratio of VTA area to feedlot area.
In addition to the water table depth, the rate at which water can be utililzatbed by the
vegetative treatment system also plays a crucial role inndieieg whether a VTA will operate
successfully. This water utilization can either be by evapotranspiratleaahing, but it represents
some sort of loss of water from soil zone. This rate is presumably #ofuntthe evapotranspiration
rate and the soils hydraulic properties (hydraulic conductivity andyseegeadients) and thus would
be different for every soil type and location. However, in a general,sgasgould expect a
relatively similar water utilization pattern to emerge acreggons with similar climates. To test this
hypothesis, the percent hydraulic control (the percent of water adttesl¥d A through
precipitation and feedlot runoff application that was not releasedtlie VTA via surface outflow)
was plotted against the hydraulic loading rate (amount of water éaitleel VTA per operational
day). The results were remarkably consistent, a linear relatphshiveen percent hydraulic control
and the hydraulic loading rate. This pattern would seem to indicaté¢nati$ a critical loading rate,
of about 0.25 cm/day (figure 2), which is approximately that average @otevdipotranspiration rate
throughout much of lowa. We then proceeded to determine what VTA: feedlot aweaaald be
required to achieve this loading rate at different locations throudbwmat(based on average annual
precipitation at the location). The hydraulic loading rate again izidbia VTA: feedlot ratio of
around 1:1 (figure 3). Based on this result we recommend VTASs be constubiedttleast the size
of the feedlot.
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Figure 2. Plot of VTA hydraulic control versus theVTA's average daily hydraulic loading rate. Each
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Figure 3. Predicted average daily hydraulic loadingate versus the vegetative treatment area to feemtl

ratio. Feedlot runoff calculated using a curve numker of 91 for the feedlot.

DESIGN

Designing VTS systems for ease of management and operational figxibdikey factor in
vegetative treatment system performance. Based on our monitoring eesligxperiences with these
systems we recommend that all solids settling basin outlets have @ stmicture that allows the
producer to close off the basin outlet and temporarily detain runoff effllieistis critical at sites

with shallow water tables where soil saturation can occur; in aig@asleeper water tables this
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management practice has been effective in reducing the risk of atrgy&teatment system release.
In addition to providing a delay before effluent is applied to the végetaeatment area, a control
structure also improved both the performance and consistency of solidateluorg treatment in

the settling basin.

The solid settling basin needs to be constructed to facilitate petidd eemoval. To facilitate
cleaning, the design the basin should be designed to accommodate the avpiipbters.
Additionally, the designer needs to consider the climatic conditions oégien. In lowa, producers
have found it challenging to get the basins cleaned out, often times @by a short window
available in the summer in which the basin was dry enough to drive equiprtoedtidrier climates
this has seemed to be less of an issue. If the VTS is located in a regiencldan-out could prove
difficult it may be advantageous to line portions of the basin with ctanscethat producer can clean

out solids during wetter periods.

Designs which take into consideration even distribution of the feedlotf ramiof the vegetative
treatment area perform better. Several methods have been suggetidihg gated pipe, level-
lipped spreaders, and sprinkler irrigation. Sprinklers have the adaat providing uniform
distribution over the entire vegetative treatment area, but hav#oadticosts associated with their
use (i.e., pumps, application equipment, piping). Gated pipes and level-lipped spegadsten
used on sloped vegetative treatment areas where gravity flow caoutisthe effluent down the
length of the vegetative treatment area. Gravity distributiotheadisadvantage of accumulation of
nutrients at the upper end of the VTA. This occurs because smail stents do not generate
sufficient runoff and flow rates to move the feedlot runoff through the esatiggh of the treatment
area. To some extent this can be alleviated by temporally detaining witinih the settling basin
and then surging the stored effluent onto the VTA, but even with thisigeehtine application depth
will still be deeper at the entrance to the treatment ar€A’swvith gravity flow distribution require
maintenance to ensure that uniform sheet flow occurs and to avoid flow chgnwedinal
inspections can often be used to diagnose if channeling is occurring; dpsdltfill should be

added to low area, the fill should be seeded, and the channel rested utdiimede estabillished.

Perhaps the most important design variable is the vegetative treati@asize. There is no
simple criteria that can be used to provide a single answer for ideassizis affected by climate,

siting conditions, and the management of the system. However, based on our mamisaisgand
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some simple water balance modeling we feel that a feedlot to vegdtatitment area ratio of one-

to-one provides a good compromise between size and operational flexibility.

We recommend that a small berm or end block (less than 2 feet in height) lbectedsit the
end of the vegetative treatment area for overland flow designs. Theatiseof the authors is that
this added measure minimized release of effluent that could not beiafllby the treatment system
during a distribution event. This berm should have an emergency overfloavraedns in which the
producer could dewater the ponded area to preserve vegetation. Varyrunsgdibns such as
antecedent moisture conditions in the VTA and vegetation retardancdaiyryand make it difficult
to know when to stop a release from a basin to a VTA. There is a delayiohrbatween stopping a
basin release and when a wetting front ceases its movement downAh&h/3 berm or end block
provides insurance for the producer should they misjudge and apply tbttieuch effluent or apply
it a little too quickly. This ponding provides the system operator with segddn the system
management, that is if there is a lot of water ponded at the end\6T yehe system operator
knows that too much effluent was released or release occurrea flong of period. Adjustments to
management can then be made during the next application event. Eventualbnerps gained and
they (the system operator) are able to judge the correct volumedsedtom the basin. The purpose
of this berm is not to catch all vegetative treatment area runoff dddt fiar extended periods of
time, but rather act as a safety measure to make system managasientOne critical design issue
for this berm or end block is that during heavy rain storms rainwater rued¥ffthA is collected.

This runoff is substantially cleaner than runoff originating fromféleellot and future consideration
should be given to whether this VTA only runoff needs to be recycled,aidittr or could be

released from the systems.

MANAGEMENT

Based on our monitoring results it is clear that infiltration providedridyerity of treatment in
the vegetative treatment systems studied. Maximizing infibinaiti VTA'’s are key to their success in
minimizing releases of feedlot runoff effluent. This puts a premiaportance on proper
management of the system. Systems that provide the producer with coatralh@n and at what
rate effluent is applied to the vegetative treatment componentstadfpraducer with the opportunity
to maximize treatment. It has been our experience that learning the faocsveimanagement
techniques can take several years, but certainly can have a postaa bn nutrient mass releases.

Moreover, one management technique cannot be recommended for all systeenajlt be a
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learning curve as producers experiment with their systems to see whathagst for their operation,
their management style, and the various weather conditions they encounteveHdhere are

several management recommendations that can be generalized &sall sit

e Producers must be vigilant in watching for signs of flow channelizatidmaintaining
uniform sheet-flow over the vegetative treatment area. Gulligsils must be repaired by
filling and reseeding the areas.

e System components (level spreaders, settling basins, etc.) shouldrexics often as
weather permits.

o Good vegetation is critical to success. Vegetation stands caretakalsyears to develop,
but improve soil structure, increase infiltration, and provide increaséstance to flow as
the stand improves.

e Settling basin effluent should be captured and held until after a stemh éllowing for a
day or two to pass until distribution to the VTA improves performance.chmide achieved
with a valve on the settling basin outlet(s). All effluent should be retietasthe VTA within
72-96 hours to accommodate the next event. While not a storage system, titheesea
found this delay a very useful tool in improving the performance of VTS sgstem

¢ Provide mechanisms for the producer to adapt and manage the VTS. italvesdtering
devices were found to be an important management tool for owners and op@&iaters
and surge valves can be utilized on pumped systems. Provide producers withtthtabili
adapt to weather conditions and adjust application rate to the curiesurstitions.

e Allow for distribution of sediment basin effluent to cropland. If effluenarsl applied to
crop land during typical manure application periods (spring and fall) it redyckaulic
loading to the vegetative treatment system during critical peridtEn wvapotranspiration

rates are lower.

Phosphorus Cycling and Retention in VTSs

Under normal agricultural management practices phosphorus is tradgfesurface waters due to
mobilization and delivery from a phosphorus source (Haygarth et al., 2005). In ourecase t
phosphorus source is the feedlot surface; during precipitation evetitsipte phosphorus is eroded
from the feedlot surface and transported to the runoff control system.akddiihosphorus on the
feedlot surface is solubilized during the runoff event and transportassiohved form. The runoff

water from the feedlot is detained in a settling basin where much of tiwijzdet phosphorus is
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captured; however, little to no dissolved phosphorus is retained. The phaspbiotaining
wastewater is then applied to the vegetative treatment area, daththe wastewater by modifying
phosphorus delivery to surface waters by retaining the applied phosphophysiical retention of
any remaining particulate phosphorus and by geochemical and biologicabre(sotiption,
precipitation, assimilation) of dissolved phosphorus. However, when phosphorigatampkexceeds
removal with crop residues, it accumulates over time, resulting in phosphaalsremt in the soil,
and potentially remobilization of the retained phosphorus. Understanding howatixegeatment
systems modify phosphorus delivery from the feedlot, what controls phospatantsan within the
treatment area, and when vegetative treatment areas become a sowse\ediphosphorus is

critical for understanding their sustainability and life expecya

Physical retention of phosphorus has been one of the most studied maslafgiosphorus
retention. It occurs as particulate phosphorus in the feedlot rundéssatis filtered out of
suspension by the dense vegetation in the treatment area. The wagetagases surface roughness,
slowing flow and causing sediment deposition. The fibrous root system ofrtérenjz vegetation
encourages infiltration by increasing permeability and porosity of theléws encourages increased
infiltration and contact between the dissolved phosphorus and the soilgsagitowing time for
geochemical retention, including sorption, precipitation, and biological uptaketidh/desorption
processes are governed by the concentration of phosphorus in solution. Thehponsorption and
desorption are equal is called the equilibrium phosphate concentratiog) @eids considered a key
indicator of phosphorus leaching potential as it provides an indication of phosphlubidity in the

soil.

Thus far research has shown that when designed on a hydraulic basis phosphaatsapgeatly
exceeds phosphorus removed with harvested vegetation (often by 5-10 tinsesgsitilts in rapid
accumulation in the surface soil; however, after five years of mamgtonly limited vertical
transport of phosphorus has been detected in the vegetative treawasntare technique that has
been used to evaluate the status of phosphorus in soils and the sgiésahitity to sorb additional
phosphorus is lab scale phosphorus isotherm techniques (Hu et al., 2006). Imthigieesoil is
equilibrated with phosphorus solutions of differing concentration to evdtoatéhe phosphorus
partitions between the soil and liquid phases. It has been proposed trexttthigue can be used to
evaluate how much phosphorus can be added before the soil becomes saturated,d.& . wilbfar

longer sorb and retain additional phosphorus inputs. For example this techagueas by Hu et al.
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(2006) to estimate how many years a land application area would providdphsspetention at a
municipal wastewater treatment plant and by Baker et al. (2010) to testiataration lives of several
VTAs. However, further evaluation by Andersen et al. (2011, Chapter 7 here)dstiosviechnique
wasn'’t viable as VTA soils that had received effluent applicatiofiveryears and accumulated
sufficient phosphorus to be near their saturation point exhibited iecreapacity to sorb additional
phosphorus as compared to the native soil. Roberts et al. (2011) reportedrttiar gplsenomenon
i.e., increased phosphorus sorption capacity, has occurred in many vegetatestiqsfat field

edge boundaries. Despite these increases in phosphorus sorption chpaotystequilibrium
phosphorus concentration have also increased significantly (Anderser2étal Chapter 7 here).
Although not a perfect approach, it appears that the phosphorus sorption — plefgduing

estimate generated using Baker’s approach should provide a congeegditvate of phosphorus life.

Based on these results we suggest that future research on phosphargsrcyelgetative treatment
systems focus on evaluating how water-extractable phosphorus and’thegslibrium phosphorus
concentration are impacted by continued use as an effluent disposal angaalBe to predict when
these parameters reach critical thresholds holds the key to @vaulinet life expectancy of the
treatment system; however, at this time there doesn’t appear to ebéeralethod to make this
prediction. With that said, it is clearly important to design vegetdteatment systems with some
semblance of a phosphorus balance in mind. Although it may not be necessaande pabsphorus
application with crop removal, designers should strive to minimize theatiffe between these
parameters to slow the rate of phosphorus accumulation in the soil profieel Ba our experience
we’d suggest that vegetative treatment areas should be at leagethethie feedlot and as a first
approximation we recommend using the phosphorus life approach outlined in Bake2@t@l. (
Additional efforts to ensure good settling and to improve phosphorus removal étttimg $asin are
necessary to ensure long-term effectiveness of the system.

Based on our experience we provide the following suggestions for both operadinganaging

successful vegetative treatment systems in regards to phosphorugmeantg

o Settling basin effluent should be captured and held until after a stemh éllowing a day or
two to pass until distribution to the VTA improves performance and reduceshanos loading
to the vegetative treatment area by allowing more time for seditdeposition. Other
pretreatments that have the potential to remove phosphorus prior to tappkteuld be

considered; these could include additions of polymers to increase solideec#pe use of
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alternative solids separation techniques, or even chemicahéettbf the effluent to generate
struvite.

o Good vegetation is critical to success; this vegetation not only dhe/fkotv and improves soil
structure and infiltration, but its harvest provides the only acbkptaethod of phosphorus
removal. Reed canarygrass appears to have greater potential for phospkaitashan other
grasses; where possible species with high phosphorus uptake rates shatiimte ut

o VTA designs should consider using multiple channels and allow the producéenmide which
channels are receiving effluent. This would allow the producer to conttilize the treatment
system while being able to dry and harvest vegetation from one of the chanoelsaging
phosphorus removal.

e Producers must be vigilant in watching for signs of flow channelization angaming uniform
sheet-flow over the vegetative treatment area. Gullies and rilisbrauspaired by filling and
reseeding the areas. This will improve hydraulic and phosphorus distribuéotheWTA area
limiting the formation of hot spots.

e Soils provide the majority of phosphorus retention in the system. Selsitésgvith an ability to
sorb and fix large amounts of phosphorus is key to extending the life of thesyste

¢ Methods that improve effluent distribution down the length of the VTA shoutdihsidered.
Options include both sprinkler systems and surging effluent onto thet&/@istribute effluent

more evenly over the length of the treatment area.

Nitrogen Cycling and Retention in VTSs

At present only a few studies have reported nitrogen balances égetative treatment systems.
Woodbury et al. (2003) reported that at their system in Nebraska mitregmval with vegetation
harvest exceeded that applied in the feedlot runoff; however, atgaxatiee treatment systems at
commercial operations in lowa nitrogen application was in excess ofarayal (see table 2). We
anticipate that most vegetative treatment systems on commereiatiops will have nitrogen
budgets more similar to those monitored on the lowa systems than the \Woetdal (2003)
system, as producers have tended to have their system sized on a hydthalithan nutrient,
budget basis. As nitrogen application is expected to exceed crop utilizatudtinmate fate is of
upmost importance in understanding the environmental impacts the runoff corteot &gs. In
order to better understand the fate of the applied nitrogen AnderserGitagltérs 8 and 9)

performed several additional analyses. These included monitoringuwfdyater quality beneath the
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treatment system to evaluate if nitrogen leaching, as eitheienitrammonium, was occurring and
significantly impacting shallow groundwater and a biological fractionaf soil organic matter to
assess if nitrogen is accumulating in the soil profile and if organieniatecoming nitrogen

enriched.

These studies provided some indication of what may be happening withieatmdnt system and
how their continued use as vegetative treatment systems is impautiignt cycling. What we
observed was that while carbon-to-nitrogen ratios are decreasirgysoitlorganic matter, often a
sign that nitrogen saturation is occurring, nitrate concentrations in graterddecreased below
background concentration, i.e., before system operation and use levels. Howereased carbon-
to-nitrogen ratios in the organic matter can also indicate thatgeg@mount of nitrogen may be lost

as nitrous oxide if denitrification is occurring.

To better understand the results, a rough nitrogen mass balance risgulésze. Measurements of
nitrogen inputs applied to the vegetative treatment area and surfaadgtfiegen outputs from the
vegetative treatment area were determined by flow monitoring and catmngampling from each
effluent application or release. Similarly, nitrogen removal with véigetharvest was determined
based on harvested mass and vegetation nutrient concentration samplingilasdiesandersen et
al. (2011). The amount of nitrogen leached was determined based on a hydrandtie bathmonthly
sampling of groundwater in the vegetative treatment area. Inorganicemitacgumulation was
estimated for the top 1.2 cm of the soil by taking the difference betwekgrband (2006) and 2009
soil samples from the vegetative treatment areas and multiplying dyudlodlensity to convert to
nitrogen accumulation to a unit area basis. Finally, organic nitrogen actiemwas estimated
based on changes in mineralizable nitrogen; however, this estimate anycor the top six
inches of the soil profile. Finally gaseous emissions were estiraatthe difference in nitrogen

inputs and outputs from the described nitrogen pools. The results are shola i ta

This methodology resulted in estimated nitrogen emission ranging from 500-110@RekgrNind
between 30-120% of the nitrogen inputs (one site exhibited substantialséscireanineral nitrogen
within the soil profile). These emissions could be the result of ammotatlization, nitrous and
nitric oxide emission during nitrification, and nitrous oxide or diatomi©gén emission during
denitrification, with presumably ammonia volatilization and denitrifaragmissions accounting for
the majority of the gaseous nitrogen losses. Thus far no researchemsdmitgged nitrogen emission

from the vegetative treatment area. Given the estimated magnittidearhission predicted by our
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nitrogen mass balance it is imperative that these emissions bgeglsgedetermine the amounts and

forms of nitrogen emitted and management practices to minimize théssozrs

To evaluate the possibility of emission of this magnitude, nitrogessénis from animal waste
lagoons were surveyed. Results reported in literate showed considenadtion ranging from 219
(Aneja et al., 2001) — 57,670 (Zahn et al., 2001) kg-NHber ha per year. Similarly, Liang et al.
(2002) suggested, based on a modeling approach, that ammonia nitrogen effoissitysical

swine manure lagoon in North Carolina would be 2340 kg N/ha-yr. This is 2-4x #émugasmission
suggested in our balance and provides some indication that emissiocissntdighitude are possible,
especially considering that the effluent is surface applied. Atrstgaly by Johns et al. (2011) on the
nitrogen balance at a tomato canary wastewater land application aretethd@seous nitrogen
losses of 1500 to 2600 kg N/ha with often significant losses of native saitiNring. These losses
are similar to those suggested by the nitrogen balance on the vegetativent systems reported
here, again indicating that nitrogen emissions of this magnitude areljida Other researchers
(Hooda et al., 2003; Russel et al., 1993; and Fedler and Green, 2006) have repdrtéchtion

rates of 200-1700 g N/ha-d, 12-240 g N/ha-d, and 524-2229 g N/ha-d respectively for municipal
treated wastewater on a clay soil, meat processing wastes estdoils, and municipal treated
wastewater at a land application area in Lubbock, Texas. These rasgje from 4 — 621 kg N/ha-yr
and indicate that it is plausible that all to half of the estichateogen emissions could be accounted
for by denitrification with the remainder presumably emitted as ammonbigeter, based on the
narrowing C:N ratios in our labile soil organic matter it is prob#&idy much of the nitrogen emitted

during the denitrification process would be as nitrous oxide, and not diatorigemitgas.

Unfortunately, given the current state of knowledge on nitrogen emisswonyégetative treatment
systems it is not possible to provide siting, design, and management teshatithus time to
minimize nitrogen emissions as ammonia and nitrous oxide while maximiamgision to nitrogen
gas. Given the magnitude of nitrogen being emitted from these systems, b#seditmogen balance
approach, it is imperative that this research be conducted to emsutiecly are providing the desired

environmental protection to air as well as water resources.

Conclusions
Vegetative treatment systems have proven to be a useful tool fastéekedlking to improve their

environmental stewardship. Research at commercial feedlot operatier the last ten years has
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shown that proper siting, sound design, and active management or criticadtictbses of these
systems. It is critical that minimum distances to groundwater (~ 2.6 m) are maintained to ensure
system releases do not occur except from events larger than thestesig. Vegetative treatment
system designs should seek to provide flexibility so that the operatadaahto current weather
conditions, and the producer must be vigilant in operating the system to ensureicatoesn’t
develop and that effluent is being applied at a rate the system idecaphbndling. Future research
focusing on managing these systems to optimize denitrification and quantifyeniemissions is

required to ensure VTSs are providing adequate protection of both aiatgrdre@sources.
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Table 2. Projected nitrogen mass balances at eachtbe six monitored vegetative treatment areas. Thamount of nitrogen applied and surface
released from the vegetative treatment area was meared by monitoring in and outflows and effluent cacentration sampling. The amount of
nitrogen removed in harvested vegetation was monited using the methodology described in the manusgi on phosphorus retention. The amount
of nitrogen leached was described in the groundwatenanuscript. Soil organic N accumulation only accants of nitrogen accumulation in the top
15.4 cm of the soil profile and was based on changemineralizable nitrogen content. Accumulation ofinorganic N accounts for change in NN
and NOs-N concentrations in the top 1.2 m of the soil prdie. Estimated gaseous nitrogen emissions were callated as the nitrogen not accounted

for in the previous pools. The percent of applieditrogen ending in each pool is shown in parenthesis

N Released in N Harvested in  Estimated N Soil Inorganic N Soil Organic N Estimated Gaseous N

N Applied Surface Flow Vegetation Leached Accumulation Accumulation Emissions
Site (kg N/ha-yr) (kg/ha-yr) (kg N/ha-yr) (kg N/ha-yr) (kg N/ha-yr) (kg N/ha-yr) (kg N/ha-yr)
276 221 39 76 123 509
CNIA1 1244 (22%) (18%) (3%) (6%) (10%) (41%)
176 55 2 0 1 544
CNIA2 778 (23%) (7%) (<1%) (0%) (0%) (70%)
566 265 22 -7 245 917
NW IA 1 2008 (28%) (13%) (1%) (0%) (12%) (46%)
2084 144 15 102 152 1080
NW 1A 2 3577 (58%) (4%) (<1%) (3%) (4%) (30%)
189 128 14 -558 51 1067
SWIA1 891 (21%) (14%) (2%) (-63%) (6%) (120%)
83 244 11 -19 36 639

SWIA?2 994 (8%) (25%) (1%) (-2%) (4%) (64%)

y6T
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