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Estimating Bacterial L oadingsto SurfaceWatersfrom Agricultural Watersheds

Kimberly Panhor st

ABSTRACT
Feca baderia and pathogens are amagjor source of surface water impairment. In Virginia done,
approximately 73% of impaired waters are impaired due to fecal coliforms (FC). Because
baderia ae asignificant cause of water body impairment and existing baderial models are
predominantly based upon laboratory-derived information, kaderiad models are needed that
describe bacterial die-off and transport processes under field condtions. Before these baderial
models can be developed, more field-derived information is needed regarding baderial survival
and transport.  The objectives of this reseach were to evaluate baderial survival under field
condtions and to develop a mmprehensive, spatialy variable (distributed) baderial mode that
requires little or no cdibration. Three field studies were @nducted to determine die-off or
diminution (settling plus die-off) rates of FC and Escherichia coli (EC) over time in: 1) dairy
manure storage ponds and turkey litter storage sheds, 2) pasture and cropland soils to which
dairy manure was applied, and 3 bed and dhiry fecd depaosits. The dairy manure storage ponds
were sampled just under the pond surface The FC and EC diminution (settling plus die-off)
rates for dairy manure storage ponds were 0.00478 dy™ and 0.00781 dy™, respectively. The
five samples collected for turkey litter in storage were inadequate to draw any conclusions.
Baderia die-off rates in cropland and pestureland soils were foundto be statisticdly different
from each other at the a = 0.05 level. The FC and EC die-off rates in cropland soils were
0.01351 dy ' and 0.07734 day ™, respedively, while the FC and EC die-off rates in pastureland
soil s were 0.02246day™* and 0.02796 dy™, respedively. Die-off rates for bacteria from dairy

heifer, dairy milker, and ked cow fecal depaosits were nat statisticdly different from each ather.



The resulting die-off rate mnstants for fecal depasits were 0.01365 dy™ and 0.01985 dy™ for
FC and EC, respedively. The EC/FC ratio was aso evaluated for the fecd deposits and land-
applied manure to determine if a quantifiable relationship was discernable. In general the EC/FC

ratio dedined owver time, but no gquantifiable relationship was discerned.

The baderia model simulates die-off, baderial partitioning between soil and water, and baderid
transport to surface waters in free (in solution) and sediment-adsorbed forms. Baderia die-off
was modeled using Chick’s Law, baderia partitioning was modeled with a linea isotherm
eguation, and baderial transport was modeled using continuity and flow equations. The baderial
model was incorporated into the ANSWERS-2000 model, a continuous, distributed, nonpont
source pallution model. The model was tested using datafrom two plot studies. Calibrationwas
required to improve runoff and sediment predictions. Bacterial model predictions underpredicted
baderial concentrations in rundf with a maximum underprediction error of 929%, bu
predictions were within an order of magnitude in all cases. Further model evaluation, onalarger
watershed with predominantly overland flow, over a longer time period, is recommended, bu
such data were not available & the time of this assessment. The overal conclusions of this
research were 1) FC and EC die-off or diminution unar the examined field condtions foll owed
Chick’s Law, 2) measured die-off rate anstants in the field were much lessthan those dted in
literature for laboratory experiments, and 3) for the cndtions smulated for two plot studies, the

baderial model predicted baderial concentrationsin rundf within an order of magnitude.
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CHAPTER 1 INTRODUCTION

The Clean Water Act (CWA) requires states to assess $ate water bodes, usualy via monitoring
data, to determine if padlutants are present in sufficient quantities to prevent the waters from
being uili zed for their designated pupaoses (USEPA, 2002. When awater body, or sedion d a
water body, is unable to be used for its designated pupaoses, it is considered to be impaired.
Once awater body is classfied asimpaired and added to the 303(d) list, the CWA requires dates
to develop a Tota Maximum Daily Load (TMDL) for the water body (USEPA, 200Q. In
esence a TMDL is the amount of pdlution, from point and nonpont sources combined, that a
water bady (or segment of awater body) can receive withou exceealing its assmil ative cgadty
for agiven palutant. The TMDL includes all ocaions of allowable pall utant loading to pdlutant
contributors in arder to attain water quality standards. Development of TMDLs relies heavily on
computer models to identify poallutant contributors and to predict how different pollutant

alocaionsin awatershed might affed the impaired water body.

In Virginia, approximately 73% of impaired waters are impaired dwe to fecd coliforms (FC)
(VDEQ, 2002. Current models used to develop baderial TMDLs use laboratory-derived
baderial parameters that might be inappropriate for simulating field conditions. Therefore, in
order to improve cnfidence in the development of baderial TMDLSs, it is necessary to develop
baderial models that use parameters that acarrately describe bacterial processes under field
condtions and ssimulate watershed condtions as acairately as possble. Before such models can
be developed, more field-derived information is needed to urderstand baderia survivability,

transport, and dcelivery to water bodes. Once gpropriate baderial relationships are determined,



they can be used to develop computer models to acarately smulate baderia die-off and
transport. The abili ty to simulate field condtions and baderial processes all ows consultants and
researchers to evaluate dternative bacterial management practices without going through the
time and expense of locating volunteers for the program, implementing the new practiceg(s), and
coll eding and analyzing samples over sufficient timeto draw conclusions about the implemented
pradice(s). The more field data gathered regarding baderia behavior, the more accurate the

developed bacteria relationships shoud be.

Many sources can contribute to baderial impairment of surfacewaters, including land-applied
manure and sludge, manure from grazing animals, wildlife feces, oudoa pet feces, combined
sewer overflows, and faili ng septic systems. Whatever the source, modeling has the potential to
help identify areas of high baderial contribution, which all ows a targeted approacd to solving the
baderial problem. It is important to caefully sdled a model that appropriately describes
baderial behavior as well as other esential components, such as hydrology and erosion. Some
baderial models are event-based models, which ony describe danges that occur during asingle
storm event, while others may be lumped modes, which do na consider watershed spatial
variability. These two limitations impede the &ili ty to accurately model baderia behavior and
transport to surface waters. Additionally, current baderial models assume that Chick’s Law and
the asciated de-off rate cnstant, which were derived under laboratory condtions, are
applicable to field condtions. Because field testing of Chick’s Law and the laboratory-derived
die-off rate mnstants has not been well documented in relation to the common baderial source
of land-applied manure, it is unclea whether those assumptions are gpropriate. Therefore, a

baderial model capable of describing baderia die-off and transport to surface waters in a



continuous, distributed manner has the patential to more acarrately smulate baderial processes.
Additionally, field investigations are needed to determine whether the baderial die-off equation
and asociated constants developed urder laboratory condtions are applicable to field

condtions.

1.1 Objedives
The overall goal of thisreseach was to continue to advance the development of bacterial models

for agricultural watersheds. The spedfic objedives were to:

1) Determine relationships and constants to describe fecal coliforms (FC) and Escherichia
coli (EC) die-off or diminution (die-off and settling) in:
e dairy andturkey waste storage fadliti es,
» soilswith land-applied dairy manure, and

o dairy milker, dairy heifer, and bed cow feca deposits.

2) Develop a mmprehensive model of overland transport of FC and EC.

1.2 Hypotheses
The foll owing hypatheses were tested:
1) For all field-studies, FC and EC die-off or diminution are described by first-order decay

equations.



2) The baderial model estimates delivery of baderia to surface waters (i.e., baderia in

rundf prior to entering strean system) within an order of magnitude.

1.3 ThesisOrganization

The objedives of this reseach were achieved through two comporents: field and modeling
studies. Chapter 2 consists of the literature review for both field and modeling studies. Chapter
3 describes the methods and results of the field studies. Chapter 4 presents the modeling
comporent, including model development, evaluation, and sensitivity analysis. Chapter 5

provides an overall summary and conclusions of the research condicted.



CHAPTER 2 LITERATURE REVIEW

In order to develop a modd that simulates baderia die-off and transport processes, it is
necessary to understand what baderial models currently exist and how baderia survive under
different condtions, such as in storage, in fea deposits, and in soils. Literature sources
provided information regarding the dorementioned subjeds; relevant informationis presented in

the foll owing sections.

2.1 Pathogensand Bacteria

Pathogens are organisms, such as viruses and some baderia, which are able to inflict damage on
hosts that they infect (Madigan et a., 200Q. Enumeration d pathogensis often time-consuming,
technicdly intensive, and costly; therefore, pathogen presence is often estimated through the
utili zation o indicaor organisms. The presence of indicaor organisms means that pathogenic
organisms may be present. Water quality standards, which vary from state to state, are typically
based upm the presence/absence or concentration of indicator organisms sich as enterococcus
baderia, fecd coliforms (FC), and Escherichia coli (EC) (USEPA, 20®). Because FC and EC
are found in the intestines of warm-blooded animals, their presence is indicaive of fecd
contamination. Potential sources of fecd contamination in water bodes include land-applied
manure and sludge, manure from grazing animals, wil dlife feces, combined sewer overflows, and

faili ng septic systems.

YourgbloodMyers (2001) investigated a potential aternative to testing waters for indicaor

organisms. The objedive of her study wasto determine if nutrient concentrations in rundf could



be arrelated with the presence and concentration d indicaor organisms. Becaise nutrient
testing is generally less time-consuming and expensive than baderia testing, a correlation
between nutrients and pathogens or indicaor organisms could padentialy provide amore @st-
eff ective water body assesament tod. Y ourngblood-Myers (2001) land-applied dfferent types of
anima manure, including dog, hase, bed, swine, turkey, and shee, to pasture plots and
measured the rundf water quality. She found that nutrients were correlated with FC for al
manure types, athough the arrelation was nat quantified. The YoungbloodMyers (2001) study
was the only work found that investigated the link between nurients and indicator organisms.
Further reseach in this areamay provide aviable dternative for estimating pathogen presencein

water bodes.

2.2  Bacterial Processs

Processes that are important to baderia survival shoud be included in a bacteria nonpont
source model, including bacterial growth/die-off; sorption d baderia to the soil matrix;
partitioning of bacteria between water and sediment; and eff ects of management pradices (Crane
and Moore, 1985 Coyne and Blevins, 1995 Huysman and Verstraete, 193; Walker et a., 1990
Reddy et al., 198). In addition, if in-strean bacterial concentrations are of concern, then in-
stream processes must be modeled because baderial popuations are dynamic and are aff ected by

growth/die-off and settling, as well asre-suspension of bottom meaterials.

2.2.1 Bacterial Growth/Die-off
Mancini (1978 and Crane and Moore (1985 described three cmmmonly observed petterns of

coliform die-off: first-order decay; bacteria growth followed by first-order die-off; and de-off



rate that changes with time. The first-order decay equation dten used to describe bacterial die-

off isexpressed as Chick’s Law (Crane and Moore, 1985:
Ne _qp [1]
N

where N = number of bacteria & timet; N, = number of baderia & timet,; k = first-order die-off

rate mnstant (day™); andt = dapsed time sincet, (days). Chick’s Law isalso presented as:

Nt E_kt 2
NO [ ]

Because bath versions of Chick’s Law (Equations [1] and [2]) are used, caution must be
exercised when choosing de-off rate mnstants. Die-off rate mnstants, determined for base e ca
be cmnwerted to de-off rate constants for base 10 by multiplying by 0.4343 (Crane aad Moore,
1985. In their review of modeling baderial die-off, Crane and Moore (1985 stated that first-

order decay has been used with "moderate success" to describe bacterial die-off.

Modificaions of Chick’s Law by Mancini (1978), Polprasert et al. (1983), and Reddy et al.
(1981 adjust the die-off rate cnstant for environmental impads of temperature, solar radiation,
pH, and/or soil moisture ntent. Polprasert et al. (1983 researched the aility of waste
stabili zation pond to reduce total and fecd coliform concentrations in wastewater, which was
approximately the equivalent baderial concentration d domestic waste, under both controlled

(laboratory) and field condtions. They noted that algal concentration, organic loading, and



temperature influenced baderial reductions in the waste stabilization pond:. increasing
temperature (up to 30°C) increased the die-off rate constant; increasing algal concentration
increased the die-off rate constant, and an increase in arganic loading deaeased the die-off rate
constant. Polprasert et al. (1983 also stated that algal concentrations are diredly related to solar
radiation and, therefore, solar radiation is aso indiredly represented in their die-off rate

cdculations.

2.2.2 Partitioning Between Soil and Soil Solution

Stephenson and Rychert (1982, Gary and Adams (1985, and Sherer et al. (1988 showed that
disturbing bottom sediments resuspends fecd baderia in owerlying waters. Stephenson and
Rychert’'s (198) objedive was to determine if a relationship existed between elevated EC
concentrations in rangeland streans with bdtom sediments. They seleded a strean, took
sediment samples at approximately 1 to 2 cm depths, and simulated bottom disturbances on
several different days by raking a 4-m? sedion o stream bottom for 30 seands. They took
surface water samples at locaions 5 to 10 m downstrean of the disturbed area & 10-second
intervals. Stephenson and Rychert (1982 found that EC in batom sediments were 2 to 760
times higher than in overlying waters and that EC are resuspended with batom sediments during
disturbances, such as large rainfal/rundf events. Gary and Adams (1985 and Sherer et a.
(1988 both conducted experiments smilar to that of Stephenson and Rychert (19&) in which
strean bottoms were raked to crede disturbances to the bottom sediments. Gary and Adams
(1985 and Sherer et a. (1988 aso concluded that resuspending bottom sediments increased
baderial concentrations in overlying waters particularly in areas where animals had accessto the

streams.



Although in-stream processes/transport are undoultedly different than owverland transport of
baderia, if baderia ae asociated with sedimentsin stream bottoms, it islikely that thereis ome
sort of asociation a sorption to soil. It is also possble, though, that the baderial might be
attadched to small fragments of organic matter that reside within the bottom sediments or that the
baderia simply settle out of the overlying waters. The processes that dictate baderia transport
via water or sediment have not been well studied and are not understood for either in-stream or

overland condtions.

Coyne and Blevins (1995) used a pipette method for particle size anaysis of aliquas of rundf
samples from plots with vegetated filter strips (VFSs) that had turkey litter applied to them to
determine if baderia were asciated preferentialy with a spedfic particle size. They alowed
the samples to sit for O, 5, and 75 minutes prior to analyzing for bacterial concentrations in
solution. The settling times al owed time for different particle sizes to settle out of suspension;
after 5 minutes, coarse particles greaer than 20 um would settle out of suspension, and after 75
minutes, only particles gnaller than 5 um would remain in suspension (Coyne and Blevins,
1995. They foundthat the greater the settling time, the lower the baderial concentration in
solution, indicating that baderia could be aswciated with sediment or organic matter, and that
aggregates greder than 5 um becane more important to the cncentration o baderia in surface
rundf the longer that runoff continued. Coyne and Blevins (1995 concluded that their study
showed that by trapping sediment, the VFSs were able to trap the bulk of baderiain rundf. The
particle size study also showed, hawever, that settling time had less effect on laderia
concentrations in rundf from the VFS plots than plots withou VFSs, which they suggest was

due to baderia dtaded to fine materials not trapped in the VFSs.



Reddy et al. (1981 calculated retention coefficients (i.e., adsorption coefficients) for total
coliforms and FC in river sediments, but these efficients are not necessarily applicable for field
soils. Huysman and Verstrade (1993 found that Escherichia coli (EC) strains preferentialy
adhered to finer soils, as well; they spedficdly investigated EC adhesion to kaolinite,
montmorilli nite, and a clay loam soil. They diluted baderial cultures in bufer solution and
mixed 10 mL of the baderial solution with 01 gof soil in atest tube aad vigorously mixed the
baderial solution and soil for an hou. Following the mixing, they centrifuged the tubes and
sampled the supernatant; they expressed adhesion as the decrease in terms of the percentage of
cdlsin suspension after centrifugation. They concluded that the bacteria adsorbed to fine days
more than to coarse soil, and found that the anourt of baderia asorbed increased with
deaeasing particle size. VanDonsdl et al. (1967) applied knavn amounts of EC to plots with
two types of soils and took soil samples from the top 1.2cm of soil to analyze for EC. They
diluted 109 of the soil sample in 90 ml of sterile buffered solution and wsed the multiple tube
(most probable number, MPN) methodto determine EC concentrations. They foundthat higher
soil baderia court in ore-meter-square field plots led to higher bacterial courts in rundf,

indicaing adired link between soil baderial concentrations and rundf bacterial concentrations.

Reddy et al. (1981 suggested the utilization o a linear adsorption isotherm to estimate the

retention d bacteriain soil s;

RT = K *SOL [3]

1C



where RT = organisms retained on soil (cfu/g); K = retention coefficient (mL/g); and SOL =
organisms present in soil solution (cfu/mL). The retention coefficient was cdculated based on
the asumption d instantaneous equili brium. The amourt of organisms retained onthe soil is
aso equal to the total amount of organisms in a spedfied vdume of soil minus the anourt of

organismsin solution:

RT* SOILMASS=TOTAL -SOL* WATERVOL [4]

where TOTAL = total number of organismsin avolume of soil (cfu), SOILMASS= massof soil
(9), and WATERVOL = volume of water (mL). Substituting Equation [4] into Equation [3] and

rearanging yields the following:

SOL= TOTAL 5
WATERVOL +K * SOILMASS

An dternate equation describing soil retention o baderia was presented by Moore € a. (1982):

R = FO(1-p)' [6]

where F; = baderia remaining in soil (cfu); FO = number of original bacteria in soil (cfu); p =
reduction fador due to infiltration a runoff; and r = infiltration or runoff water depth (mm).
Values for “p” (Table 2.1) are dependent upon the waste type (solid or liquid), the number of

days snce spreading, and whether the cdculationis for rundf or for infiltration.
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Table2.1: Reduction Factor Valuesfor Soil Retention Equation Presented by Moore et al.

(1982
Waste Type Days from Spreading Infiltration Rundf
Solid na 0.05 0.40
Liquid Day 1 0.20 1.00
Liquid Day > 1 0.05 0.40

"not applicable

While Equations [3] and [6] attempt to describe the baderia-soil relationship, dacumentation for
these euations provides little diredion for users to seled appropriate coefficients for the
equations. Reddy et al. (1981 gave only one retention coefficient for FC for river sediments.
Additionally, the linea isotherm equation is an equili brium equation describing the adsorption o
baderia to soil after equilibrium is attained. In their study of bacterial partitioning using
centrifuge techniques, Huysman and Verstrade (1993 determined that it took 15to 20 minutes
for adsorption to read equilibrium. They stated that approximately 80% of the baderia that
would adsorb to the soil at equili brium had already adsorbed within 10 minutes. The period d
time to read equili brium is not likely to be achieved between soil and rundf during a storm
event. More recent documentation on laderia sorption to soils and coefficients/parameters for

sorption were not found

2.2.3 Effects of Management Practices

Management practices that asdst or deter baderia survival and/or transport include manure
applicaion timing, frequency, and method, bufer strips, and storage or treament faciliti es.
YourgbloodMyers (2001) condwted a plot study where severa types of manure were
individually applied to separate pasture plots. Simulated rainfal events occurred immediately

after manure gplication, ore week after manure gplication, and two weeks after manure
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applicaion. The results of her study showed that the highest baderial concentrations in runoff
were from the storm event right after manure gplicaion. Baderia concentrations continued to
dedine & the time between manure application and rainfall event incressed. Youngblood
Myers' (2001) resultsindicéae that the timing of manure gplications $oud be & far from future
rainfall events as possble to reduce the anournt of bacteria in runoff, which is suppated by
similar plot studies conducted by Landry and Thurow (1999, Wang et a. (1999, and Edwards

et a. (2000,

Giddens et a. (1973 condwted laboratory and field studies to investigate the influence of
poutry litter applicaion method on kaderial and nurient concentrations in soils. Thefield plots
were on loamy soil with dmensions of 3.5m by 7.1 m with a 2% average slope. Poultry litter
was applied to the plots at an annual rate of 116568 ky/ha (52 tons/ag. Half of the plot had the
litter surface g@plied, and the other half had the litter incorporated. Soil cores were taken for
anaysis of nutrients and coliform baderia. In addition to the plot study, Giddens et a. (1973
aso sampled pondwater downgradient from a 6.07 ha (15 acre) pasture areathat recaved 362
kg (4 tons) of poutry litter per 0.405 ta (1 acre) once every threemonths. Giddens et a. (1973
concluded that the survival of coliform baderia was greatly reduced by incorporation; baderiain
incorporated podtry litter survived less than two weeks in comparison to surfaceapplied
baderia, which survived over six weeks. They foundthat coliform baderia in the pond lelow
the pasture area which had poutry litter applied to it every three months, increased duing and
immediately after rainfall events, particularly when the rainfal events occurred shortly after

manure gopli cation.
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Wang et al. (2000) also condicted a plot study to investigate the dfeds of surface versus
incorporated manure (swine) as well as the rate of applicaion d manure on laderia
concentrations in rundf from simulated rainfall events. Wang et al. (2000) concluded that the
surface-applied manure resulted in significantly higher EC concentrations in rundf in
comparison to incorporated manure gplicaion. They also stated that there was not a
statisticaly significant difference between the low applicaion rate (168 ky-N/ha) and the high
applicaionrate (336kg-N/ha), bu that there was a naticedl e increase in EC concentrations with

the high manure gopli cation rate in comparison to the low manure gpli cation rate.

Coyne and Blevins (1995) applied and incorporated poutry litter into plots (6 m by 18.1 o 22.1
m), which were upgradient from 4.5m wide vegetated filter strips (VFSs). Rainfall simulators
creded rundf events, and rundf samples were analyzed for FC, fecd streptococci, and
Sdmonella. Results of this plot study showed that up to 95% of the fecd baderia were trapped
by the grassfilters, but fecd baderia concentrations in rundf water still exceeded the primary
contad standard. Young et a. (1980 also investigated the adili ty of VFSs to reduce baderiain
livestock feedlot rundf. They constructed plots that were 4.06-m wide by 41-m long. The top
13.72m of the plots were locaed within afeeallot, and the remaining lengths were maintained as
VFSs or planted in corn. The VFSs reduced the baderia in rundf by 69%. Lim et a. (1998)
conducted a similar plot study on the aility of various VFS lengths to reduce baderia in runaf
from plots to which catle manure had been applied. They tested VFS lengths of 6.1 m, 12.2m,
and 18.3m and fourd that rundf that had passed through a 6.1 m VFS exhibited nomeasurable

concentration d fecal coliformsindicaing, in contrast to the previous cited studies, that VFSs do
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have the potential to reduce bacterial concentrations in rundf enough to med water quality

standards.

Typica farm pradices for manure storage, such as ponds, lagoors, and dy stacks, reduce the
amourt of baderia in the waste that is applied to land and thus reduces the anournt of manure
avail able for transport in rundf water. Polprasert et al. (1983, for example, nated a 78% to 97%
reduction o FC concentration in laboratory, single-stage waste stabili zation pondeffluent and a
90% to 98% reduction in FC concentration in two-stage waste stabilization pond effluent.
Additional studies regarding anima waste storage fadlities are discussed in the following

sedion.

2.3 Bacterial Survival in Stored Manure

Smallbed&k and Bromel (1975 investigated two anima waste lagoons at North Dakota State
University. The animal type was not spedfied, bu cétle ae mentioned in the paper. Smallbedk
and Brome (1975 found FC concentrations to be aght to ten times greater in the lagoon
sediments than in the overlying lagoonwater. Theinitial FC concentrations were gproximately
10,000cfu/100mL of lagoonwater, as determined by the multi ple tube (MPN) method. The FC
concentration in the lagoon water decreased stealily for the first five months (October to
February) to approximately1000 organisms/100 mL of lagoon water. The baderial dedine
observed from October to February was interrupted in March and April due to agitation and
removal of manure for applicaion. Baderial concentrations increased to approximately 9,000

cfu/100 mL of lagoonwater. After agitation ceased, the baderial dedine began again urtil the
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last measurement in September, which had a concentration d approximately 800 cfu/100 mL of

lagoonwater.

Crane and Moore (1985) cited 16 storage experiments and the correspondng die-off rate
constants (k-values). Five of the cited experiments were spedfically for animal waste storage
ponds/lagoons, which included dairy manure slurry (two experiments), swine manure slurry, beef
manure lagoons, and swine lagoon effluent. All studies were dasdfied as laboratory studies
except for portions of the bed manure lagoors, which were listed asfield studies. A summary of
the results and the condtions of these experimentsis provided in Table 2.2. The log base 10 k-
values cdculated for these experiments had a very broad range, from 0.044for dairy slurry to

3.17for swine dlurry.
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Table2.2:. Craneand Moore (198) Summary of Manure Waste Storage Studies

Season a Die-off Rate- base 10

Description Study Type Organism H -
Dairy Slurry Lab., *
(inocul ated) anagobic EC nr Feb. 0.0440.125
Dairy Slurry Lab., )
(inocul ated) anagobic EC nr Jan.-Apr. 0.047
Swine Slurry
(sterili zed & Lab. EC nr 4 2.701
inocul ated)
EC nr 20 3.17
EC 7 4 0.298
EC 8 4 0.377
EC 9 4 0.404
EC 7 20 0.255
EC 8 20 0.469
Swinelagoon  Lab., FC 2328 0.12
Effluent anaaobic
Lab.,
Beef Lagoon . FC nr 25 0.36G0.764
agobic
FC nr 7 0.242
FC nr 25 0.16
Feld, FC nr 21-33 0.586
agobic
Feld, FC nr 21-33 0.163
anaaobic
" nat reported
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2.4 Bacterial Survival in Fecal Deposits

Little information regarding baderial survival in fecd deposits is available in literature. While
severa studies have shown that grazing animals increase the anount of fecd bacteria foundin
neaby surface waters (Hunter et al., 200Q Tiedemann et a., 1988 Doran and Linn, 1979
Stephenson and Street, 1979, few studies have investigated survival of fecd baderia in animal
fecd deposits. Kressand Gifford (1984 and Thelin and Gifford (1983) conducted studies of FC
relesse from catle fecal deposits. These studies did na use fecd depaosits in their natural
environs (i.e. where they were deposited), rather, fresh fecd material was colleded and wsed to
crede “standard cowpies’ that were then placed under rainfal simulators. The rundf from the
rainfall simulations was colleded and analyzed for FC. None of the dted studies edficdly
addresd how baderia survive in feca deposits under field condtions. Kress and Gifford
(1984 cited Buckhouse and Gifford (1976, who foundthat feca bacteria survived in cow feces
for seven weeks during the summer, and Clemm (1977, who foundthat fecd baderia in cow

deposits survived even up to a year after deposition.

Springer et al. (1983 also condicted a plot study in order to determine the release of baderia
from standard cowpies and to develop empirical parameters for the UTAH model described in
Sedion 2.6.2. The plot study investigated the influence of rainfall intensity on baderial release
from cowpies; the d@fed of age on laderia release from cowpies; the eff ect of distancefrom the
outlet of the plots on the baderial concentration deteded at the outlet. They foundthat rainfall
intensity had little dfed on the pe&k FC released from fecd depasits that were two to ten days
old. However, a 20 days old, rainfall intensity had a significant effect on FC released from the

standard cowpie with the highest intensity giving the lowest peg courts and lowest intensity
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giving the highest peg courts. Springer et al. (1983 foundthat aloglog regresson cdescribed
the dedine in pe&k FC release with fecd deposit age. They concluded that the release of FC
from the 100-day-old cowpies was insignificant when compared to the relesse from fresher

cowpies, bu did na state the measured FC courts for comparison.

2.5 Bacterial Survival in Soils

VanDonsel et al. (1967 used FC originally isolated from chicken feces to inoculate two 1-m?
plots, ore in a shaded area and the other expased to sunlight, to study the persistence of FC in
various eaons. They foundthat FC survival in summer was much lessthan in coder seasons:
3.3 cays in summer versus 13.4 days in autumn. They found that, despite environmental

fluctuations, alogarithmic deah rate gpeaed to describe the baderial survival the best.

Chandler et a. (1981 studied the persistence of FC on land to which piggery effluent had been
applied. Topsoil was more favorable to FC persistence than were pasture and subsoils. They
cdculated a 90% reduction (using alogarithmic regresson) in number for FC and foundthat the
90% reduction occurred owver a range from seven to twenty days. This range was adequate to
describe the baderial survival irrespedive of applicaion season a soil type. The
aforementioned range dso applied to al effluent applicaion rates used, which ranged from 125

to 1000 lg N/ha

Crane d a. (1980 conducted a 30-day study to investigate bacterial survival from turkey

manure gplied to bare soil plots at rates of 36.5 and 164 metric tons/ha in a @ntrolled

environmental chamber, which was held at 24.5°C. For the first seven days, the typicd first-
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order kinetics (Equations [1] and [2]) held true, bu beyond seven days, simple first-order
Kinetics coud na explain al of the data. Crane et a. (1980 determined that neither soil type

nor appli cation rate seamed to influencethe die-off rate of the baderia

Mubiru et al. (2000 conducted an eight-week laboratory study of the survival of two EC strains
(one pathogenic and ane nonmthogenic) on two dfferent soils. The soils were inoculated,
placal in seded plastic bags, and incubated at 25°C. They used first-order kinetics to determine
baderial die-off rates, but foundthat a two-stage function better described the data. Mubiru et
a. (2000 found that both EC strains could be modeled using the same function, bu the
pathogenic strain had a slightly higher mortality rate. The investigators found that the EC strains

survived better onthe soil with lessclay content.

Crane and Moore (1985) summarized findings from the literature dting 19 environmental
parameters that affed bacterial survival in soil, such as lar radiation, temperature, soil moisture
content, soil organic matter content, soil particle size distribution, waste gplicaion method,
competition with aher organisms, and nurient deficiencies. The most important fadors are
generaly considered to be temperature, soil moisture cntent, pH, solar radiation, nurients
avail able for organisms to utilize, and waste gplicaion method (Crane and Moore, 1985 Reddy
etal., 198l). Anincreaseintemperature lowersthe survival rate of baderia (Reddy et a., 1980;
a deaease in soil moisture content decreases survival rate of baderia (Boyd et a., 1969;
survival rate of baderia is adversely affeded if pH is outside the 5.8 to 8.4 range (Lambert,
1974; and manure incorporation decreases baderial survival in comparison to surface

application (Giddens et al., 1973. Edwards et al. (1997) fourd that in-strean baderia
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concentrations were dfeded by seasonal influences and flow rate, with the highest
concentrations occurring duing the summer and highest flows. Additionally, Howell et al.
(19969 and Sherer et al. (1992 concluded that fecd baderia live longer in sediments than in
overlying water and that baderial surviva is greater in fine sediments than coarse sediments.
Although research conducted to evaluate environmental fadors on baderial survival provide
insight into baderia behavior, Crane and Moore (1985 cautioned that reseachers often do na
or canna measure al environmental fadors that influence baderial behavior during their
experiments; therefore, measured baderial resporse may be dtributed to the wrong

environmental factor.

2.6 Bacterial Models

In this fdion, existing models that include abaderia comporent are described in terms of
modeling bacterial growth/die-off, partitioning between soil and soil solution, and effects of
management practices. The models that are described include the Agricultura Rundf
Management 11: Anima Waste Version (ARM Il) model (Overcash et a., 1983; the Utah State
(UTAH) model (Springer et al., 1983; the MWASTE model (Moore & a., 1989; the COLI
model (Walker et a., 1990); and the Hydrological Simulation Program — Fortran (HSPF) model

(Bicknell et a., 1996. Limited dacumentationis avail able for most of these baderial models.

26.1 ARM Il Mode
The ARM Il model (Overcash et a., 1983 simulates rundf, sediment, pesticides, fertili zer-
based nurients, and fecd coliforms from surface and subsurface sources. Overcash et a. (1983

did na describe simulation d any processes other than those related to bacteria. The model isa
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continuows, lumped model that is capable of modeing baderial die-off and partitioning of
baderia between soil and water. The delivery of bacteria to streams is determined for both free
baderia and sediment-adsorbed baderia in runoff. The model utilizes Equation [5] for fecd
coliform partitioning and Chick’s Law, Equation [1], for die-off cdculations. Overcash et a.
(1983 noted that the die-off rate constant could be manipulated in order to acourt for pH, soil
moisture, applicaion method, and temperature, but that such modifications would “vastly
increase the simulation complexity and cost.” Little documentation is available for this model or
for choasing FC related parameters, and no information was found regarding testing of this

model.

2.6.2 UTAH Mode

Springer et a. (1983 developed the Utah model at the Utah State University Ecology Center.
The model is a stochastic, event-based model intended to simulate the overland movement of
baderia from source material (i.e., cowpie) to channel systems. The model uses the @ntinuity
equation for bacterial transport, and the Green-Ampt and kinematic wave equations to cdculate
infiltration and rundf, respedively. The reseachers dated that the slope roughness coefficient
for the kinematic wave equation is one of the more difficult model parameters to determine; trial
and error was used to estimate this parameter for the simulations conduwcted and would need to be
used for other simulations as well. The model only considered release from fresh bed catle
cowpies because the Springer et a. (1983 plot study, described in Sedion 2.4,indicaed that
fresh cowpies, as oppcsed to aged cowpies, were more erodible and had the greatest patentia for
baderial contributions to rundf. The model assumes constant baderia release from the wwpie

during the simulations rather than utili zing Chick’s Law and a partitioning relationship such as a
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linea isotherm equation. A constant baderial release rate of 6 X 10° cfu/100mL was cacul ated
for fresh cowpie material in the plot study. The authors indicated that different rates of bacteria
release would neeal to be determined for older fecd sources, bu did na provide further
information. The researchers fourd that this model did na predict bacterial movement very well
quantitatively (with prediction errors up to 430%), bu that, qualitatively, it showed that baderia

could be moved long distances on smocth surfaces (i.e., concrete).

2.6.3 MWASTE Mode

The MWASTE model, developed by Moore et a. (1989, is a mntinuots, lumped model that
uses Chick’s Law to model die-off for both stored and applied waste. The model uses the
Chemicd, Rundf, and Erosion from Agricultura Management Systems (CREAMS) model
(Knisel, 1980 to cdculate rundf hydrology. The modd was intended to simulate waste
generation and kacterial concentrations in rundf from land applied waste aeas. The model can
only simulate one spede type of manure at atime. If multiple animal spedes contribute waste to
the aeato be modeled, the model must be rerun for each animal type. The model may be used

for the following spedes: chicken, swine, shee, horse, turkey, and beef and dairy catle.

Die-off for storage facilities and land-applied areas occur daily in this model. Die-off rate
constants for storage fadliti es are asumed to be 0.3 day™*. This model all ows the user to adjust
the die-off rate constant for land-applied waste for temperature, pH, and surface @plication
using the equation kelow, which is a modified form of the equation presented by Reddy et al.

(1981):
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k = KL* R * Fap * oy [7]

where k1 = base die-off rate mnstant (0.5day™); F; = temperature @rrection factor = (1.067%"
29); T = temperature (°C); Fa = method d application fador (0.50for surface gplicaionis the
only value given for this fador); and Fyn = soil pH fador. The MWASTE model also utilizes an
empiricd equation developed by Moore d a. (1982) to simulate the dfed of buffer strips on

baderia rundf concentrations:

PR = 1177+ 4.265 9]

where PR = percent removal of baderia (not to excead 73%) and S = buffer width (ft)/percent
slope (buffer width > 10 ft and 0< buffer dope <15%). Frequency of applicaion determines
storage time (and therefore die-off in storage) and the anourt of baderia on the land avail able

for transport.

2.6.4 COLI Model

The COLI modd (Walker et al., 1990 uses Monte Carlo simulation to combine deterministic
relationships with statisticd knowledge regarding rainfall and temperature. Rundf is caculated
using the SCS curve number method, and the pes rundf rate is modeled using the SCS
triangular hydrograph relationships. The model output is the minimum and maximum baderial
concentrations in rundf from a design storm assumed to occur immediately after manure land-

applicaion, which provides the worst-case scenario. Total FC cdl yield is computed using a
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combination d the Modified Universal Soil LossEquation (MUSLE), Chick’s Law, cell density

fador, and temperature adjustment equation (Walker et a., 1990:

B; = 118(10Q4AFq,) **°K LS C;RD;e []

where B; = number of baderia cells eroded from area d¢assi; Qq = runoff depth (mm); A =
watershed area(ha); F; = fradion d total watershed areain the particular area ¢ass g, = peak
rundf (m%sed); Ki, LS, C, P, = USLE pradicefador for area dassi; T = temperature of air or
storage evironment surroundng bacteria (°C); t = die-off period o bacteria cdls (days); D; =
cdl density factor; koo = die-off rate mnstant at 20°C (day™); and 6 = regresson constant (1.07
for several microbes). Four area dasss are defined: surface @plied manure aeas, incorporated

manure areas, pasture, and nonmanured areas.

The COLI model addresses the issue of incorporation d waste by caculating an average of
baderial cdls in the waste and in the soil, thus reducing the anount of baderia avail able for
rundf. Other management pradices are included in this model through Equation [9] via the

USLE pradicefactor, P.

Walker et a. (1990 used the COLI model to simulate a324-ha subwatershed of the Owl Run
watershed in Fauquer County, Virginia, which was being monitored to determine the effeds of
animal waste best management practices (BMPs) on water quaity. Rather than comparing
model simulation results to measured sample data, comparisons were made between a “base

scenario” (with no BMPs on the subwatershed) to simulation autput from scenarios with BMPs
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implemented onthe subwatershed. For the subwatershed modeled, long-term storage was fourd
to be a1 appropriate management pradice to reduce bacterial concentrations in rundf to
reaeaiona use bacterial water quality standards (200 cfu/100 mL). Incorporation was aso
found to med the recredional water quality standards, bu due to the increase in labor
requirements and time, was not the recommended BMP. The model results indicaed that VFSs
alone would be unable to adiieve the desired baderial concentration reductions, which is
contrary to the field results of Lim et al. (1998, which indicaed that VFSs were ale to remove
100% of baderia from rundf. The Coyne and Blevins (199%) study discussed in Section 2.2.2
indicaed that VFSs alone would be insufficient to med water quality standards, but also showed

that VFSs reduced bacteriain rundf by upto 95%.

26,5 HSPF Modd

The HSPA- modedl is cgpable of modeling terrestrial hydrology and pdl utant loading as well asin-
stream processes that aff ed the fate and delivery of palutants. The HSFF model isa mntinuous
model, bu it is a spatially lumped model, meaning that the abili ty to represent spatial variabili ty
of a watershed, such as land wses and soils, is limited (Bicknell et a., 1996). This modd is
“highly parameterized and requires cdibration,” (Yagow et a., 200). The HSPF moddl is very
flexible in that it allows users to model many pallutants, such as FC, as general palutants, for
which the user is able to define the relationships that govern the pall utant’s fate and transport
(Bicknell et a., 1996. However, littl e guidanceis given to the user on how to seled appropriate
parameter values and coefficients required for the simulations, which is why field measurements
and model cdibration are so important when using this model (Yagow et a., 200). The benefit

of using the HSFF model is that any number of relationships may be used to describe baderia
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fate and transport including Chick’s Law (Equations [1] and [2]) or modificaions of Chick’s
Law that incorporate temperature, soil moisture, and aher parameters that may influence
baderial die-off becaise the user must spedfy the governing relationships for a general
padlutant. The user can also accourt for accumulation d a pallutant over time for fecal deposits
on pesture, for example. The HSPA- mode has the capability to simulate bath sorbed and free
pall utants, so the user is able to model baderia & free and sorbed using an isotherm relationship,
such as that presented in Equation [6]. In order to simulate the dfeds of baderial BMPs on
sedions of a watershed, as oppced to BMPs on the eitire watershed, the model user must
designate subbaesins and change parameter values to define the subbasin characteristics as

different from the main basin charageristics.

2.7 Summary

The literature reveded that many variables influence bacterial survival, such as temperature,
moisture, pH, solar radiation, and time; Chick’s Law is often used to describe baderia die-off
with laboratory-derived de-off rate constants;, baderia ae asciated with sediments; baderial
concentration in rundf can be reduced by storing manure before land-applicaion a by
instalation d vegetated filter strips; baderia can survive for long periods of time in fecd
deposits and can pdentially continue to contribute to bacteria in runoff; and baderia ae able to
survive for varying amounts of time on dfferent soil typesin laboratory and field soil conditions.
Despite dl of the information that the literature provides, there ae many areas where more
information is nealed, such as determining which variables are most important to baderia
survival and haw to adequately represent these factors in simulations; determining if laboratory-

derived de-off rate constants adequately represent die-off rates of agricultura field condtions;
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determining spedfically how bacteria are asociated o adsorbed to soils and defining
appropriate expressons that can be used to simulate this relationship; determining die-off rate
constants for bacteria in fecal deposits; and determining die-off rate constants for baderia in
agricultural manure storage fadliti es. Increased information in these aeas will help reseachers
and states continue to improve estimates of baderial loadings to streams locaed in agricultura
areas by providing good science behind the parameters used in models that estimate baderial
loadings. Field research condicted for this thesis begins to address me of the aforementioned
areas, including determining if laboratory-derived de-off rate constants adequately represent die-
off rates in agricultural field condtions; determining die-off rate constants for baderia in fecd
depaosits; and determining diminution (die-off plus sttling) rate @nstants for dairy manure in

storage ponck.

There are several models with dffering levels of complexity that can be used to simulate
baderial proceses. The most common baderial model used to estimate baderial |oadings and
develop TMDLs (HSHF) requires large quantities of monitoring data, requires extensive
cdibration, and is a lumped model that has limited capability to accurately represent diverse
watershed topography and land-uses, which isimportant when trying to determine the dficacy of
BMP implementation a the reduction o baderial loadings to surface waters because BMPs,
such as VFSs, are nat usually implemented unformly throughou a watershed. Therefore, in

order to test the impaa of BMP implementation, it isimportant to use adistributed model.
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Walker et a. (1990 and Coyne and Blevins (1995 indicaed that VFSs alone may not be ale to
reduce bacterial concentrations enough to meet water quality standards, bu plot studies
conduwcted by Lim et a. (1998 and Coyne and Blevins (1995 showed that VFSs can remove a
large portion d baderia in rundf. The Coyne ad Blevins (1995 study also indicated that
baderia ae aswciated with dfferent particle size classes, which indicaes that it isimportant to
simulate sediment-adsorbed baderia & well as freebacteriain transport. In efforts to further the
development of baderia modeling, this reseach, in addition to the field studies, developed a
baderial model with the intent to make predictions of baderial loadings to surface waters within
an ader of magnitude from agricultura lands/watersheds when incorporated into the Ared
Nonpant Source Watershed Environmental Resporse Simulation (ANSWERS-2000 model
(Bouraoui and Dill aha, 2000 Bouraoui and Dill aha, 1996), which is a continuous, distributed

(spatidly variable), processhbased model developed for use on ungaged watersheds.
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CHAPTER 3 FIELD STUDIES

Three related field studies were conduwcted to achieve objedive 1. dairy and turkey storage
fadliti es were sampled owver time; crop and pasture soils with land-applied dairy manure were
sampled ower time; and fresh dairy and bed fec deposits were identified and sampled over
time. All field sites are described in Sedion 31; the methods for the three field studies are
presented in Section 32; and the results and dscusson d the field studies are presented in

Sedion 3.3.

3.1 Sitelnformation

Manure samples were colleded from eight farms for these studies. Six sites (three dairy and
three beef) were located within the New River Valley of Virginia, while two (turkey) were
locaed in the Shenandaah Valley of Virginia. Table 3.1 describes the storage faciliti es at each
site; Table 3.2 and Table 3.3 describe vegetation, typicd manure gplicaions, and soil types of

the aop and pasture fields, respedively.

Site 1 (Dairy)

The 165 milking cows and 110 leifers at this dairy operation were amixture of Jerseys and
Holsteins. During the summer, half of the milking cow diet consisted o pasture, predominantly
fescue and achard grass, while the other half was total mixed ration (TMR). During non
summer months, the diet consisted entirely of TMR. The heifers were on continuots pasture,

predominantly fescue and orchard grass and were fed supdemental grain onadaily basis.
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Table3.1: Characteristics of Waste Storage Facili ties

. Manure . . Maximum
Site Type Fadlity Description Storage Time
1 Dairy Concrete, Round,Uncovered 6 months
2 Dairy Concrete, Round,Uncovered 5 1/2 months
3 Dairy Earthen, Redangular, Uncovered 6 months
4 Beef None --
5 Beef None --
6 Beef None --
7 Turkey 3-sided, Rocofed Shed 1lyear
8 Turkey 3-sided, Roofed Shed 1 year
Table3.2: Crop Fied Characteristics
Site Crop Rotation Annual Manure Application Sail Type
59,864L/ha Grosedose-Poplimento Silt
1 Corn-Rye-Corn (6400 gi/ad L oam
5 Corn-Whea-Corn 32,738L/ha Grosedose-Poplimento Silt
(3500@/ag Loam
3 Corn-Rye-Corn 51,445L/ha Duffield — Ernest Silt Loam

(5500 gi/ag)

Table3.3: PastureField Characteristics

Site Vegetation Manure Application Sail Type

Pondsolids once every 3

1 Fescue, Orchard Grass Berks-Clymer Stony Silt Loam

yeas
2 Fescue, Clover Emergency storage pond Frederick Stony Silt Loam
draw-downs
3 Fescue, Clover Emergency storage pond Jefferson Very Stony Silt Loam
draw-downs
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Site 2 (Dairy)
The dairy herd at this facili ty was comprised of 110 milking Holsteins on 1006 TMR diet. The
heifer herd was compaosed of approximately 60 Holsteins. The heifer diet included permanent

pasture, which consisted of fescue and clover, and adaily grain suppgement.

Site 3 (Dairy)
This dairy had between 150and 160Holsteins comprising the milking herd. Their diet was
100% TMR. The dairy had approximately 125 Holstein heifers on permanent pasture,

predominantly fescue and orchard grass and they were given adaily grain supdement.

Site 4 (Beef
This bed cattle farm had 20to 40 Bladk Angus cows in the pasture used in this gudy. The
pasture was composed of approximately 60% fescue and 40 red clover. In additionto pasture,

the cows were fed a daily corn-barley supdement.

Site 5 (Beef

This bed cattle farm had approximately 40 Blad Angus cows, bu only 10 were on the pasture
used in this gudy. One Hereford bul was occasiondly present with the cows in this field;
however, samples were only taken from the cmws. Fescue, orchard grass and white dover
constituted the primary cover in the pasture. The mws were dso fed a soy-corn supdement

daily.
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Site 6 (Beef
This bed catle farm had approximately 170 bed cows on pesture mnsisting of fescue, orchard
grass and clover. The animas were given a grain suppement daly. The herd was

predominantly compased of Black Angus, however, other breeds were present as well.

Sites 7 and 8(Turkey)

These farms had two turkey houses each. Ead turkey house held 11,000turkeys. The turkey
raising processfor one house began by receiving approximately 11,000turkey polts and dadang
them into ore half of the house for five weeks. The turkeys were then transferred to the second
half of the house for a ten-week grow-out stage, which prepared them for market. After the
turkeys were transferred to the second Helf of the house, the litter for the first half of the house
was cleaned ou and daced in a @mvered storage shed for approximately ten weeks. Litter was
removed from the grow-out portion d the house after each flock was sent to market and stored in
the avered shed urtil the farmer was able to land-apply it. The litter stored from the first half of
the house was then spread in the grow-out half of the house with additional fresh shavings. The
materials removed from the grow-out sedion duing the clean ou were either immediately land-

applied or stored in the covered shed urtil weather permitted land-appli cation.

3.2 Field Methods

Soil and manure samples were taken as described in the foll owing sedions for each phase of the
field study. The samples were analyzed for fecd coliforms (FC) and Escherichia coli (EC)
concentrations. Samples were transported in coolers with ice to the Biologicd Systems

Engineering Water Quality Laboratory at Virginia Tech. The laboratory staff performed the
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baderial analyses within 24 houws of sampling, using Standard Method No. 9222, “Membrane
Filter Technique for Members of the Coliform Groug’ (APHA, 1992. Dairy manure pond
samples were primarily liquid and dlutions were prepared with bufered solution in arder to
achieve plate muns between 20 and 300 cfu and reported as cfu/100 mL (with dlutions
acourted for in cdculations) as required by Standard Method No. 9222(APHA, 1992. Turkey
litter samples from the storage study, soil samples from the land-applied manure study, and
manure samples from the fecal deposition study were predominantly solids. The solid samples
were prepared for FC and EC analyses by placing 10g (dry weight) of the sample with 90mL of
buffered dlution solution. This il -solution was mixed in a blender for 5 minutes and was used
for FC and EC enumeration. Further dilutions were prepared as necessary to achieve plate
counts between 20 and 300 cfu and reported as cfu/g (with dlutions and dy soil weight
acwourted for in calculations) as required by Standard Method No. 9222(APHA, 1992. If the
samples were not analyzed immediately after arrival at the laboratory, they were placed in the
laboratory codler to prevent baderia growth. The QA/QC Plan developed by the Water Quality
Laboratory (Mostaghimi et a., 1989 was closely followed to insure proper analyses and

reporting of the results.

3.2.1 Manure Storage Pond Sampling

From April through November 2000, dairy manure storage ponds at sites 1, 2, and 3 were
sampled orce every two weeks just below the pond surface When a aqust was present, the
sample was taken beneath the aust. Initial manure pond samples were taken after pord

agitation, just prior to land-application. Because of the farmers varying schedules, the initial
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samples were not taken onthe same day. Site 1 was initially sampled on 4/1900, Site 2 on

5/2/00, and Site 3 on 511/00.

One grab sample was taken from ead pond duing ead sampling event with a 100 mL, sterile
bottle atadhed to the end of atelescoping sampling pale, which extended to approximately 3.048
m (10 ft). Spedficdly, the sasmpler donred sterile latex gloves; attached the sterile sampling
battle to the end d the sampling pae; removed the sampling bottle cg; carefully stood at the
edge of the storage pord; extended the sampling pole until the sampling battle readed the pord
surface; submerged the sampling bottle until it was full; retraded the sampling pde; tightly
screwed the bottle cg onto the sampling battle; washed off the sampling bdtle and sampling
pole with water; placel the sample into a cwder with ice and transported the sample bad to the

laboratory for baderial analyses.

3.2.2 Turkey Litter Storage Sampling

Turkey litter was ssmpled from litter storage sheds at Sites 7 and 8. The sampler donred sterile
latex gloves and, with ashowel, dug into the turkey litter pile to a depth of approximately 0.61m
(2 ft) from the surface A gardening trowel, which had been cleaned with antibaderial house-
cleaning solution, was used to remove threefull scoops of litter from each of six locaionsin the
pile. The six samples were compaosited and mixed in a dean bucket to provide arepresentative
sample. Approximately 40 g d the compaosite material was then removed from the bucket and
placal in a sterile, plastic bag. The plastic bag was then closed, daced in a wader with ice and
transported to the laboratory for bacterial analyses. Originaly, two litter piles were to be

sampled twice per month; however, atotal of only five samples were taken due to bah the initia
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results, which indicaed zero (or very low) FC and EC concentrations in various aged piles, anda
choleraoutbreak at areaturkey fadliti es. The sampled piles had been stored for zero (i.e., fresh),

four, thirty, and ninety days at the time of sampling.

3.2.3 Land-Applied Manure Sampling

The sampling methods for dairy manure gplied to pasture and to cropland were the same. The
manure gplied to the fields originated from the site’'s dairy manure storage pond. The storage
pond contents were aitated to suspend the solids that had acamulated on the bottom of the
pond. The manure was then punped into atanker truck for surface broadcasting on the specified
fields. Application areas were gpproximately 0.40 ha (1 ac) in size with the exception d Site 1
cropland, which was approximately 0.81ha (2 ag. Manure application rates were estimated by
the farmers and varied by field (Table 3.4). At al cropland sites, the manure was applied to
chemicdly-killed rye or whed. At al pasture sites, catle were excluded from the manure-

applied area; cdtle had accessto pastures prior to manure gplication.

Table3.4: Farmer Estimates of Manure Application Ratesfor Crop and Pasture Fields
Applicaion Rate

Site (L/ha) / (gal/ac)
1- Pasture 59,863/ 6400
2 - Pasture 30,867/ 3300
3 - Pasture 51,445/ 5500
1- Cropland 59,863/ 6400
2 - Cropland 28,061/ 3000
3- Cropland 46,769/ 5000
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A sample for each field was a compasite of sub-samples taken randamly within the field at a
density of 5 sub-samples/0.405 ta (5 sub-samples/ag. A sub-sample mnsisted of an exhumed
soil volume gproximately 2 cm X 2 cm X 2 cm in size. The sampler wore sterile latex gloves
during the sampling processand uili zed a steril e, plastic spatula for ead soil exhumation. The
sampler pushed the spatula into the soil surface approximately 2 cm deep, and then gently lifted
it upward at a slight angle to dslodge the top 2cm of the soil. The sampler then carved the
remaining soil volume from the sides and bdtom of the initial hoe with the spatula. The
sampler placel the exhumed soil sub-sample into a sterile, plastic bag, closed the bag, and
continued onto the next sub-sample area in the field and repeated the process After al sub-
samples were taken, the plastic bag was closed, daced in acoder with ice, and transported to the
laboratory for baderial analyses. The soil samples were mixed well within the plastic bag prior

to baderial analyses.

Initial soil samples from land-applied manure sites were taken immediately after manure
applicaion in late April or ealy May 2000. Samples were taken weekly for the first month
following applicaion; twice per month for the second month after applicaion; and ace per
month for subsequent months. Sampling continued urtil September 2000, when baderial

concentrations were non-detedabl e.

3.24 Fecal Deposit Sampling
Three aimal types were used for the fecd deposit portion d the study: dairy milkers, dairy
heifers, and beef cows. The sampler withessed each dred deposit (i.e., cowpie) for each group

of cows investigated. For this dudy, Bladk Angus cowpies were sampled in bed herds, and
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Holstein cowpies were sampled in dairy herds (both heifers and milkers). After witnessng a
direa depasit, the sampler marked the location d the cmwpie by hammering a wooden survey
stake into the ground near the fresh cowpie. The stakes alowed the sampler to return to the

same @wpies over time for future sampling events.

For each herd of cows used in this study, five fresh deposits were witnessed, marked, and
sampled to provide arepresentative sample of the herd’s cowpies. The sampler took the first
samples for eat group d cows from the fresh deposits. The wwpie samples were taken from
the edges of the cowpiesin arder to minimize the disturbance of the cowpies. The five mwpies

were sampled and composited as described below.

The sampler, weaing steril e latex gloves, took asmall portion d ead o the five cowpies with a
steril e plastic spatula and compaosited them in a sterile plastic bag. The portions of the mwpies
removed for the composite sample were gproximately equal in weight so that the compasite
sample would equally represent each cowpie. The individual cowpie samples were taken in a
redangular sedion, approximately 1 cm wide (at outside alge of cowpie) by 2 cm long (from
edge of cowpie toward the center of cowpie) (Figure 3.1). The volume removed from each

cowpie was the entire volume below the rectangular sedion.

Care was taken to sample only the manure and not underlying soil. The size of the sampled
redangular section increased as time progressed because the cowpies dried ou, therefore,
becoming lighter for the same volume. Five to ten grams of each cowpie were ®llected for the

composite sample and placed into a sterile, plastic bag. After the composite sample was
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completed, the sasmpler closed the plastic bag, placed it in a waoler with ice, and transported the

sample to the laboratory for baderia analyses.

Figure 3.1: Feal Deposit Sample Schematic

CrossSedion

Plan View

= Cowpie Sample

The planned sampling frequency for the fecd deposit study was to sample once per week during
the first month, twice per month duing the second month, and orce per month theredter until
the fecal deposits were indistinguishable from the underlying surface or baderial concentrations
were zero. The schedule was altered to orce per week because fecd deposits were drealy

disappeaing twenty days from deposition.

Two sets of data were colleded for this portion of the study for repli cation and because the first
set of fecd deposits did na last long. A replicaion d this study over a different time period
would alow comparison d die-off in fecal deposits under potentially different climatic
condtions. The first set began in late April/early May 2000whil e the second set began in mid-
July 200Q Sampling procedures for both sets were identica. Both sets contained data lleded

from dairy heifers, dairy milkers, and bed cows; however, the first set only contained dairy
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heifer data for Sites 1 and 3 lecause Site 2 heifers were confined during the first sampling

period.

3.25 Statistical Analyses

The FC and EC data from the field studies were analyzed statisticdly to determine relationships
and constants to describe die-off rates of FC and EC in field condtions. Because samples were
taken repededly over time from the same experimental units, mixed models were used to
anayze the data sets and develop the gpropriate regresson equations (Littell et al., 1996.
Spedficdly, the SAS (19992000 “proc mixed” procedure was used for the statisticd analyses
for the field data, and the “repeated” statement was used to define the data @rrelation structure
as Auto-Regresdve Type I. This dructure relates al data points to each ather, bu provides
stronger correlation between data points that were sampled within a short time of ead other than
for data points that were sampled further apart. The Auto-Regressve Type | correlation
structure is commonly used to describe time dependent data (SAS, 1999-200Q Littell et al.,

1998.

The mixed modd procedure dlows cdculation d an oweral popdation average regresson
(Littell et a., 199. The mixed model popuation regresson is an estimation d the popuation
behavior (slope) based on the individual data line slopes and is nat fit to speafic data paints.
Therefore, afit-statistic, such as R? for simple linea regresson, is not generated. The fit of the
popdationlinesis not quantified and must be evaluated visually, which is a disadvantage of this

method.
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Slope amparisons were condwcted using the log-li kelihood method described by Littell et al.
(1996. The difference between the SAS generated —2 Residual Log Likelihood statistics for
reduced and full models was compared to the gpropriate Chi-square distribution (o = 0.05),
which aded as the aitical value. The test hypothesis was that the reduced model was true (i.e.,
the slopes being compared were equal). If the difference between the reduced and full model
excealed the aitical value, the test hypothesis was rgeded (i.e., the slopes were not equal), and
the full model was used. The log-likelihood method was used to determine if there were
differences in slope between Set 1 and Set 2 and between animal types in the fecal deposition
study. The aopland slope was smilarly compared to the pasture slope from the land-applied

manure study.

The data used in statistica analyses were transformed in acordancewith Chick’s Law (Equation
1), therefore, the popuation lines generated by statisticd analysis were the same & Chick’s Law.
Spedficdly, the FC and EC raw data values were normalized, by dividing each value by the
initial data value for its st. The normalized data were transformed by computing the logarithm
(base 10) of each namalized data point. The transformed data were used in al dstatisticd

anayses. Therefore, the popuation lines generated by the statisticd analyses took the form:

Bacterig
Lo =3, *t 10
gmgm% B, [10

where Baderig, = FC or EC concentration at time t; Bacteria, = FC or EC concentration at time
to; t = days from t,; and B, = a statisticd regression coefficient for dope. The (3; value of the

popuationlineisthe die-off rate constant for Chick’s Law (Equation 1).
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3.3 Fidld Resultsand Discusson

Field work began in April 2000and concluded in November 2000. A total of 249 samples were
colleded from eight sites (Table 3.5). The results and dscussons are presented as foll ows:
dairy manure in storage, Sedion 3.3.1 turkey litter in storage, Sedion 33.2; land-applied dairy
manure, Section 3.3.3 and fecd deposition, Sedion 3.3.4. Sample data are presented in

Appendix A except for turkey litter data, which are presented in Section 3.3.2.

Table3.5: Number of Manure Samples Colleded from Each Field Site

Dairy Dairy Mil ker Dairy Heifer Beef
ste 20 SO pphiedto  Appiedto  Fecal Fecal Fecal
y &y Cropland Pasture Deposits Deposits Deposits
1 13 na 10 10 21 13 na
2 12 na 9 9 16 10 na
3 11 na 10 10 14 17 na
4 na na na na na na 22
5 na na na na na na 22
6 na na na na na na 15
7 na 3 na na na na na
8 na 2 na na na na na
Total
(249 36 5 29 29 51 40 59
"not applicable

3.3.1 Dairy Manurein Storage
The storage ponds were in use throughou the duration d the study. Manure was added daily to

the ponds through pipes nea the bottom of the ponds. The FC and EC concentrations (Appendix
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A, Table A.1) just below the surfacécrust of the dairy manure storage ponds changed ower time
(Figure 3.2 and Figure 3.3). The decline in FC and EC over time was expeded becaise it was
anticipated that settling and de-off would deaease the anourt of baderia in the manure. The
EC concentrations were always less than the FC concentrations and followed the FC pattern.
Baderial concentrations were highest in initial samples and then gradually dedined over time.
The gradua declines in baderia concentration were disrupted by re-agitation d the ponds

and/or withdrawal of manure from the poncs.

Figure 3.2. Feal Coliform Concentrationsin Dairy Manure Storage Ponds
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Figure 3.3: Escherichia coli Concentrationsin Dairy Manure Storage Ponds

7,000,000
Site 1, 2: manure withdrawals after day 150.
Site 3: agitation approximately day 125.
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Site 1 was thoroughly re-agitated approximately 125 days after the initial agitation. The
agitation equipment used at Site 1 was powerful enough to lbreak up the entire surface crust and
to crede avortex in the round,concrete storage structure. Sites 2 and 3 had manure removed at
approximately 150 days after the initial agitation. The manure at Sites 2 and 3 was nat
thoroughly mixed during manure removals; the Site 2 storage pond was at full cgpadty and
nealy overflowing so it was impossble to agitate the pond withou causing spillage. The
farmers at Sites 2 and 3 continued to remove manure from the ponds beyond 150 days from
initial agitation. The exact dates of pondagitations and/or manure removal from the ponds were

not known becaise the farmers did nd recrd o rell ed thaose dates.
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Baderial concentrations in all three ponds increased foll owing re-agitation or manure removal.
The increases in baderial concentrations were most likely due to the re-suspension d settled
baderia, which means that the dedine of baderial concentration in manure pond samples taken
below the surface/crust was not due solely to bacterial die-off. For this particular field study, the
term baderial “diminution” is used hereafter rather than “die-off” to more gpropriately describe

what the manure ponddata adually represent.

The patterns of bacterial concentrations in manure over time dter re-agitation were different
among sites. Site 1 responcded to re-agitation similarly to the first agitation: the baderial
concentration in the first sample after re-agitation reached a peg bacterial concentration,
followed by a gradual dedine. The pe& baderial concentration reached after re-agitation was
lessthan the origina peak concentration, which indicaes that die-off occurred. Sites 2 and 3
however, showed a gradual increase in baderial concentration following re-agitation/manure
removal. The differences among the baderial concentration petterns over time a these sites is
most likely due to the differences in their re-agitation a manure removal methods discussed

abowe.

The wlleded data were normali zed, log-transformed (base 10), and dotted with the popuation
line, which is the equivalent of Chick’'s Law, in ader to determine if Chick’s Law was
appropriate to use to describe bacteria die-off in cropland and pasture fields (Figure 3.4 and
Figure 3.5). Theterm “die-off” is dightly mislealing becaise the baderial anaysesredly reved
the combined effed of any baderia growth and de-off that occurs between sampling events.

Thus, baderial growth isindiredly included in the die-off rate cnstants.
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Figure 3.4: Population Line (Chick’sLaw) of Normalized, L og-transformed (Base 10)
Fecal Coliform Concentrationsfrom Dairy Manure Storage Ponds Prior to Re-agitation
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Figure 3.5: Population Line (Chick’sLaw) of Normalized, L og-transformed (Base 10)
Escherichia coli Concentrationsfrom Dairy Manure Storage Ponds Prior to Re-agitation
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Crane and Moore (198) reported die-off rate constants for laboratory, anaerobic manure storage
experiments that were 820 to 25136 greaer than the diminution rate cnstants determined in this
field study. The difference between this gudy and cited studies may be atributable to the fad
that the dairy waste storage ponds used in this field study had manure alded ead day. Crane
and Moore (1985 did na provide detail s abou the dted experiments, so it is possble that the
cited studies did na add fresh manure each day and do na represent the condtions of in-use
manure storage ponds. Additiondly, it is also unknonvn whether the dted laboratory die-off rate

constants acourted for baderial settling.

The EC popuationline (Chick’s Law) (Figure 3.5) represented the data val ues better than the FC
popdation line (Chick’s Law) (Figure 3.4) represented the FC data. The FC data paints sow
more variability from the popdation line (Chick’s Law) as the days from initial agitation
increase, which indicaes that Chick’s Law is more likely to be accurate for days closer to the
initial agitation date. Chick’s Law adequately models baderial diminution in the aea below the

surface/crust in dairy manure storage ponds prior to re-agitation.

The diminution rate constants cdculated in this gudy only describe the baderial diminution in
the upper section d dairy manure storage ponds. Some farmers pump ou the supernatant or the
top pation d their storage pondcontents for irrigation. The diminution rate mnstants cd culated
for this gudy may adequately estimate the bacteria remaining in the supernatant, athough this
has nat been tested. Most farmers, howvever, thoroughly agitate their storage ponds prior to
applicaion; therefore, the baderial diminution rate @nstants calculated in this gudy are

ingppropriate to use for estimating the baderial concentrations in manure prior to land
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application. The data colleded for this gudy may be more useful if combined with data from
future studies that investigate baderial concentrations at varying depths in dairy manure ponds
over time or studies that investigate baderia concentrations in dairy manure ponds that are
sampled ower time through severa agitation-rest cycles. These potentia future studies could
lead to the development of a relationship to estimate baderial concentrations in mixed manure

storage ponds, which could then be used to determine how much baderia are land-applied.

3.3.2 Turkey Litter in Storage

Only five turkey litter samples were ollected for the turkey litter storage study due to initia
samples yielding FC and EC concentrations of zero and a chdera outbreak in the areg during
which the farmers disallowed visitors for fea of spreading the disease. The turkey litter samples
were taken from piles that were stored for zero (i.e., fresh), four, thirty, and nnety days. The

data ae presented in Table 3.6.

Table3.6: Fecal Coliformsand Escherichiacoli in Stored Turkey Litter

Ste  Sample Date Storage Time  Fecal coliforms ~ Escherichia coli

(days) (cfu/g) (cfu/g)
7 9/22/00 0 18 0
7 9/22/00 4 50 41
7 8/8/00 30 0 0
8 8/8/00 30 0 0
8 7/2500 90 0 0
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The only FC results that were greaer than zero were from pil es that were fresh ar only four days
old, and in those two cases, the cncentrations were only 18 cfu/g and 50 cfu/g, respectively.
The only EC concentration that was greater than zero was for the sample olleded from a litter
pile that had been stored for only four days. It was expeded that the baderial concentrationsin
the fresh turkey litter would be much greater than baderia concentrations in the litter that had

bea in storage for afew days, bu this was not the case.

Baderial concentrations in the sampled piles were surprisingly low, with the exception d the
litter that had been stored for 90 days, which looked and smelled like burnt charcoal when
sampling, so low baderia concentrations were anticipated. Chuddy et al. (1998 conducted a
broiler litter degp stadking experiment in which they noted a reduction in FC from an average
initial concentration d 3,600 cfu/g to O cfu/g in only one week; therefore rapid die-off of FC is
nat unhead o and would explain why litter piles gored for 30 and 90 days yielded bacterial
concentrations of zero cfu/g. Perhaps the low baderial concentration in the fresh turkey litter
sample did na adequately represent the fresh litter. The turkey litter data clleded in this field
study were inadequate for making generalized inferences regarding baderial behavior in litter

pil es due to the very limited number of samples taken.

3.3.3 LandApplied Dairy Manure

The results of the land-applied dairy manure soil samples are presented in Table A.2 and Table
A.3in Appendix A. Figure 3.6 and Figure 3.7 show the FC and EC results, respedively, for the
pasture sites, while Figure 3.8 and Figure 3.9 show the FC and EC results, respedively, for the

cropland sites. The EC concentrations were less than FC concentrations and followed the FC
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pattern for both pasture and cropland, as expeded. The initial FC and EC concentrations after
manure gplicaion to pasture & Site 3 were high in comparison to initia values for manure
applied to pesture at Sites 1 and 2, havever, the samples were retested at the laboratory and the
results were onfirmed. The farmer estimated the manure appli caion rate on the Site 3 pasture
to be 59,863L/ha (6400gal/acre), which is the highest application rate used in the study and may
acourt for the much higher concentrations observed throughou the study. The high baderial
concentrations at this ste might also be atributable to the initial concentrations of baderiain the

soil's, but no control plots were sampled duing this gudy to confirm this theory.

Figure 3.6: Feal Coliform Concentrationsfor Dairy Manure Applied to Pasture
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Figure 3.7: Escherichia coli Concentrationsfor Dairy Manure Applied to Pasture
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Figure 3.8: Feal Coliform Concentrationsfor Dairy Manure Applied to Cropland
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Figure 3.9: Escherichia coli Concentrationsfor Dairy Manure Applied to Cropland
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The pasture sites hhowed arelatively steg drop-off in FC and EC concentrations in the first one
to threeweeks after manure gplication, followed by arather gradual decline. In contrast, the FC
and EC on cropland showed relatively smooth declines over the duration d the study. The caise
of the difference in bacteria die-off patterns between cropland and pasture is not known. The
difference could be due to utraviolet light, but not likely becaise the pastures and the aopland
were bath similarly covered at the time of application; the aopland had chemicdly killed ryein
place Another patential explanation for the initial stegp dedine in FC and EC concentrations
after manure applicaion to pasture may be competition with o predation by indigenous
microorganisms. The stegp dedine may occur while the FC and EC easystem niche is under
construction, whereas after niche establi shment, the gradua dedine may be primarily due to de-

off. The competitior/predation may not be & influential in cropland situations due to till age
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pradices or chemica applicaions, which could impede the establishment of competing or

predatory microorganisms.

To determine if the data fit the relationship described by Chick’s Law, the data were normali zed,
log-transformed (base 10), and statisticdly analyzed using a mixed model procedure. The
resulting popdation lines (Chick’s Law) for manure gplied to pasture for FC and EC are
presented in Figure 3.10 and Figure 3.11, respectively. The FC and EC population lines (Chick’s
Law) for manure gplied to cropland are presented in Figure 3.12 and Figure 3.13, respectively.
Die-off rate mnstants were determined from the slopes of the popuation lines and were 0.0224%46
day™ and 0.02796 dy* for FC and EC on pesture, respedively, and 0.01351 day™ and 0.0173

day™* for FC and EC on cropland, respectively.

The log-likelihood comparison for pasture versus cropland, which is gown with all other log-
likelihood comparisons in Table 3.7, indicaed that the pasture and cropland slopes were
statistically different (oo = 0.05 level), which was not surprising because it was anticipated that
pasture would provide greaer protection d the baderia from the weather resulting in a smaller
die-off rate constant. However, contrary to anticipated results, the die-off rate constants
cdculated from this field study indicated that the baderia died off more quickly in pastures than
in cropland. A possble explanation for longer FC and EC survival in cropland versus pasture is
that tillage pradices and chemicd applicaions to croplands may negatively impad the
indigenous microbes that compete with and prey uponFC and EC, thus reducing the losses of FC

and EC.
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Figure 3.10: Normalized, L ogio-transformed Fecal Coliform Concentrations from Pasture
Soilswith Applied Dairy Manure
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Figure 3.11: Normalized, L ogio-transformed Escherichia coli Concentrations from Pasture
Soilswith Applied Dairy Manure
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Figure 3.12: Normalized, L ogye-transformed Fecaal Coliform Concentrations from
Cropland Soilswith Applied Dairy Manure
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Figure 3.13: Normalized, L ogje-transformed Escherichia coli Concentrations from
Cropland Soilswith Applied Dairy Manure
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Table3.7: LogLikelihood Statistical Comparison of Field Data
Lo oo Test .
Hypothesis (H,) 'éégfégze&gzzf 2 L:L?lil:\l;ggr;?()d Statistic Chl\;iﬂjléare Result Conclusion
(a=0.05)

Die-off rate constants for FC applied to 50.8 38.5 12.3 5.991 Test statistic > chi-square REJECT Ho.
pasture and cropland are the same.
Die-off rate constants for EC applied to 65.0 49.3 15.7 5.991 Test statistic > chi-square REJECT Ho.
pasture and cropland are the same.
Die-off rate constants for FC in set 1 -117.0 -121.7 4.7 5.991 Test statistic < chi-square CANNOT
and set 2 fecal deposits are the same. REJECT Ho.
Die-off rate constants for EC in set 1 -30.8 -31.6 0.8 5.991 Test statistic < chi-square CANNOT
and set 2 fecal deposits are the same. REJECT Ho.
Die-off rate constants for FC in fecal -118.4 -118.4 0.0 7.815 Test statistic < chi-square CANNOT
deposits of all source animals are the
same. REJECT Ho.
Die-off rate constants for EC in fecal -34.0 -34.0 0.0 7.815 Test statistic < chi-square CANNOT
deposits of all source animals are the REJECT Ho.

same.
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Crane and Moore (198) listed EC die-off rate anstants for soil samples from pastures that had
dairy dlurry applied to them. The study they cited was conducted over a twelve-day period, and
the resulting die-off rate mnstants were 0.2862and 0.3544 dy™. The die-off rate mnstants cited
by Crane and Moore were 924to 11@8% greder than those determined in this field study. The
difference between the dted de-off rate constants and those cdculated for this field study,

however, may be due to the short length of the dted study.

In order to have amore redistic comparison, therefore, the die-off rate constants for bacteria
from the land application d manure to pasture and cropland were re-caculated based uponthe
first 16 days of sampling results, which provide three data points from ead site. The 16-day
pasture gplied deoff rate mnstants were 0.04314 and 0.0447 dy’ for FC and EC,
respedively, which were greater baderia die-off rates than thase cdculated for the overall field
study. The 16-day cropland de-off rate mnstants were 0.00206and 0.00923 dy™ for FC and
EC, respedively, which were lessthan the die-off rate constants determined for the overall study.
The experimental design and location were not spedfied by Crane and Moore (1985), so it is
possble that experimental or climatic differences acount for the grea variation between the
cited de-off rate mnstants and those generated through this experiment. Additionaly, it is
possble that the spedfic strains used in the dted experiment and the field studies condwcted here

had very different die-off rates.

As described in Sedion 3.2.5,the proc mixed procedure estimates the population line (Chick’s

Law) rather than trying to fit the individual data points. Therefore, afit statistic is not generated

so the fit must be visually evaluated. The aopland FC and EC population lines (Chick’s Law)
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represent the data points better than the pasture popuation lines fit the pasture data (Figure 3.12
and Figure 3.13). The cropland FC data have aslight increase in baderia, but otherwise reflect
that a single die-off rate is appropriate for the data. The popuation line (Chick’s Law) for FC
and EC pasture models the average, overall trend of the bacterial dedine on pasture. It is clear
from comparisons described abowve that there is a vast difference between field-derived de-off
rate constants and the dted laboratory-derived de-off rate constants, which indicates that it is

important to use field-derived de-off rate cnstants to simulate die-off under field condtions.

It shoud be noted that the data used to cdculate die-off rate constants for this gudy indiredly
included baderial growth; the baderia concentration in the soil at the time of sampling was due
to the combined impad of any baderial growth and de-off that had occurred since the previous
sampling event. Additionally, die-off rate constants cdculated under field condtions have some
problems associated with them. Reseachers cannot control weaher condtions, other predatory
spedes, and unformity of baderial applications to fields. The die-off rate constants developed
for this field study are limited to the manure, site, and climatic condtions at the time of the
study. Therefore, while the research presented here provides information regarding baderial
survival under field conditions, the results dould na be etrapoated beyond the study

condtions.

3.3.4 Fecal Deposition (Cowpies)
The FC and EC concentrations in fecd deposits (i.e., cowpies) from three animal types (dairy
milkers, dairy heifers, and bed cows) were investigated, and the sampling results are presented

in Table A.4, Table A.5, and Table A.6, respedively, in Appendix A. Two time periods were
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also investigated: Set 1, which began in late April or ealy May 2000, and Set 2, which beganin
mid-July 2000. The FC and EC concentration cata from the dairy milker, dairy heifer, and beef
cow fecal deposits are provided in Appendix A. As expeded, EC concentrations were lessthan
FC concentrations and followed the FC pattern. All statisticd (log-likelihood comparisons
mentioned in the following sedion are presented in Table 3.7 and were cmpared at the a =0.05

level.

The fecd depaosit FC and EC data were normalized and log-transformed (base 10) in accordance
with Chick’s Law, in ader to condwt statisticd comparisons and determine die-off rate
constants for FC and EC. Statisticd comparisons were mnducted using the log-likelihoad
method (o = 0.06) to determine if there were differences between the normalized, log-
transformed (base 10) slopes of the data from Set 1 (depasitions produced in late April or ealy
May) and the normalized, log-transformed (basel0) slopes of the data from Set 2 (depaositions
produced in July). The statisticd comparison determined that Sets 1 and 2were not statisticdly
different from each ather, indicaing that variances in temperature, sunlight, moisture/rainfall did
not cause diff erences in the FC and EC concentrations for the months investigated in this gudy.
Greder differences would be expeded if the study periods were spread further apart, such asin
summer and winter instead o two sets in spring and ealy summer. Because of the statisticd
similarity of the sets, Sets 1 and 2 were combined for each manure type to determine whether

there were statisticd differences between animal types.

Statisticd comparisons were conducted again using the log-likelihood method to determine if

there were diff erences in the slopes of the normalized, log-transformed (base 10) data for animal
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types (dairy milker, dairy heifer, and beef cow). The statisticd comparison indicaed that there
were no dfferences between the slopes of the three aimal types. Therefore, all fecd deposit
data were used as one data set in order to determine apopuation line (Chick’s Law) to describe

FC and EC concentrations in fecd deposits over time.

Figure 3.14 and Figure 3.15 show the popuation lines (Chick’s Law) and the normali zed, 10g-
transformed (base 10) baderial results from the fecd depaositions. The popuation line slopes,
again, are the die-off rate constants according to Chick’s Law. The FC and EC die-off rates
cdculated for the fecal deposition study were 0.01365 dy™ and 0.01®85 day™. Fecd deposit
die-off rate constants were not fourd in literature, so no comparison to cited values could be
conduwted. The popdation lines (Chick’s Law) adequately describe the average die-off rate in
fecd deposits for the initia 70 days, bu the data exhibit an obvious curvilinea departure from a
straight-line for fecd depasits surviving beyond 70days. The mgjority of the fecal depaosits did
nat survive beyond 70 days, so the popuation lines (Chick’s Law) of bacteria survival in fecd
deposits may be alequate to asdst researchers in modeling fecd deposits and/or grazing

condtions.
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Figure 3.14: Population Estimation Line (Chick’sLaw) for Normalized, L og-transfor med
(Base 10) Fecal Coliform Concentrations from Fecal Deposits (Cowpies)
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Figure 3.15: Population Estimation Line (Chick’sLaw) for Normalized, L og-transfor med
(Base 10) Escherichia coli Concentrations from Fecal Deposits (Cowpies)
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Because the die-off rate @nstants cdculated in this gudy were determined under field
condtions, they are limited to the dimatic condtions of the study area and may not be goplicable
to ather regions. The die-off rate constants cdculated under field condtions for Chick’s Law
may provide a start for those who intend to model baderia survival in fecd deposits and/or
grazing areas over time, but further research onbaderial survival in fecal deposits under varying
climatic condtions coupled with further research on the release of baderia from fecal depasits
would greatly improve the understanding of how to model baderiain fecal deposits or on grazed

land.

3.3.5 Escherichia coli to Fecal Coliform Ratio

Many states currently use FC to evaluate water quality, bu the United States Environmental
Protedion Agency (USEPA) recommends that states use enterococcus bacteria or EC to evaluate
water quality (USEPA, 2002. Therefore, the field data mlleded for the land-applied manure
and fecd deposition studies were used to evaluate the EC to FC ratio over time to determine if
there was a consistent pattern that could be used by reseachers and consultants who may be
interested in relating FC data to EC or viceversa. The EC/FC ratios for the land-applied manure
and fecd deposition studies are presented in Tables A.2 through A.6in Appendix A. Figure 3.16
shows the EC/FC ratio as it changed over time in soil s with land-applied manure for both pasture
and cropland. The fecal deposition EC/FC data are presented by animal type in Figure 3.17,

Figure 3.18, and Figure 3.19for dairy milker, dairy heifer, and keef catle, respedively.

The die-off rate mnstants cdculated from the field data indicaed that EC die-off more quickly

than FC for the land-applied and fecd depasition field studies, so ore would exped the EC/FC
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ratio, in general, to dedine over time. For the sites and condtions sampled, the EC/FC does
dedine over time, in general. However, because there ae severa periods dispersed throughou
the data where the EC/FC ratio increases rather than deaeases and kecause there is a wide range
of variability of the EC/FC ratio even for similar condtions, the data do nd realily lend
themselves to the development of a quantifiable relationship that can be used to relate FC to EC
data. These data could be combined with data from future studies investigating the EC/FC ratio
in order to develop an appropriate relationship that may help researchers and consultants relate

FC to EC.
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Figure 3.16: Ratio of EC to FC in Soilswith Land-Applied Dairy Manure for Pasture and
Cropland Sites
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Figure 3.17: Ratio of EC to FC in Dairy Milker Fecal Deposits Sampled Over Time
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Figure 3.18: Ratio of EC to FC in Dairy Heifer Fecal Deposits Sampled Over Time
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Figure 3.19: Ratio of EC to FC in Bed Cow Fecal Deposits Sampled Over Time
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CHAPTER 4 BACTERIAL MODEL

The baderia model was developed to simulate bacterial fate and transport to surface waters from
manure gplied to agricultural lands. Because bacteria survival and transport are influenced by
a multitude of physical processs that have various quantifiable parameters, e.g., soil moisture,
baderia are best modeled with processbased models. Lumped models are unable to represent
gpatial variability of awatershed, such as il types and landuse dharaderistics. The inability to
represent spatial variability may adequately represent watersheds with predominantly uniform
characteristics throughout the watershed, but diverse watersheds, those with developed areas and
agricultural areas or with dverse topography, for example, might nat be well represented by a
lumped model. Additionaly, best management pradices (BMPs) that are used to reduce
baderial loadings to surface waters, such as vegetated filter strips (VFSs) are nat typically
applied uniformly throughou the entire watershed; rather they are located in speafic areas, such
as adjacent to fields with land-applied manure. A lumped model canna simulate strategically
placel BMPs and, therefore, canna be used to evaluate BMP implementation. It isimportant to
develop a spatialy variable (distributed) baderial model that can smulate important baderial
processes as well as gatia variability in order to accurately represent field condtions.
Additionally, because bacterial die-off can occur over extended periods (Simmons et a., 1995
and is a vital asped of modeling baderia, a continuows model would be most appropriate to
acourt for this long-term process Therefore, an ided bacteria model shoud be acontinuots,

distributed, processbased model cgpable of simulating bacterial processes.
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The baderial model was incorporated into the existing Ared Nonpant Source Watershed
Environmental Resporse Simulation-2000 (ANSWERS-2000 model (Bouraoui and Dill aha,
200Q Bouraoui and Dillaha, 1996, which is a continuows, processbased, dstributed model
developed for ungaged watersheds. The ANSWERS-2000modd is further described in Sedion
4.1. The P submodels in ANSWERS-2000, which were based upon the GLEAMS nutrient
model (Knisdl et a., 193) and implemented/programmed by Storm (1985) and Bouraoui (1994,
were used as templates for the baderial transport submodels becaise there is little information
avail able regarding bacteria extradion and transport and the relationships ssemed reasonable to
describe bacterial transport considering the VFS studies condwcted by Landry and Thurow
(1999, Wang et a. (1999, and Edwards et al. (2000 that indicae that bacteria ae transported
as free (in solution) and sediment-adsorbed, which is aso true for P. Addtiondly, it was
asumed that al of the applied baderia remain in the dfective depth o interadion (EDI); this
asumption is suppated by work condwted by Gerba d@ a. (1975 and Entry et a. (2000.
Gerba d a. (1979 irrigated wastewater onto fields and tested for baderial concentrations in soil
at various depths, and foundthat 92 to 97% of fecd baderiaremained in the top 2to 4 cm of the
soil profile. Entry et al. (2000 conducted a similar study that indicated that baderia were most

concentrated in the top Oto 5cm of the soil profile.

The baderial model is composed of several submodels. 1) baderial die-off, 2) baderid
transport, which is comprised of a sediment-adsorbed baderial submodel and a free baderial
submodel, and 3 baderiad applicaion to land. In incorporating the baderia mode into
ANSWERS-2000, it was asuumed that the existing comporents of ANSWERS-2000 were

adequate to simulate hydrology, sediment detacdhment and transport, and nurient transformation
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and transport; it was beyond the scope axd ohedives of this reseach to alter those eisting
comporents. Eadh bacterial submodel, while dependent on the others, was primarily developed
and pogrammed into the ANSWERS-2000 pogram individually. This chapter provides
badground information on the ANSWERS-2000 model, explains the spedfic steps and
procedures used to develop ead baderial submodel, provides information for implementing the
baderial model, explains the baderia model verificaion pocess discusses baderia model

evaluations, and presents the results of a sensitivity analysis.

4.1 ANSWERS-20000verview

The ANSWERS-2000 model was chasen for this projed becaise it is a cntinuows, process
based, dstributed parameter model that was developed for ungaged watersheds, which means
that no cdibrationis required. Byne (199), Bouraoui (1994, and Bouraoui and Dill aha (1996
2000 provide detail ed discussons of the ANSWERS-2000model. The ANSWERS-2000model
was developed uponthe precept that at every point in a watershed there exists a relationship
between water flow rates and the fadors that govern them, and that these can be related to
processes in the watershed such as erosion a chemicd movement. The point concept is relaxed
to square cells of uniform size. Parameter values may vary in an urrestricted fashion so that any
degree of gpatial variability may be represented. The individual elements ad together as a
composite system because their hydrology is interrelated, and the outflow from one dement
bewmmes the inflow to another. The ANSWERS-2000 model simulates upland and channel
hydrology using the @ntinuity equation couded with a stage-discharge relationship (Manning's
Equation). The criticd shea methoddogy of the Water Erosion Prediction Projed (WEPP

model (Foster, 1995 is used to predict sediment detachment and transport for rill, interill, and
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channel areas (Byne, 1999). The procedures developed for the GLEAMS model (Knisdl et al.,
1993 were used in the ANSWERS-2000 model to simulate nutrients, spedficdly nitrate,
disolved and adsorbed ammonium, adsorbed total Kjeldahl nitrogen (TKN), and dissolved and
adsorbed P (Bouraoui, 1994). Figure 4.1 shows an overview of the ANSWERS-2000 model

with the incorporated bacterial submodels.

4.2 Bacterial Die-off Submodel

The bacterial die-off submodel includes bacterial die-off, partitioning of baderia between soil
and water, and dstribution d sediment-adsorbed baderia anong particle sizes. Figure 4.2
shows the flow diagram of this submodel. Chick’s Law was assumed to be an appropriate
relationship to describe baderia die-off based upon the field study results described in Chapter
3. Therefore, bacterial die-off was incorporated into ANSWERS-2000by utili zing Chick’s Law,
as other models have done in the past. The user may inpu field-derived de-off rate constants if

they are available. Chick’s Law was rearranged and written as foll ows:

t = Bo*10™ [11]

where B; = number of baderia & timet (cfu); B, = number of baderia & time to (cfu); k = first-

order die-off rate mnstant (day™); t = dapsed time sincet, (days); and to=start time.

Baderia die-off is cdculated at the end d the smulation day (after all other submodels are

completed). The submodel first determines if manure has been applied to the cdl. If manure has
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Figure 4.1
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Figure 4.2: Die-off Submodel Flow Diagram
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nat been applied to the cdl, Chick’s Law is not used; the baderia value on the cell is reset to
zero because it is asumed that the ntribution d baderia from nonmanured cdls to future
rundf is minimal in comparison to baderia contributions from manured cdls. If manure has
beean applied to the all, the submodel determines how many days have occurred since
applicaion. If the time between application and the aurrent simulation day is greder than 120
days, the bacteria value (B;) on the cdl isreset to zero, and the cdl istreded asif it has not had
manure gplied to it until the next manure goplication day. If the time between the goplicaion
and current smulation day is lessthan 120 @ys, Equation [11] is used to cdculate the bacteria
remaining onthe cell. The 120-day limit was chosen because the field studies for land-applied
manure indicated that 120 dhys was a reasonable anourt of time for soil baderial concentrations
to go to zero. Additionally, if lessthan ore bacteria remains on the cél, the baderia value is
reset to zero, and the cdl is treded as if manure has not been applied to it until the next
application day. This limit was %t because the smallest quantity of bacteria possble is one

baderium; thereis no such thing as afradion d a baderium in nature.

A plot study evaluating the dfectivenessof VFSs in removing baderia in rundf conducted by
Lim et al. (1997 showed that it was possble to remove 100% of bacteria in rundf using VFSs.
Other plot studies that evaluated VFSs effectivenessin reducing bacteria in rundf found that
VFSs remove from 43% to 98% of bacteria in rundf (Coyne ¢ al., 195, 1998 Buck et a.,
1998. Because these studies indicaed that baderial concentrations were reduced using
management practices that reduce sediment concentrations in rundf, it was assumed that some

baderia ae transported as sdiment-adsorbed. Therefore, after calculating the amourt of
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baderia remaining on the cdl after die-off, this submodel partitions the remaining bacteria

between soil and water using alinear isotherm (Equation [5]):

FREEBACT=SOL* WATERVOL = TOTAL [12]

SOILMASS
1+K*
CWATERVOL [

where FREEBACT = free baderia in solution in the dfective depth of interadion d the cell
(cfu); SOL = concentration d baderiain solution in the dfedive depth o interadion d the cdl
(cfu/mL); TOTAL = total baderia remaining in the dfedive depth o interadion d the cdl
(cfu); K = retention coefficient (mL/g); SOILMASS = mass of soil in the effective depth of
interadion d the cdl (g); and WATERVOL = amourt of water in the dfective depth of
interadion d the cdl (mL). Reddy et al. (1981 provided the only value for K, the partitioning
coefficient, fourd in literature for FC (1909 mL/g). Although the condtions under which this
coefficient was derived were not stated, this value was used in the model for ladk of other
information. This assumption was evaluated through a sensitivity analysis (described in Section
4.8). The anount of baderiaremaining as associated with the soil at the end of ead time step is

then determined as:

SEDBACT = TOTALBACT -FREEBACT [13]

where SEDBACT = the amount of baderia associated/adsorbed to soil particles (cfu).
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The die-off submodel then distributes the baderia es<ciated with soil acrosseach particle size

classby the following equation, which is aso used for P (Bouraoui, 1994:

SEDBACT , SAPART
SOILMASS  SAT

PARTBACT = [14]

where PARTBACT = sediment-adsorbed bacteria for spedfied perticle size dass (cfu/g soil);
SAT = total surface aea of soil (m?g soil); and SAPART = surface aea of spedfied particle size
class(m?/g soil). Equation [14] is based uponthe aumption that P, or in this case baderia, is
distributed among the different particle sizes in propation to the spedfic surface aeas of the

particle size dasses.

4.3 Bacterial Transport Submodels
Both free and adsorbed baderia transport sedions were modeled by utilizing the cntinuity

equation:

Bin — Bout = sttor
dt

[13]

where Bi, = baderia inflow to cdl (cfu/s); Boxw = baderia outflow from cdl (cfu/s); dBgor =

changein bacteria‘stored’ in cdl (cfu); and d = changeintime (s).
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Because this model uses time steps that are nat infinitely small, the aserages of incoming and
outgoing baderia from the beginning and end of the time step are used, which changes Equation

[15] to:

Binl + Binz _ Bout_'l.+ Boutz _ Bstorz - Bstor.L
2 2 AT

[16]

where Bj, = baderia inflow to cdl (cfu/s); By = baderia outflow from cdl (cfu/s); Bgor =
baderia stored in cdl (cfu); AT = time step (s); and 1,2 subscripts = initial (1) and fina (2)

values for the time increment.

Rearanging Equation[16] yields:

ZBstor.L ZBstorz

Bin1 — Boun + = Boutz = Bin2 +
AT

[17]

The left-hand side is equal to the sum of all bacteria in transit at the end d the previous time
step, which would be the amourt of baderiain transit at the beginning of the next time step. So,

Equation [17] can be rewritten as:

2Bsot _ | NITIAL = Bous — Bz + 2252
AT

Binl— Boutl+ [18]

75



where the variables above ae & defined previously and INITIAL = sum of all baderiainitialy
in transit on the cell (cfu/s). Sediment-adsorbed baderia and free bacteria cdculations are both

based uponEquation [18] and are discussed in the foll owing sections.

4.3.1 Sediment-adsorbed Bacterial Transport

First, the discharge from the cdl i s chedked to determine if there is any runoff leaving the cell. If

the discharge is zero, water, nurients, and baderiawill not leave the cél, bu whatever is gored

in transit over the cél will be deposited. The right-hand side of Equation[18] beames:

B, =0 [19]

out2

INITIAL =0-Bin2+ 2Bstor2

[20]

and the dhange in sediment-adsorbed baderia stored onthe cell (which is deposited due to no

outflow) is cdculated as:

2Baoe _ INITIAL +B,, [21]
AT

Since there is no ouflow in this senario and sediment-adsorbed baderia stored onthe cdll are

deposited, the value of INITIAL isreset to zero.

The seand scenario for sediment-adsorbed baderial transport is when the discharge from the

cdl is greater than zero, which means that sediment-adsorbed baderia may leave the cdl. The
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inflow of sediment-adsorbed bacteria mmes from the outflow of adjacent cdls, and, if runoff
causes detachment of sediment within the cdl, sediment-adsorbed baderia ae dso generated
within the cdl. The sediment-adsorbed baderia generated from within the cdl for eat particle

Size dassare determined by:

BCELL = PARTBACT* SEDNEW [22]

where BCELL = newly generated sediment-adsorbed bacteria for each particle size dass(cfu/s);
PARTBACT = sediment-adsorbed bacteria for spedfied particle size dass (cfu/kg soil); and
SEDNEW = newly generated sediment for each particle size dass (kg/s). The dange in
sediment-adsorbed baderia stored onthe cell, for ead particle size dass at the end d the time

periodis:

2B, _ INITIAL +B, , +BCELL
= [23]
AT 149
S

where Bjn; = sediment-adsorbed baderia flowing into cdl from adjacent cdls (cfu/s); Q = rundf
discharge from cdl (m*s); and S = runoff storage on cdl (m*s). Equation [23] was derived
from Equation [18] as follows. Equation [18] can be rewritten to include generated sediment-

adsorbed bacteria & follows:

2B

INITIAL = B,,;; = (B, + BCELL) + =2 (24

out2
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where (Binz + BCELL) = dl incoming and generated sediment-adsorbed baderia By, can be
determined by multi plying the concentration of sediment-adsorbed bacteria stored on the cell by

the outflow rate:

_ Bstorz %

Boutz - Q [25.I

where Bgo/s = concentration o sediment-adsorbed baderia stored onthe cél ((cfu/m?)/s); Q =
rundf discharge (m*/s); and s = the rundf storage volume & the end o the time step (m®). The

rundf storage volume, “s,” is defined as:

S*AT
S=

[26]

where AT = time step (s) and S = rundf storage (m®/s). Substituting Equation [26] into Equation

[25] yields:

— stor2 % Q
Boutz - o2 g [27]

Equation [27] is wubstituted into Equation [24] and rearranged to give Equation [23]. The

INITIAL value for the next time step is then cdculated as:

INITIAL = BCELL +B,, + 20502 _g [28]
in2 AT out2
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Figure 4.3 shows a flowchart of the submodel for sediment-adsorbed bacteria. Assumptions of
the sediment-adsorbed baderia transport submodel are the following: 1) sediment-adsorbed
baderia ae distributed throughou the soil particles in propattion to the speafic surface area of
the soil particles; 2) eroded soil has the properties of the soil in the dement from which the soil

iseroded; and 3 the relationship used to model P is appropriate to use for modeling bacteria.

4.3.2 FreeBacterial Transport

Free baderia ae the baderia that are suspended in solution and nd adsorbed to soil particles.
Free baderia transport is cdculated using the same principles and scenarios as sediment-
adsorbed baderia. As previously mentioned, it is assumed that al bacteria ae available in the
EDI of the soil. The gproadc to cdculate the free baderial concentration avail able for runoff is

the same as that used in ANSWERS-2000for |abile P (Bouraoui, 1994:

[29]

Cav = BACTEDIex%D (Q+FIL -9 AT E

OR+2.65* (10— POR) * K

where G, = available free baderia concentration in rundf and infiltration (cfu/kg soil);
BACTEDI = baderia concentration in EDI (cfu/kg soil); Q = runoff discharge from cdl (m*/s);
FIL = infiltration rate (m*/s); S = storage rate (m*/s); K = partiti oning coefficient (m*/kg); POR =
total porosity of surface layer (mm); and AT = time increment (s). Infiltration is included in
these equations because labil e/free nutrientsbaderia may be carried with infiltrating water,
whereas, sediment-adsorbed nurients/baderia are less likely to infiltrate due to their

attachment/association with larger particles.
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Figure 4.3: Flowchart of Sediment-adsorbed Bacterial Transport Submodel
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The oncentration d free baderiain solutionisthen given as (Bouraoui, 1994:

*
Cs = CavB
1+K*

[30]
where variables are & previously defined with cs = concentration d free baderia in solution
(cfu/kg soil) and B = extradion coefficient. The extradion coefficient is a function of K, the

partitioning coefficient (Bouraoui, 199):

p=0.5 K <1 (m%kg)
B =0.598xp(-0.179%K) 1< K< 10 (m%kg)

£=0.1 10< K (m%kg)
The ontinuity equation is employed for determining the transport of freebaderia

FreeBu— Free&w% = FREEINITIAL = FreeBuz — FreeB: +% [31]

where FreeBi, = free bacteria inflow to cdl (cfu/s); FreeBo = free baderia outflow from cell
(cfu/s); FreeBgor = free baderia stored on cdl (cfu/s); FREEINITIAL = sum of al baderia
initially onthe cdl (cfu/s); AT = time step (s); and 1,2subscripts = initial (1) and final (2) values

for the time increment.
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Again, the discharge from the cdl is chedked to determine if there is any rundf leaving the cdl.
If the discharge is zero, water, nurients, and baderia will not leave the cdl, bu whatever isin

transit over the cell will be deposited. The right-hand side of Equation[31] beammes:

FreeB,, =0 [32]

FREEINITIAL = 0- FreeB2 + @ [33]

and the dhange in sediment-adsorbed baderia stored onthe cell (which is deposited due to no

outflow) is cdculated as:

ZFL‘;@M = FREEINITIAL +FreeB,, (34

Since there is no ouflow in this senario and sediment-adsorbed baderia stored onthe call are

deposited, the value of FREEINITIAL isreset to zero.
Similar to sediment-adsorbed bacteria, the inflow of free bacteria comes from outflow of
adjacent cdls and includes free bacteria generated in the cdl. The generated free bacteria is

determined by:

FreeBCELL=cs(Q + FIL) [35]
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Similar to sediment-adsorbed baderia, with the aldition d infiltration, the diange in free

baderia stored onthe cell is computed as:

2FreeB,,, _ FreeB, , + FreeBCELL+ FREEINITIAL

AT Q+FIL
S

1+

The outflow of freebaderiain cfu/s becomes:

2FreeB,,, , Q
FreeB,, = %* S

and the new value of FREEINITIAL is determined by:

FREEINITIAL = FreeB,, + FreeBCELL+ 2':“;'%@2

A flowchart of the Free Baderial Transport Submodel is siownin Figure 4.4.
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Figure 4.4: Flowchart of Free Bacterial Transport Submodel
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4.4 Bacterial Application Submodel

The baderia applicaion submodel simulates applicaion d manure, as gedfied by the manure
inpu file, to the gpropriate cells and cdculates the initial baderial concentrations on the cll
(Sedion 4.5 pesents detail s on the manure inpu file format and parameters). Both manure and
inorganic fertili zers can be gplied to a cdl. The nutrients from the gplied manure ae simply
added to the nutrients from inorganic fertili zer applicaion. A flowchart that shows the steps of

the baderial application submode is presented in Figure 4.5.

The anount of bacteria applied to designated crop areasis calculated as.

BACTERIA = BACT * MANURE * AREA *1000 [39]

where BACTERIA = total baderia on cdl with spedfied crop type (cfu); BACT = baderial
concentration o manure to be gplied to crop type (cfu/mL or cfu/g); MANURE = amourt of
manure to be gplied (L/haor kg/ha); AREA = cell area(ha); and 1000is a mnversion factor to
convert mL to L or g to kg. Bacteriafrom manure ae gplied at the beginning of the designated
applicaion day and, as a amnsequence, are available to runoff if rainfall occurs that day. The
applicaion model does nat diredly addressincorporation d manure; the user could reduce the

baderial concentration applied to represent the portion o baderia avail able in the EDI.
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Figure 4.5: Manure Application Flowchart
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4.5 Implementation Information

In order to give ANSWERS-2000the information to apply bacteriato land and perform baderid
cdculations, an addition was made to the ANSWERS-2000 input file, “answers.inp,” and an
inpu file was creded for manure gplicaion, “manure.inp.” The aldition to the main inpu fil e,
answers.inp, was necessary to let the program know that a manure inpu file was available to
read. The dangeto the maininpu file consisted of adding, at line 34 d the “answers.inp’ file, a
statement in the format (17X, 12), which translates into 17 spaces/letters and 2 spaces for an
integer value, such as “_Manure Applied =01". If the integer value is st to 0Q there is no
manure inpu file and ro applied manure. If the integer value is st to 01,amanure inpu fileis
available and manure is applied acording to the parameters within that file. Examples of the

revised ANSWERS-2000inpu file format are included in Appendices B and C.

An example of the first few lines of a manure input file needed for manure gplicaionis svown
in Figure 4.6. Thefirst two lines of the manure.inp file are not read by ANSWERS-2000, ba the
following lines are read in the format discussed here. The required format for the manure inpu
file is: (1X,14,1X,13,1X,15,3(1X,F7.2),1X,14,1X,13,1X,F9.2), which trandates into: 1 blank
space 4 spaces for an integer value, 1 blank space, 3 spaces for an integer value, 1 Hank space 5
spaces for an integer value, 1 dank space 7 spaces for ared number value with upto 2 deamal
places, 1 Hank space 7 spaces for a red number value with upto 2 deama places, 1 blank
space 7 spaces for ared number value with upto 2 ceamal places, 1 dank space 4 spaces for
an integer value, 1 Hank space 3 spaces for an integer value, 1 Hank space 9 spaces for an

integer value with upto 2 deamal places.
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Figure 4.6: Sample Manure Input File

Manure I nput File - SAMPLE

YEAR| DAY| CRP| - - NOB- - | - - NH4- - | - - PO4- - | - = - K- - - | - - BACT- - | - - MANURE- - |
1997 180 1 4.7 47.0  70.4 .109 1136718. 12580.0
1998 175 7 .200  1200000. 10000. 0

The parameters that are required for the manure inpu file ae, from left to right in Figure 4.6:
yea of application, Julian day of applicaion, crop number to which manure is applied, ntrate
(kg/ha), ammonium (kg/ha), phosphaus (kg/ha), die-off rate constant (day™), baderial
concentration d manure (cfu/mL or cfu/g), and amourt of manure applied (L/ha or kg/ha). The
baderial concentration and amournt of manure applied must have cnsistent units (i.e., either
cfu/mL and L/ha or cfu/g and kg/ha). The baderial applicaion submodel cadculates the initial

amourt of baderiaonthe cdl using Equation [39], as described in Section 4.4.

4.6 Mode Verification

Verification d the baderial model was conducted to ensure that the programming within the
model was corred. Variable values read in from other files, such as the manure inpu file, were
chedked to ensure that the value asdggned to the variable was the corred value. Similarly, values
of variables passed between subroutines and the main program were dso chedked to ensure that
the crrect values were being passed. Equations were verified by using knovn inpu values,
running the program through the egquation d interest, and comparing the computer generated
result to hand cdculations that used the same input values. A similar procedure was used to

verify that the logic steps, such as if-then loops, were properly programmed. Baderid
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applicaion was also verified to ensure that bacteria were gplied to the corred cdls on the

correct dates.

4.7 Model Evaluation

Both quantitative and quelitative model evaluations were @ndwted. Quantitative model
evauation consisted of comparing model predictions of rundf, sediment, and lecterial
concentration in rundf to measured values to determine if the model was able to refled trends
and/or quantitative values observed in field plot studies. For example, the baderial model shoud
predict increasing bacterial concentrations when baderial concentrations in rundf were
increasing in field measurements and decreasing bacterial concentrations when bacterial
concentrations in rundf were decreasing in field measurements. Idedly, the model predictions
for bacterial concentrations themselves $oud be within an order of magnitude of measured
baderial concentrations in rundf (McKeon and Segna, 1987). The ability to test this model was

limited by the lad of data avail able.

Two plot studies were used to evaluate this baderial model, one cwnducted at Virginia Ted
(Buck et al., 1998) and the other conducted at the University of Kentucky (Youngblood-Myers,
200]). Soils, vegetation type, previous plot conditions, and rainfall were simulated as close &
possble to adua condtions of the plot studies via inpu files that were aeded with asgstance
from QUESTIONS, the ANSWERS-2000interface The model inpu files for the Virginia Tech
and University of Kentucky studies are included in Appendices B and C, respedively, and the
respedive output files are in Appendices D and E. The output parameters that were compared to

the plot study results were rundf, sediment, and baderial concentrationin rundf.
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4.7.1 Virginia Tech Plot Study Description

A plot study was condcted in the summer of 1997in Bladksburg, VA in order to evaluate the
eff ectiveness of vegetated filter strips (VFSs) in removing sediment, nurients, pesticides, and
baderia from cropland runoff. The plot lengths varied depending onthe VFSIlength (O m, 4.3m,
or 8.5m) planted at the end d the arn pots, which were 3.7 m by 24.7m (Figure 4.7). A totd
of six plots, i.e. two of ead pot length, were aeated in an areaof Groseclose silt | oam that had
been falow for at least two years. The first rainfall simulation cccurred approximately 24 haurs
after researchers applied podtry litter to the corn sedion d the plots and lasted for an hou. The
secondsimulated rainfall event occurred 24 hous after the first rainfall event and lasted one half
hou. The third simulated rainfall event occurred one half hour after the second rainfall
simulation and also lasted for one half hou. The rainfall intensities of the storms were,
respedively, 57 mmhr, 62 mmhr, and 61 mm/mr. Buck et a. (1998 described the experiment
in detail .

Figure 4.7: Virginia Tecd Plot Study Dimensions
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4.7.2 Bacterial Model Simulation of Virginia Tech Plot Study

The ANSWERS-2000input files were aeaed based uponthe information presented by Buck et
a. (1998 for the Virginia Tech Plot study described in the previous sdion. The plot areas (for
eadh pot type) were drawn as dapefiles in the ArcView geographic information system
(ArcView, 192-1999 and conwverted into grids with 1-m square cells. Because all cells must
have sguare dimensions, the plots could na be represented exadly to match the plot areas of the
study and the resulting plot areas for the 0-m, 4.3m, and 8.5m plots were 72 m?, 84m?, and %
m?, respedively. The errorsin the plot sizes were accourted for in the model predictions, which
were cdculated ona per areabasis, by multiplying the predicted value by the gpropriate fador

(theratio o the acual plot areato the smulated plot areg.

ArcView (ArcView, 192-1999 was aso used to creae the necessary grid files to indicae plot
dope, asped, croppng aress, and flow direction. An example of how flow diredion was
indicated for plots is $own in Figure 4.8. For plots that had VFSs, two landuse aeas were
designated in the landuse grid file; the speafic landuse/crop charaderistics were alded to the
input files using the information available in QUESTIONS, the ANSWERS-2000 interface.
Soil s were uniform throughou plots and QUESTIONS used soil s information from the SSURGO

soil s database (USDA-NRCS, 2003 to add soil charaderisticsto the inpu files.

91



Figure 4.8: Sample of Input Flow Direction Grid for Virginia Tech Plots
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The manure inpu file was also creaed using information from Buck et a. (1998. Buck et al.
(1998 did na test the manure for initia baderia concentration. Therefore, the bacterial
concentration in the gplied turkey litter was cdculated using an average vaue for fresh litter

presented by Chaudry et al. (1998.

The baderial model was run wsing the initial inpu fil es described above, bu becaise the model
overpredicted the measured rundf and sediment data, cdibration was performed. Even with
extensive cdibration wsing soil parameters (percent sand, silt, clay, and aganic matter), live and
dea root mass antecalent moisture mndtions, and Manning's n, the model was unable to
predict runoff and sediment within an order of magnitude in al but one case. The ANSWERS-
2000modd was designed to simulate rundf and associated sediment and nurient loadings from
agricultural watersheds over an extended period of time rather than individual storm events from
small plot areas (Byne, 1999, which may be one source of the model’s difficulty in predicting

rundf and sediment. Ancther potential source of model cdibration dfficulties is the reported
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measured data. Limited information was given for individual runs conducted for this gudy by
Buck et al. (1998; except for rundf, the reported measured data ae averaged acrossall three
runs, which makes cdibration and evaluation dfficult. Additionally, for the hou-long first run
(57 mmhr intensity), only 0.5 and 0.1 mm of rundf were measured for the 4.3-m and 8.5m
plots, respedively, which is very littl e rundf for 57 mm of rainfall. The dosest cdibrated model
rundf prediction for the 4.3-m and 8.5m plots had an error of approximately 820%, which

makes comparison d bacterial concentrations in rundf meaningless

The comparison d measured versus predicted values was only conducted for the no filter strip
plot, Run 1scenario because reasonable runoff and sediment values were predicted for this plot
after model cdibration using Manning's n, antecedent moisture @ndtion, and live and cea roct
mass Table 4.1 shows the measured and predicted values from the cdi brated model for rundf,
total suspended solids (TSS in rundf, baderial concentrations in rundf, and their asciated

errors for this <enario. Theinpu and ouput filesfor thisrunarein Appendices B and D.

Table4.1: Measured and Predicted Runoff, Total Suspended Solids (TSS), and Bacterial
Concentrationsfor Virginia Tedh No Filter Strip Plot, Run 1

Rundf TSSin Rundf Baderial Concentrationin Rundf
(mm) (ppm) (cfu/200mL)
Measured 76 496" 2.4X10° "
Vaue
Predicted 781 505 ' 1.1X10°
Vaue
% Error 2.6 1.8 -54

" Buck et al. (1998 reported these values as the average of three runsfor each plot size.
T Calibrated mode! prediction.
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The cdibrated model predictions for rundf and TSS were within 3% error of the reported
measured values. The model underpredicted baderial concentration in rundf, bu the predicted
value was within an order of magnitude of measured data. McKeon and Segna (1987 suggest
that an order of magnitude for uncalibrated model predictions is an acceptable ad reasonable
range of error. Thus, the predicted baderial concentration for this plot run was within an
aceptable range of the measured data. Prior to model cdibration, the baderia model
predictions showed that baderia in runoff were transported as both sediment-adsorbed and free
with sediment-adsorbed contributing 16% to 24% of the total baderia in transport. After
cdibration, which drasticdly reduced the sediment in rundf, bacteria were only transported as

freebaderia

4.7.3 University of Kentucky Plot Study Description

A plot study was conducted by YoungbloodMyers (200]) in late spring 2001 mea Lexington,
KY in oder to determine, among other things, whether there were any chemicd or physical
water quality parameters that could be used to predict fecd bacteriain runoff. The plots in this
study were anstructed on a Maury silt |oam soil and were 2.44m wide by 6.10m long with an
average slope of 3% along the main axis. The plot vegetation was predominantly fescue, which
was maintained between 10 and 15cm in height. Yourngblood-Myers applied catle manure to
threeof 21 dots. Threesimulated rainfall events were gplied to the plots: the first occurring
just after manure goplication, the second acurred one week after the first, and the third occurred
one week after the second simulated rainfall event. All smulated rainfall events had an intensity
of 102 mm/r, which occurred urtil one haf hour of rundf had occurred. Rundf samples for

baderial analysis were only colleded for the first one half hou of rundf, and a flow-weighted
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composite sample was formed from seven individual samples taken within that half hou for each

plot.

4.7.4 Bacterial Model Simulation of University of Kentucky Plot Study

The ANSWERS-2000inpu file used for these simulations was creded as close to condtions
reported in YourngbloodMyers (2001) as possble. The plot areawas drawn as a shapefile in
ArcView (ArcView, 192-1999 and converted into a grid with 1-m square cells. Because dl
cdls must have square dimensions, the plot area ®ud na be represented exadly and the
resulting plot area was 18 m®. The aror in the plot size was accounted for in the model
predictions presented in this dion wsing the same methods described for the Virginia Ted
study (Figure 4.8). ArcView (ArcView, 19921999 was aso used to crede the necessary grid
files to indicae plot dope, asped, croppng areas, and flow diredion in the same way that the
Virginia Tedh grid files were creaed. All plots had oy one landuse, and the spedfic
landuse/crop charaderistics were alded to the input files using the information available in
QUESTIONS, the ANSWERS-2000interface and information provided by YoungbloodMyers
(2007). Soils were uniform throughou plots, and QUESTIONS used soil s information from the

SURGO (USDA-NRCS, 2002 soil s database to add soil characteristicsto theinpu fil es.

The manure inpu file was aso creded using information provided by YoungbloodMyers
(2001). The baderial concentration in the manure used for this gudy was from the baderial test
results reported by Y oungblood-Myers (1.99X10° cfu/g). This reported value was approximately
45% less than the average for the fresh catle manure tested in the field study described in

Sedion 3.0.
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The initial inpu files described above were used to simulate the storm events described by
YourgbloodMyers (2001). Due to large overpredictions of runoff and sediment, however, the
model was cdibrated by adjusting Manning's n values, antecadent moisture content of the soil
and live and dead roat massin the soil. Youngbood-Myers (200]) presented individual rundf
and rainfall data for each rainfal simulation event. She presented the baderial concentration
average of same-spedes plots; she did na present results from the individual plots or standard
deviations for same-species plots. The plot study rundf data are cmpared to the predicted
rundf datain Table 4.2; the sediment data are compared to the predicted sediment datain Table
4.3; and the average bacteria concentrations from the cdtle manure plot study are compared to
model predictions for baderial concentrationsin Table 4.4. Input and ouput files for these runs

areincluded in Appendices C and E, respedively.

Table4.2: Comparison of Kentucky Cattle Manure Plot Study Runoff Resultsto
Calibrated Model Runoff Predictions

Measured Predicted
Run  (Average) Rundf Rundf % Error
(mm) (mm)
1 14.0 13.9 -0.71
2 15.6 15.4 -1.3
3 134 13.3 -0.75
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Table4.3: Comparison of Kentucky Cattle Manure Plot Study Total Suspended Solids
(TS Resultsto Calibrated Model TSSPredictions

M easured

Run (Average) TSS Predicted TSS % Error
(ppm) (Ppm)
1 75.1 94.4 25.7
2 17.9 22.7 26.8
3 9.07 11.2 23.5

Table4.4: Measured and Predicted (with Runoff and Sediment Calibrated) Total
Bacterial Concentrations as Averaged AcrossK entucky Cattle Manure Plots

Measured (Average) Predicted Baderial

Run Baderia Concentration Concentration % Error
(cfu/200mL) (cfu/200mL)
1 2.4X10° 1.6X10° -93.3
2 1.0X10° 1.7x10° -83.0
3 300 254 -15.3

As own in Table 4.2, the predicted rundf from the cdibrated model estimated the measured
rundf well. The cdibrated model estimates of TSS(Table 4.3) were dlightly overestimated, bu
were reasonably close to measured TSSdata. The predicted baderia concentrations in rundff
(Table 4.4) for al runs were underpredicted, but were within an arder of magnitude of the
measured data, which is a reasonable difference for uncdibrated parameter prediction (McKeon
and Segna, 1987. The overal trend d the predicted baderial concentrations in rundf was
similar to the trend olserved in the measured data. The measured data showed the highest
baderial concentration for the first storm event, which occurred immediately after manure
applicaion, followed by a dedine in bacterial concentrations for the foll owing two storm events.

Prior to cdibration, the baderial model predicted that baderia were transported as both free and
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sediment-adsorbed, with sediment-adsorbed bacteria contributing 13% to 23% of the total

baderia in transport, but after cdibration, which drasticdly reduced sediment in rundf, the

baderial model transported baderia & free only.

475 Overall Mode Discussion

Baderial parameters that must be included in the manure inpu file in order for the baderial

model to estimate baderia concentrations in runoff include: year of manure gplicaion; Julian

day that manure is applied; crop number to which manure is applied; die-off rate constant,

concentration d bacteriain manure (in unts of cfu/mL or cfu/g); and amount of manure applied

(in unts that are consistent with thase used for concentration d baderia in manure, either L/ha

or kg/ha). The assumptions for the bacterial model developed in this dion are:

1)

2)

3)

4)

5)

6)

7)

the hydrology and sediment submodels in ANSWERS-2000 appropriately simulate
watershed condtions;

al baderia gplied to the cdl are avall able in the soil effedive depth of interadion;
the GLEAMS (Knisel et a., 1993 free and sediment-adsorbed P transport models, as
implemented into ANSWERS-2000,adequately represent free and sediment-adsorbed
baderial transport;

Chick’s law appropriately represents baderial die-off under field condtions;
sediment-adsorbed bacteria ae distributed throughou the soil particles in propartion
to the spedfic surface aea of the soil particles;

baderial die-off occurs at the end d each day;

cdls that have not had manure goplied to them will contribute negligible amourts of

baderiato rundf in comparisonto cdlswith applied manure; and
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8) the maximum survival of baderia on a cdl from one gplicaion d manure is 120

days.

The ANSWERS-2000 model had dfficulty predicting rundf and sediment concentrations in
rundf from the plots. The ANSWERS-2000 model was intended for use and designed as a
watershed model; it was not designed to simulate small, plot-sized “watersheds.” The small size
of the “watersheds’ used in the model evauations for the Virginia Tech and University of
Kentucky plot studies may be the reason that the ANSWERS-2000 model had dfficulty
predicting rundf and sediment. The ANSWERS-2000model has siccesgully estimated rundf
and sediment for larger watershed studies/comparisons (Byne, 1999. The baderial model
developed and implemented in the ANSWERS-2000 model did na modify any of the runoff or
sediment cdculations. During model evaluation, Byne (199) fourd that the ANSWERS-2000
model was better at predicting long-term runoff averages than rundf from individual storm
events. He dso commented that the months that had the highest overprediction of rundf were
the months with the most rainfall. Months with the highest amourt of rainfal do nd necessarily
translate into months with the highest intensity rainfall events, bu there may be alink between
the two. The rainfall intensities used duing bath the Virginia Tech and University of Kentucky
plot studies were intense for short durations, which may have been dfficult for the model to

simulate based uponByne' s findings.

Because ANSWERS-2000 gosdy overpredicted rundf and sediment concentrations in runoff,

the model required calibration for both runoff and sediment. Prior to cdibration, the model

predicted bah sediment-adsorbed and free bacterial concentrations in rundf for the Virginia
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Ted and Kentucky plot studies. After calibration, which grealy lowered rundf and sediment
concentrations, the model predicted that only free baderia were transported in rundf, as s1own
in the plot study output files in Appendices D and E. The predicted average bacteria
concentrations in runoff were within an order of magnitude of measured values, and the baderial
concentrations in rundf were lessfor storms that occurred longer away from manure gplicdion,

which is also appropriate due to baderial die-off andlosses from previous storm events.

As mentioned in the beginning of this ®dion, the ANSWERS-2000model was naot intended for
use on such small watersheds and hes own itself to be better at estimating longterm results
rather than individua storm events (Byne, 199). This model was intended to model the
delivery of baderia to surface waters, and most long-term, watershed-sized data aurrently
avail able use in-stream monitoring rather than edge of field measurements. Therefore, when
databeaome avail able, it would be useful to test this baderial model over alonger time period
a larger agricultural watershed, to determine if the baderia prediction errors are reduced.
Additionally, further reseach into baderia transport dynamics may provide much neeled

information to improve baderial estimations.

4.8 Senditivity Analysis

Mode sensitivity is the diange in model output per change in parameter input. Sengitivity
analysis describes how model output varies over a range of values of a given inpu variable
(Byne, 1999. This @ngitivity analysis was conducted to determine which model parameters
most influence model predictions of baderia concentrationsin rundf. The relative sengitivity of

aparameter asused in Byne (1999 and Dubus et a. (2002 is defined as foll ows:
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wm
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where S = relative sensitivity, O = output, and P = input. In dscrete terms, the &owe is

rewritten as;

i

where the subscript “b” represents a base value. This method thus normali zes the sensitivity
values, which alows model sensitivity for each parameter to be compared to that of other
parameters. This method of comparison all ows the user to determine alevel of importance of the
parameters. Parameters to which the model is most sensitive must be dhasen carefully because a
small difference in the parameter value can cause markedly different model output. Model

output is dependent upon the inpu data set; therefore, a sensitivity analysis conducted with ore
data set may identify different parameters as most influential on model output. The sensitivity

anaysis canna be generali zed to all data sets.

4.8.1 Procedure
The datafile aeated for the Virginia Tech 8.5m VFS plot study, described in Sedion 4.3.1 was
used for the sengitivity analysis. The 8.5m VFS plot was chosen becaise two crop types were

used and it was the largest plot size avail able for testing. In addition, the storm used was the first
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storm after manure gplication kecause this gorm shoud have the highest amount of baderia
available for runoff since die-off has not occurred, yet. Ead of the parameters created for the
baderial model were included in this analysis including: die-off rate cnstant, baderia
concentration in manure, amourt of manure gplied, baderial partitioning coefficient, and
extradion coefficient. The parameter base values were varied by —-50%, —25%, -10%, +10%,
+25%, and +50%; the output variable of interest was average baderial concentration (cfu/mL) in

rundf at the plot outlet. The relative sensitivity was caculated using Equation [41].

4.8.2 Resultsand Discussion

The parameter base values, their adjusted values, ouput values, and relative sensitivity are
shown in Table 4.5. For this data set, the bacterial model was most sensitive to the bacterial
concentration in the manure and the amourt of manure applied. The relative sensitivity for both
parameters was 1.0, indicaing a propationa relationship between the average bacterial
concentration and the parameter. Both of these parameters are defined by the user in the manure
inpu file and affed the anount of baderia in runoff because they bath diredly determine how
much baderia is on the soil initialy, thus determining the anourt of baderia available for
rundf. Because the storm event chasen for this comparison occurred oy 24 hous after manure
applicaion, the initial amount of baderia on the plot was expeded to be influential on predicted
baderial concentrations in rundf. It was expeded that increasing the anourt of baderia on the
soil would increase baderial loadings, but a proportional relationship was not anticipated. In a
long-term watershed simulation, kaderial die-off would likely have greaer influence on baderial
concentration in rundf than for a single storm event that takes place within 24 hous of manure

applicaion.
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Table4.5: Bacterial Modd Sensitivity Analysis

Average Baderid

Parameter Parameter Parameter Concentration Relat_iv_e
Change Value (cfw/100mL) Sensitivity
-50% 0.0545 65,247 0.2674
-25% 0.08175 61,279 0.2590
_ -10% 0.0981 59,015 0.2542
D'&?g:ﬂ?e Base 0.109 57,552 na’
+10% 0.1199 56,126 0.2478
+25% 0.1363 54,046 0.2432
+50% 0.1635 50,765 0.2359
-50% 568359 28,776 1.00
-25% 852539 43,164 1.00
Baderial -10% 1023046 51,797 1.00
Concentrationin Base 1136718 57,552 na
Manure +10% 1250390 63,307 1.00
+25% 1420898 71,940 1.00
+50% 1705077 86,328 1.00
-50% 6290 28,776 1.00
-25% 9435 43,164 1.00
-10% 11322 51,797 1.00
" aﬁ[j‘r‘;“ArL;‘: .  Bese 12580 57,552 na
+10% 13838 63,307 1.00
+25% 15725 71,940 1.00
+50% 18870 86,328 1.00
-50% 955 56,274 0.0444
-25% 1432 57,242 0.0216
Baderial -10% 1718 57,475 0.0134
Partitioning Base 1909 57,552 na
Coefficient +10% 2100 57,585 0.0057
+25% 2386 57,573 0.0015
+50% 2864 57,443 0.0038
-50% 0.05 48,340 0.3201
-25% 0.075 53,901 0.2538
_ -10% 0.09 56,268 0.2231
gggﬁa‘i‘gi"e’r:l Base 0.1 57,552 na
+10% 0.11 58,646 0.1901
+25% 0.125 59,993 0.1697
+50% 0.15 61,646 0.1423
“not applicable
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The die-off rate constant had the second hghest relative sensitivity range (0.2359to 0.2673 for
this data set. The storm used for the sensitivity analysis was a storm that occurred 24 hous after
manure gplicaion; therefore, die-off would na be expeded to be & influential as the anount of

applied baderia

The extradion coefficient had a cmparatively broad range of relative sensitivity values, 0.1423
to 0.3201 When the parameter was increased from the base value, the influence on the model

output deaeased, and when the parameter was deaeased from the base value, the influence on
the model output incressed. The extradion coefficient, which was taken from the P model as

described by Bouraoui (1999), isonly used for free baderiatransport cadculations.

The model was least sensitive to the baderial partitioning coefficient for the data set used, with a
relative sengitivity range of 0.0038to 0.0444. This parameter influences how much of the
baderia are avail able &s free baderia versus sediment-adsorbed baderia. The base value used in
this analysis was from Reddy et a. (1981), and littl e information was given as to how this value
was determined. Changes in the parameter values used (955to 2864cfu/mL) had littl e éfed on
the baderia concentrations in rundf. The results indicaed that this parameter was more
influential on bacterial concentration in rundf when it was reduced from the base value for this
analysis. Further reseach is needed to better understand baderial partitioning between soil and

solution and additional partitioning coefficients sould be determined.
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CHAPTER S SUMM ARY AND CONCLUSIONS

5.1 Fied Study

Reseach objedive 1 was to determine if Chick’s law appropriately described the die-off or
diminution (die-off plus =ttling) rates of fecd coliforms (FC) and Escherichia coli (EC) in
turkey and dairy waste storage faciliti es; in pasture and cropland soil s with land-applied manure;
and in dairy milker, dairy heifer, and beef cow fecd depasits, and to determine die-off rate or
diminution rate @nstants, as appropriate. Three different field studies were @nducted to
adhieve thisobjedive. Because the data olleded for these field studies were repeaed measures
from the same eperimenta units, smple linea regressons were inappropriate to statisticdly
anayze the data (Ott, 1993. The field data were normalized and log-transformed (base 10), in
acmrdance with Chick’s Law, and analyzed statisticaly using the proc mixed procedure and a
repeaed measures datement in SAS (SAS, 19992000 to develop popuiation lines, which were
equivalent to Chick’s Law. One drawbadk to using the mixed model methodto analyze the field
data was that no fit statistic, such as R-squared, was generated, which meant that visual
inspedion and judgement had to be used to evaluate if the popuation lines (Chick’s Law)
appropriately represented the data. Statisticd comparisons between data sets/types were

condwcted using the log-likelihoodmethod (Little & al., 199§.

The turkey litter storage comporent of objedive 1 could na be adieved dwe to a dhdera

outbre&, which resulted in farmers limiting accessto their faciliti es for fear of spreading the

disease. Two turkey farmers had vdunteered to participate in this gudy, bu only five samples
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(total) were taken from these fadliti es prior to the dhdera outbreak. Therefore, the data were

inadequate to determine any relationships for bacterial die-off in turkey litter pil es.

To investigate baderial survival in stored dairy manure, three dairy waste storage ponds were
sampled ower time for FC and EC. The dairy waste storage ponds were in use throughou the
duration d the study. The data were narmalized, log-transformed (base 10), and dotted. The
popdation line (Chick’s Law) was determined for the data wlleded prior to reagitation. The
slope of the popuation line was equivalent to the diminution rate @nstant, which represents the
effects of die-off plus sttling. The slope of the resulting popuation estimation line (Chick’s
Law) represented the data quite well. The diminution rate constants cdculated in this gudy are
only appropriate to describe the baderial diminutionin the upper sedion d dairy manure storage
ponds and for ponds located in climatic regions smilar to the study condtions in the New River
Valley of Virginia. Farmers who are ale to pump ou the supernatant or top pation of their
ponds for irrigation puposes may be able to use the diminution rates calculated in this gudy to
estimate baderial concentration d the irrigation water, bu these diminution rates sroud na be
used to estimate baderial concentrations in manure from mixed pond or ponds that withdraw
manure from deeper depths of the pond. The mlleded data may be more useful when couded
with ather studies that investigate baderial concentrations in manure storage ponds at different
depths or studies that investigate bacterial concentrations in manure storage ponds throughou

several agitation-rest cycles.

The land-applied manure study consisted of threesites in the New River Valley of Virginia that

applied manure from dairy waste storage ponds at varying rates to cropland and pesture fields.
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The field soils were sampled for FC and EC concentrations from the day of application at
intervals until no baderia were deteded in the soil. The baderia data colleded for pasture and
cropland sites were statisticdly different (¢ = 0.09. Therefore, the cropland data were
normali zed, log-transformed (base 10), and dotted, and the same was done to the pasture data.
Popuation lines (Chick’s Law) were cdculated for ead field type with the slopes, again, being
equal to the die-off rate cnstants for each. The slopes of the popuation lines (Chick’s Law)
provided good estimates of the arerage die-off, which can be useful for modeling. The die-off
rate of bacteria on pasture was greder than the die-off rate of baderia on cropland. Both
cdculated de-off rate constants were much lessthan die-off rate mnstants cited by Crane and
Moore (1985 for dairy manure gplied to pasture, which suppats the use of field-derived de-
off rate constants in baderial modeling. The maximum length of bacteria survival on cropland
and pesture fields was 120 days. The die-off rate constants cdculated in this gudy shoud na be
used to model bacterial die-off for soil, landuse, or climatic condtions that are dissmil ar to thase

of this gudy.

The third comporent of objedive 1 was achieved by sampling dairy heifer, dairy milker, and
bed cow fecd deposits over time. Fresh fecal deposits were observed and then marked in order
to return to the same fecal depaosit over time. The fecd deposits were sampled for FC and EC
until the fecd depasits were gone or indistinguishable from underlying soil. Two sets of data
were ollected; one set started in late April/ealy May, and the other set started mid-June. The
two sets were compared and determined to be statisticdly similar, so both sets were lumped
together for other comparisons and cdculations. The data were dso compared by animal type

and were dso statisticdly similar. Therefore, al of the fecd depaosit data were used as one large



data set. The data were normalized, log-transformed (base 10), and dotted. A popuation line
(Chick’s Law) was cdculated and plotted. For the wndtions of this field study, the popuation
estimation line (Chick’s Law) represented the datawell, in so far as presenting an average slope,
which is adequate to determine adie-off rate constant. The popuation line (Chick’s Law)
adequately represented the average of the data for the first 70 days, which was how long the
majority of the feca deposits lasted. Beyond 70days, however, there was a arvili near departure

from the straight popuation estimation line (Chick’s Law).

Because states are encouraged to use EC as the indicaor organism in monitoring and TMDL
development (USEPA, 2002, many states that have mllected FC data might be interested in
determining if there is a quantifiable relationship between EC and FC that can be used to relate
FC data to EC. Therefore, the EC/FC ratios for the land-applied manure study and the fecd
deposition study were evaluated over time to see if such a relationship could be discerned. For
the sites and condtions sampled, the EC/FC does dedine over time, in general. However,
because there ae severa periods dispersed throughou the data where the EC/FC ratio increases
rather than deaeases and becaise there is a wide range of variability of the EC/FC ratio even for
similar condtions, the data do nd readily lend themselves to the development of a quantifiable
relationship that can be used to relate FC to EC data. The data @lleded from this research could
be cmbined with data from future studies investigating the EC/FC ratio in arder to develop an

appropriate relationship that may help researchers and consultants relate FC to EC.
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5.2 Bacterial Model

Reseach objedive 2 was achieved by developing abaderial model and incorporating that model
into the Ared Nonpant Source Watershed Environmental Respornse Simulation (ANSWERS-
2000 model, which is a @ntinuows, distributed watershed model developed for ungaged
watersheds that simulates hydrology, erosior/sediment, and nurient transformation and
transport. No changes were made to the existing hydrology, sediment, and nutrient submodelsin
ANSWERS-2000. The baderia model simulates die-off using Chick’s Law, afirst order decay
equation. The baderia were partitioned between soil and water using a linea isotherm equation
developed by Reddy et al. (1981). This partitioning all owed baderia transport to be simulated

as both free and sediment-adsorbed baderia.

Baderial parameters that must be included in the manure inpu file in order for the baderial
model to estimate baderial concentrations in rundf include: a) year of manure gplication, b
Julian day that manure is applied, ¢) crop number to which manure is applied, d) die-off rate
constant, €) concentration d baderia in manure (in unts of cfu/mL or cfu/g), and f)amourt of
manure gplied (in unts that are @nsistent with those used for concentration d baderia in
manure, either L/haor kg/ha). The overall assumptions of the model are & foll ows:
1) the hydrology and sediment submodels in ANSWERS-2000 appropriately simulate
watershed condtions,
2) dl baderia goplied to the cdl are availablein the soil effedive depth of interadion,
3) the GLEAMS (Knisdl et al., 1993 free and sediment-adsorbed P transport models
were simil ar to free ad sediment-adsorbed baderia transport,

4) Chick’slaw appropriately represents baderia die-off under field condtions;



5) sediment-adsorbed becteria ae distributed throughou the soil particles in propartion
to the spedfic surface aea of the soil particles,

6) baderia die-off occurs at the end d each day,

7) cdlsthat have not had manure goplied to them will contribute negligible amourts of
baderiato rundf in comparisonto cdlswith applied manure, and

8) the maximum survival of baderia on a cdl from one gplicaion d manure is 120

days.

The model was evaluated using two plot studies, ore from Virginia Tedh (Buck et al., 1998 and
one from the University of Kentucky (YoungbloodMyers, 200). Measured data were
compared to model predictions of runoff, total suspended solids (TSS, and laderia
concentrations in rundf. The model had dfficulty predicting runoff from amost al of the plots,
with errors ranging from approximately —75% to 13,0006 prior to model cdibration. Byne
(1999 foundthat the ANSWERS-2000model was better at predicting long-term averages from
watersheds than predicting individual storm rundf events, which may partialy explain the
rundf errors. As mentioned previously, howvever, the baderial model did na modify any of the
hydrology code in ANSWERS-2000, so the baderial model, itself, would na have caused the

rundf predictionerrors.

For the Virginia Tech study (Buck et al., 1998, researchers applied podtry litter to corn plots
that had O-m, 4.3m, or 8.5-m vegetated filter strips (VFSs) below the corn. Buck et al. (1999
did na explain hov the presented baderial data were derived, so it was assumed for model

evauation that the one baderial concentration presented for ead plot type was averaged across
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al threerainfal simulations. Because runoff for these plots was greatly overpredicted, model
cdibration was conducted using several parameters including soil parameters (percent sand, silt,
clay, and aganic matter), live and dead root mass antecalent moisture @ndtions, and
Manning’'s n. Even with cdibration, the model predictions for rundf, in al but one cae, grealy
excealed measured runoff. The difficulty in predicting rundf may be atributable to the
difficulty the ANSWERS-2000 moddl has in predicting rundf for very smal plots and
individual storm events, or the ladk of information to creae gpropriate inpu files, or errorsin
the reporting or colledion of data for this gudy. For the condtions cited by Buck et a. (1999
and represented in the input files in Appendix B, a comparison d model predictions to measured
values of runoff, TSS and baderial concentration was only conduwcted for the first rainfall event
on the plot with no VFS. The model was cdibrated for runoff and TSS but not for bacteria
concentrations; cdibrated rundf and TSS predictions had less than 3% error. The baderial
concentration prediction was in error by —54%, but was within an arder of magnitude of the
measured bacterial concentration, which is an accetable range of error for an urcdibrated
model prediction (McKeon and Segna, 1987. The model predicted that only free(in solution)
baderia were transported in rundf after the model was cdibrated for rundf and sediment. Prior
to cdibration sediment-adsorbed bacteria in transport accourted for approximately 16% to 24%

of the total baderiain runoff.

For the University of Kentucky plot study (Y oungblood-Myers, 200J), reseachers applied cdtle
manure to small pasture plots and conducted three rainfall simulations, which were aweek apart
from each aher. YoungbloodMyers (2001) presented flow-weighted average bacterid

concentrations for ead storm event as well as rundf and TSS The ANSWERS-2000 moddl

111



aso had dfficulty predicting TSS and rundf for this plot study, and mode cdibration was
conduwcted by modifying live and dead roat mass Manning's n, and soil antecedent moisture
content. Predicted baderial concentrations were compared to the flow-weighted averages from
the study. For the condtions cited by Y oungbloodMyers (2001) and represented in the inpu
files in Appendix C, the predicted bacteria concentrations were underestimated in all three
rainfall simulation runs, with errors ranging from —15% to -93%. Additionaly, al of the baderia
in rundf were simulated as free(in solution) after cdibration grealy reduced the TSS Prior to
cdibration, the model simulated bah free and sediment adsorbed baderia in runoff, with
approximately 13% to 25% transported as sediment-adsorbed. The underpredictions could be
due to the difficulties in predicting TSS which would affed sediment-adsorbed bacteria
predictions, the lack of information to creae appropriate inpu files that appropriately represent
site @ndtions, or errors in the reporting or colledion d data for this study or errors in the

reporting or collection d datafor this gudy.

The model evaluation, with resped to measured data from the plot studies, indicaed that some
improvements might be needed in the baderia model to improve baderial concentration
estimates. The average baderial concentration predictions in rundf for storms closer to manure
applicaion have higher concentrations than the predicted average baderial concentrations in
storms that are further away from manure gplicaion, which would be expeded becaise of

baderial die-off andlosses from previous form events. The overall trends were reasonable.

A sengitivity analysis was also condicted using the initial, uncdibrated inpu file aeaed for the

Virginia Tech plot with an 8.5m filter strip. Bacterial concentration in rundf from the storm
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event occurring 24 hous after manure gplicaion was the output parameter used to cdculate
relative sensitivity. The parameters that were evaluated in the sensitivity analysis were only
those that were added to ANSWERS-2000 by the bacterial model including: the die-off rate
constant; the baderial concentration in applied manure; the amourt of manure applied, the
baderial partitioning coefficient; and the extradion coefficient. The model was most sensitive to
baderial concentration in manure and the anourt of manure gplied (both having relative
sensitivity values of 1.0). The die-off rate constant was the next highest relative sensitivity
values with a range from 0.2359to 0.2674. It was anticipated that this parameter would have
more influence on model predictions of bacterial concentrations in rundf. The storm used to
evaluate model sensitivity, as discussed above, occurred orly 24 haurs after manure gplicdion,
which dces not alow die-off to have much influence on the anourt of baderia available for

rundf.

5.3 Conclusions

The reseach oljectives and hypotheses are restated below with the conclusions resulting from
thisreseach. The mnclusions drawn from the field studies are only appliceble for the cndtions
stated in this work and shoudd na be extrapolated for use to ather climatic regions or areas
whose land-uses or soil s differ fom those in this gudy because the results may not be gplicable
to such aress. Similarly, the baderial modeling conclusions are only applicéble for thase

condti ons for which the modd has been tested.

Objedivel: Determine relationships and constants to describe FC and EC die-off or

diminution in @) dairy and turkey waste storage faciliti es, b) soils with land-
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Hypothesis 1

applied dairy manure, and c) dairy milker, dairy heifer, and keef cow fecd

deposits.

For all field-studies, FC and EC die-off or diminution ae described by Chick's

Law.

e FC and EC in dairy manure storage pond used in this dudy exhibited
diminution rates in accordance to Chick’'s Law between agitations or
withdrawals (Table 5.1).

* The diminution rates determined in this field study were lower than de-off
rates cited in literature for anaaobic manure storage under laboratory
condtions.

» Baderid die-off on cropland and pastureland were statisticdly different from
ead ather.

* The die-off rates (Table 5.1) for both cropland and pestureland foll owed
Chick’s Law; Chick’s Law represented cropland data better than pastureland
data.

» Thedie-off rate of baderia gplied to pastureland was greder than the die-off
rate of baderia gplied to cropland.

» The resulting land-applied manure die-off rates were lower than rates cited in
literature (Table 5.1) for manure eplied to pasture under laboratory

condtions.
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» Baderia die-off in fea deposits from dairy heifers and milkers and bed
cows were statisticaly similar.

» Baderia die-off infecd deposits followed Chick’s Law (Table 5.1).

 TheEC/FC ratio for land-applied manure and fecd depasits generally declines
over time; no quantifiable relationship was discerned.

* All field studies supported the assumption that field-derived parameters
gredly differ from laboratory-derived parameters, which indicates that field

parameters shoud be used to model field conditions.

Table5.1: Summary of Die-off or Diminution Rate Constants (Base 10) from Field
Studies and Range of Avail able Reported Values (Craneand Moore, 1985

Field Study B%/Ipe);ia Die-off (I(?jgt;e_lgionstant Racgleuc;; I(R:jea%g;ed

Manure Ponds FC 0.00478 0.0440.125

EC 0.00781 na'
Manure Applied to FC 0.01351 na
Cropland EC 0.01734 na
Manure Applied to Pasture FC 0.02246 na

EC 0.02796 0.28620.3544
Fecal Depositions FC 0.01376 na

EC 0.02039 na
"These values are diminution rates not die-off rates.
"ot avail able.
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Objedive2: Developa comprehensive model of overland transport of FC and EC.

Hypothesis2 The bacterial model estimates bacterial delivery to surface waters (i.e., bacteria

in rundf prior to entering stream system) within an ader of magntude.

* Withou cdibration, the baderia model had dfficulty predicting rundf and
sediment delivery to the outlet.
 The mode, as tested on two plot studies, was able to estimate average

baderial concentrationsin rundf within an order of magnitude.

5.4 Suggestionsfor Future Research
Much of the science behind baderia survivability and transport is unknown o unclear. The
following are aeas that could provide vital information for improving the baderial model

developed in this research as well as bacterial modeling in general.

» Better understanding of baderia survival under field condtions,

» Better understanding of baderia transport;

» Depending on abowe results, more information on haov baderia partitions between soil
(adsorbed) and soil solution, aswell as extradion d baderiainto rundf;

* Implementing new knowledge on transport and partitioning into baderial models;

* Expansion d the baderial model to include grazed lands in addition to land applied
manure Sites,

* Further testing of this model, particularly at the watershed level, is grealy nealed; and
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* In order to conduwct the dorementioned testing, data must be olleded on a watershed

level that include baderial measurements.
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TableA.1l: Feal Coliform and Escherichia coli Concentrationsin Dairy Manure Storage

Ponds
. Days from F liform Escherichi li
Site SampleDate | . alayZQi?ati on ?;‘6:'1/%80 rgL) > (ngu(jrlgo r?wf())
1 4/19/00 0 6,500,000 5,900,000
1 4/26/00 7 6,000,000 5,300,000
1 5/10/00 21 5,400,000 4,400,000
1 5/24/00 35 3,900,000 3,600,000
1 6/7/00 49 3,000,000 2,800,000
1 6/21/00 63 2,500,000 2,000,000
1 7/13/00 85 2,100,000 1,400,00
1 7/18/00 90 1,600,000 1,000,000
1 8/3/00 106 1,000,000 800,000
1 8/16/00 119 900,000 750,000
1 8/30/00 133 5,000,000 3,000,000
1 9/13/00 147 4,400,000 2,800,000
1 10/4/00 168 4,300,000 2,500,000
1 10/10/00 174 4,000,000 2,400,000
1 10/25/00 189 3,800,000 2,000,000
1 11/10/00 205 3,100,000 1,800,000
1 11/20/00 215 3,300,000 2,000,000
2 5/2/00 0 5,300,000 4,800,000
2 5/17/00 15 4,800,000 4,200,000
2 5/23/00 21 3,900,000 3,000,000
2 6/6/00 35 3,000,000 2,800,000
2 6/20/00 49 2,700,000 2,000,@0
2 7/4/00 63 2,400,000 1,500,000
2 7/1800 77 2,200,000 1,000,000
2 8/2/00 92 1,900,000 800,000
2 8/16/00 106 1,600,000 600,000
2 8/30/00 120 1,500,000 650,000
2 9/13/00 134 1,200,000 600,000
2 9/27/00 148 1,100,000 580,000
2 10/20/00 161 2,000,@0 900,000
2 10/25/00 176 1,800,000 700,000
2 11/10/00 192 2,000,000 800,000
2 11/20/00 202 2,200,000 850,000
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TableA.1 (Continued)

se smpeve | Dafon Fedcdioms  Eeteidiec
3 5/11/00 0 6,000,000 5,100,000
3 5/2500 14 5,700,000 4,000,000
3 6/9/00 30 5,200,000 3,600,000
3 6/21/00 42 4,300,000 2,500,000
3 7/4/00 55 4,000,000 2,000,000
3 7/18/00 69 3,000,000 1,200,000
3 8/2/00 84 2,900,000 1,000,000
3 8/16/00 98 2,700,000 900,000
3 8/30/00 112 2,500,000 700,000
3 9/13/00 124 2,300,000 680,000
3 9/27/00 138 2,200,000 670,000
3 10/20/00 151 2,100,000 640,000
3 102500 166 2,500,000 690,000
3 11/10/00 191 2,900,000 710,000
3 11/20/00 201 3,000,000 740,000
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TableA.2: Feal Coliform and Escherichia coli Concentrationsin Pasture Soil swith
Applied Dairy Manure

Daysfrom Feca Coliform Escherichia coli

Ste  SampleDate o jicdion  (fulgsail)  (cfulgsail) — Eo/FC Ratio
1 5/11/00 0 115,000 95,000 0.83
1 5/18/00 7 23,500 20,000 0.85
1 5/25/00 14 23,000 19,000 0.83
1 6/1/00 21 21,500 17,000 0.79
1 6/8/00 28 20,000 15,500 0.78
1 6/16/00 36 19,000 13,500 0.71
1 6/28/00 44 18,000 12,000 0.67
1 7118/00 64 15,000 9,500 0.63
1 8/24/00 101 5,000 3,5 0.70
1 9/20/00 128 0 0 na'
2 4/24/00 0 30,000 27,000 0.90
2 5/3/00 9 25,500 24,500 0.96
2 5/10/00 16 26,000 23,000 0.88
2 5/17/00 23 1,000 1,000 1.00
2 5/24/00 30 1,300 1,100 0.85
2 6/7/00 44 1,200 1,000 0.83
2 6/21/00 58 1,150 850 0.74
2 7118/00 85 450 50 0.11
2 8/23/00 121 10 3 0.25
2 9/20/00 149 0 0 na
3 5/2/00 0 36,000 34,500 0.96
3 5/9/00 7 34,000 31,500 0.93
3 5/16/00 14 2,800 2,500 0.89
3 5/23/00 21 2,700 2,400 0.89
3 6/6/00 35 2,500 2,100 0.84
3 6/20/00 49 2,050 1,600 0.78
3 7118/00 77 950 500 0.53
3 8/24/00 114 35 5 0.14
3 9/20/00 141 0 0 na

“na— na applicable



TableA.3: Feal Coliform and Escherichia coli Concentrationsin Cropland Soilswith
Applied Dairy Manure

Daysfrom Feca Coliforms  Escherichia coli

Ste  SampleDate ' icaion  (cfulg soil) (cfulg soil) EC/FC Retio
1 41900 0 28,500 26,500 0.93
1 426000 7 23,500 19,500 0.83
1 5/3/00 14 23,000 19,000 0.83
1 51000 21 23,000 18,000 0.78
1 52400 35 20,000 17,000 0.85
1 6/7/00 49 15,000 11,500 0.77
1 62100 63 10,500 9,500 0.90
1 71800 90 4,900 4,500 0.92
1 82300 136 2,000 1,400 0.70
1 9/20/00 164 0 0 na’
2 5/2/00 0 2,250 2,050 0.91
2 5/9/00 7 2,000 1,850 0.93
2 51600 14 2,650 1,450 0.55
2 572300 21 2,550 1,050 0.41
2 6/6/00 35 2,000 750 0.38
2 620000 49 1,550 500 0.32
2 71800 77 500 45 0.09
2 8724000 114 20 4 0.20
2 9120000 141 0 0 na
3 51100 0 14,500 13,000 0.90
3 51800 7 13,000 11,500 0.88
3 52500 14 12,500 10,500 0.84
3 6/1/00 21 12,000 9,500 0.79
3 6/8/00 28 11,000 8,500 0.77
3 61600 36 9,500 5,500 0.58
3 62800 44 8,000 4,500 0.56
3 71800 64 5,000 2,500 0.50
3 824000 101 1,500 450 0.30
3 9720000 128 0 0 na

"na— nat applicable
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TableA.4: Feal Coliform and Escherichia coli Concentrationsin Dairy Milker Fecal

Deposits
Ste  Set SampleDae D3Sfrom Fecal Coliforms Escr::?)rllicma EC/FC Ratio
Deposition (cfu/g)
(cfu/g)
1 1 5/19/00 0 305000 295000 0.97
1 1 5/24/00 5 295000 265000 0.90
1 1 5/31/00 12 200000 195000 0.98
1 1 6/7/00 19 190000 180000 0.95
1 1 6/21/00 33 170000 150000 0.88
1 1 7/4/00 46 150000 135000 0.90
1 1 7/13/00 55 100000 90000 0.90
1 1 7/18/00 60 80000 50000 0.63
1 1 7/26/00 68 50000 15000 0.30
1 1 8/3/00 76 35000 5000 0.14
1 1 8/9/00 82 15000 3500 0.23
1 1 8/16/00 89 4500 1000 0.22
1 2 7/19/00 0 1200000 850000 0.71
1 2 7/21/00 2 1150000 800000 0.70
1 2 7/26/00 7 1100000 750000 0.68
1 2 8/3/00 14 1050000 650000 0.62
1 2 8/9/00 20 900000 500000 0.56
1 2 8/16/00 27 7500® 300000 0.40
1 2 8/23/00 34 550000 200000 0.36
1 2 8/30/00 41 400000 50000 0.13
1 2 9/6/00 48 300000 40000 0.13
2 1 5/17/00 0 295000 255000 0.86
2 1 5/23/00 6 285000 235000 0.82
2 1 5/30/00 13 275000 220000 0.80
2 1 6/6/00 20 200000 165000 0.83




Table A.4 (Continued)

. Days from Eecal Escherichia .
Site Set  Sample Date Deposition Coliforms coli EC/FC Ratio
(cfu/g) (cfu/g)
2 2 7/20/00 0 1850000 1500000 0.81
2 2 7/23/00 3 1750000 1350000 0.77
2 2 7/27/00 7 1650000 1200000 0.73
2 2 8/2/00 13 15000@ 1000000 0.67
2 2 8/9/00 20 1300000 900000 0.69
2 2 8/16/00 27 1150000 750000 0.65
2 2 8/24/00 35 1000000 550000 0.55
2 2 8/30/00 41 800000 300000 0.38
2 2 9/6/00 48 650000 100000 0.15
2 2 9/13/00 55 450000 70000 0.16
2 2 9/20/00 72 250000 50000 0.20
3 1 5/18/00 0 200000 190000 0.95
3 1 5/25/00 7 190000 180000 0.95
3 1 6/1/00 14 175000 160000 0.91
3 1 6/8/00 21 170000 150000 0.88
3 1 6/16/00 29 165000 135000 0.82
3 1 6/21/00 34 150000 115000 0.77
3 2 7/21/00 0 3500000 2500000 0.71
3 2 7/23/00 2 3450000 2350000 0.68
3 2 7/127/00 6 3000000 1950000 0.65
3 2 8/2/00 12 2750000 1800000 0.65
3 2 8/9/00 19 2550000 1600000 0.63
3 2 8/16/00 26 2250000 1450000 0.64
3 2 8/24/00 34 2050000 1000000 0.49
3 2 8/30/00 40 1700000 650000 0.38
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TableA.5: Feal Coliform and Escherichia coli Concentrationsin Dairy Heifer Fecl

Deposits
. Days from F_ecal Escher ' chia .
Site Set  Sample Date Denasition Coliforms coli EC/FC Ratio
(cfu/g) (cfu/g)
1 1 5/22/00 0 280000 265000 0.95
1 1 5/24/00 2 205000 150000 0.73
1 1 5/31/00 9 185000 100000 0.54
1 1 6/7/00 16 160000 85000 0.53
1 1 6/21/00 30 135000 70000 0.52
1 1 7/4/00 43 115000 50000 0.43
1 1 7/13/00 52 90000 40000 0.44
1 1 7/18/00 57 55000 25000 0.45
1 2 7/19/00 0 1000000 850000 0.85
1 2 7/21/00 2 550000 450000 0.82
1 2 7/26/00 7 380000 250000 0.66
1 2 8/3/00 15 250000 150000 0.60
1 2 8/9/00 21 50000 35000 0.70
2 2 7/20/00 0 1150000 900000 0.78
2 2 7/23/00 3 1100000 800000 0.73
2 2 7/27/00 7 950000 650000 0.68
2 2 8/2/00 13 900000 600000 0.67
2 2 8/9/00 20 700000 450000 0.64
2 2 8/16/00 27 600000 300000 0.50
2 2 8/24/00 35 450000 100000 0.22
2 2 8/30/00 41 200000 40000 0.20
2 2 9/6/00 48 100000 25000 0.25
2 2 9/13/00 55 80000 15000 0.19
3 1 5/18/00 0 110000 100@00 0.91
3 1 5/2500 7 100000 95000 0.95
3 1 6/1/00 14 90000 80000 0.89
3 1 6/8/00 21 80000 65000 0.81
3 1 6/16/00 29 75000 55000 0.73
3 1 6/21/00 34 45000 40000 0.89
3 1 6/28/00 41 31000 25000 0.81
3 1 7/4/00 a7 20000 12500 0.63
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Table A.5 (Continued)

. Days from F_ecal Escher ' chia .
Site Set  Sample Date Denasition Coliforms coli EC/FC Ratio
(cfu/g) (cfu/g)
3 2 7/20/00 0 1900000 1500000 0.79
3 2 7/23/00 3 1850000 1400000 0.76
3 2 7/27/00 7 1700000 1300000 0.76
3 2 8/2/00 13 1600000 1200000 0.75
3 2 8/9/00 20 1500000 1050000 0.70
3 2 8/16/00 27 1350000 950000 0.70
3 2 8/24/00 35 1000000 750000 0.75
3 2 8/30/00 41 800000 500000 0.63
3 2 9/6/00 48 650000 400000 0.62
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TableA.6: Feal Coliform and Escherichia coli Concentrationsin Bed Cow Feal

Deposits
. Days from F_ecal Escherichia coli .
Site Set Sample Date » Coliforms EC/FC Ratio
Deposition (cfu/g)
(cfu/g)
4 1 5/24/00 0 315000 300000 0.95
4 1 5/31/00 7 305000 290000 0.95
4 1 6/7/00 14 290000 255000 0.88
4 1 6/16/00 23 250000 230000 0.92
4 1 6/28/00 35 220000 200000 0.91
4 1 7/4/00 41 200000 185000 0.93
4 1 7/13/00 50 170000 150000 0.88
4 1 7/18/00 55 125000 100000 0.80
4 1 7/26/00 63 75000 45000 0.60
4 1 8/2/00 70 25000 20000 0.80
4 1 8/9/00 77 10000 5000 0.50
4 1 8/15/00 83 5000 2550 0.51
4 1 8/23/00 91 3500 1000 0.29
4 1 8/30/00 98 1750 150 0.09
4 2 7/1900 0 500000 350000 0.70
4 2 7/21/00 2 455000 325000 0.71
4 2 7/26/00 7 400000 285000 0.71
4 2 8/2/00 14 350000 250000 0.71
4 2 8/9/00 21 320000 210000 0.66
4 2 8/15/00 27 295000 185000 0.63
4 2 8/23/00 35 250000 150000 0.60
4 2 8/30/00 42 150000 95000 0.63
5 1 5/1900 0 260000 245000 0.94
5 1 5/25/00 6 255000 240000 0.94
5 1 6/1/00 13 250000 215000 0.86
5 1 6/8/00 20 230000 200000 0.87
5 1 6/21/00 33 200000 160000 0.80
5 1 6/28/00 40 185000 150000 0.81
5 1 7/4/00 46 150000 140000 0.93
5 1 7/13/00 55 120000 100000 0.83
5 1 7/18/00 60 65000 35000 0.54
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Table A.6 (Continued)

. Days from F_ecal Escherichia coli .
Site Set Sample Date » Coliforms EC/FC Ratio
Deposition (cfu/g)
(cfu/g)
5 2 7/20/00 0 4550000 3300000 0.73
5 2 7/23/00 3 4400000 3200000 0.73
5 2 7/127/00 7 4000000 2500000 0.63
5 2 8/2/00 13 3750000 2400000 0.64
5 2 8/9/00 20 3550000 2000000 0.56
5 2 8/16/00 27 3150000 1900000 0.60
5 2 8/24/00 35 3000000 1550000 0.52
5 2 8/30/00 41 2800000 1450000 0.52
5 2 9/6/00 48 2650000 1350000 0.51
5 2 9/13/00 55 2400000 1150000 0.48
5 2 9/20/00 62 2100000 950000 0.45
5 2 9/27/00 69 1950000 800000 0.41
5 2 10/4/00 76 1500000 600000 040
6 1 5/17/00 0 315000 250000 0.79
6 1 5/23/00 6 300000 145000 0.48
6 1 5/30/00 13 250000 140000 0.56
6 1 6/6/00 20 200000 100000 0.50
6 1 6/20/00 34 190000 85000 0.45
6 1 7/4/00 48 105000 50000 0.48
6 1 7/13/00 57 75000 20000 0.27
6 2 7/20/00 0 225000 150000 0.67
6 2 7/23/00 3 210000 140000 0.67
6 2 7/127/00 7 200000 100000 0.50
6 2 8/2/00 13 190000 75000 0.39
6 2 8/9/00 20 150000 50000 0.33
6 2 8/16/00 27 135000 40000 0.30
6 2 8/24/00 35 130000 30000 0.23
6 2 8/30/00 41 105000 15000 0.14
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APPENDIX B: MODEL EVALUATION INPUT FILESFOR VIRGINIA TECH PLOT

STUDY
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No Buffer NSF 1997 Pl ot Study
METRIC UNITS ARE USED ON | NPUT/ QUTPUT PRI NT
STORM BY STORM OQUTPUT = 1
EXTRA OUTPUT ON DAYS
PRI NT HYDROGRAPHS = 01
RAI NFALL DATA FOR 1 RAI NGAGES
BEG NNI NG JULI AN DAY OF SI MULATION 179 1997
DURATI ON OF SI MULATI ON DAYS 0004
GAUGE NUMBER 1

SI MULATI ON CONSTANTS FOLLOW
NUMBER OF LI NES OF HYDROGRAPH QUTPUT =0101
TI ME | NCREMENT =030. 0 SECONDS
| NFI LTRATI ON CAPACI TY CALCULATED EVERY00030 SECONDS
EXPECTED RUNOFF PEAK =0150.00 MV HR

SO L | NFI LTRATI ON, DRAI NAGE AND GROUNDWATER CONSTANTS FOLLOW
NUMBER OF SO LS =0001
S01, TP =.47, FP =.66, FC =00.33, A =1.000, DF =254.0, ASM =. 16
CONDUCTIVITY OPTION = 0
17.0 43.5 27.0 1.50 02.5 13.0

PARTI CLE SI ZE AND TRANSPORT DATA FOLLOWS

NUMBER OF PARTI CLE SI ZE CLASSES = 05

NUMBER OF WASH LOAD CLASSES =01

S| ZE SPECI FIC GRAVITY FALL VELCCI TY
000000. 0020000000000000002. 6500000000. 0000030
000000. 0100000000000000002. 6500000000. 0000800
000000. 2000000000000000002. 6400000000. 0240000
000000. 0300000000000000001. 8000000000. 0003500
000000. 5000000000000000001. 6000000000. 0400000
00. 17000. 30000. 40500. 13000. 025 S01
004. 6203020. 0000004. 0000000. 0500

DRAI NAGE EXPONENT =03

DRAI NAGE COEFFI CI ENT FOR TI LE DRAINS =09.55 MM 24HR
GROUNDWATER RELEASE FRACTI ON =000000. 005

FERTI LI ZER APPLI ED =00

MANURE APPLI ED =01

| MPOUNDMVENT SPECI FI CATI ONS FOLLOW

NUMBER COF | MPOUNDMENTS = 00

SURFACE ROUGHNESS AND CROP CONSTANTS FOLLOWS

NUMBER OF CROPS AND SURFACES =001
o1, Corn , 01. 10 0.90 0.52 060. 00 1. 000
070.0 030.0 060.0 020.0 002.0 003.0 10.3 6.00 0.07

0.00 0.09 0.19 0.23 0.49 1.16 2.97 3.00 2.72 1.83 0.00

163 273 1.30 -0.264 02.50 09400.0 900 3.00

043.0 0.500 2.400 00.50 01.00 0.070 0.400 00 00

NUMBER OF ALL ROTATI ONS =001

01 01 1997273

<45 Bl ank Li nes>

CHANNEL SPECI FI CATI ONS FOLLOW
NUMBER OF CHANNEL NETWORKS =001
NUMBER OF TYPES OF CHANNELS =001
CHANO1 WD =01.5(m, SOL N =00.050 CHAN N =00.100 0.07 0.75
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ELEMENT SPECI FI CATI ONS FOR BASELI NE SENSI TI VI TY ANALYSI S
EACH ELEMENT | S0001. 00m SQUARE
NETWORK 1 OUTFLOW FROM ROW021 COLUWMN 0003
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262 6 808 31
20 4 0162 270 1 1 0 0 4610 46 184
262 6 808 31
21 20162 O 1 1 0 0 4610 46 184
262 6 808 31
21 3 0162 270 1010101 1 0 0 4610 46 184
262 6 808 31
21 4 9162 180 1 1 0 0 4610 46 184
262 6 808 31
WEATHER INPUT FILE
23 23 4220 363 6-28-1997
23 23 4220 364 6-29-1997
18 18 422 1 365 6-30-1997
GAUGE NUMBER 1
0 0. 0. 00
0 60. 57. 00
1 85. 0. 00
23 23 4221 366 7- 1-1997
GAUGE NUMBER 1
0 0. 0. 00
0 10. 62. 00
0 20. 62. 00
0 30. 62. 00
0 40. 0. 00
0 50. 0. 00
0 60. 0. 00
0 70. 61. 00
0 80. 61. 00
0 90. 61. 00
1 110. 0. 00
24 24 422 0 367 7- 2-1997
MANURE INPUT FILE - BLACKSBURG
YEAR| DAY| CRP]| - - NOB- - | - - NH4- - | - - PO4- - | = - - K- - = | - - BACT- - | - - MANURE- -
1997 180 1 4.7 47.0  70.4  .109 12580. 0



APPENDIX C: MODEL EVALUATION INPUT FILESFOR UNIVERSITY OF

KENTUCKY PLOT STUDY
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KENTUCKY PLOT RUN 1 - ANSWERS.INP - CALIBRATED FOR RUNOFF & SEDIMENT
METRIC UNI TS ARE USED ON | NPUT/ QUTPUT PRI NT
STORM BY STORM QUTPUT = 1
EXTRA OQUTPUT ON DAYS =
PRI NT HYDROGRAPHS = 01
RAI NFALL DATA FOR 1 RAI NGAGES
BEG NNI NG JULI AN DAY OF SI MJLATI ON 134 2001
DURATI ON OF SI MULATI ON DAYS 0018
GAUGE NUMBER 1

SI MULATI ON CONSTANTS FOLLOW
NUMBER OF LI NES OF HYDROGRAPH OUTPUT =0050
TI ME | NCREMENT =030. 0 SECONDS
I NFI LTRATI ON CAPACI TY CALCULATED EVERY00030 SECONDS
EXPECTED RUNOFF PEAK =0300. 00 MV HR

SO L | NFI LTRATI ON, DRAI NAGE AND GROUNDWATER CONSTANTS FOLLOW
NUMBER COF SO LS =0001
S01, TP =.51, FP =.80, FC =00.40, A =1.000, DF =406.4, ASM =. 23
CONDUCTIVITY OPTION = 0O
19.3 36.7 41.5 3.50 02.5 21.2

PARTI CLE SI ZE AND TRANSPORT DATA FOLLOWS

NUMBER OF PARTI CLE SI ZE CLASSES = 05

NUMBER OF WASH LOAD CLASSES =01

Sl ZE SPECI FI C GRAVITY FALL VELOCI TY
000000. 0020000000000000002. 6500000000. 0000030
000000. 0100000000000000002. 6500000000. 0000800
000000. 2000000000000000002. 6400000000. 0240000
000000. 0300000000000000001. 8000000000. 0003500
000000. 5000000000000000001. 6000000000. 0400000
00. 19500. 49300. 28700. 21200. 025 S01
005. 8864020. 0000004. 0000000. 0500

DRAI NAGE EXPONENT =03

DRAI NAGE COEFFI CI ENT FOR TI LE DRAI NS =00. 00 MM 24HR
GROUNDWATER RELEASE FRACTI ON =000000. 000

FERTI LI ZER APPLI ED =00

MANURE APPLI ED =01

| MPOUNDIVENT SPECI FI CATI ONS FOLLOW

NUMBER CF | MPOUNDVENTS = 00

SURFACE ROUGHNESS AND CROP CONSTANTS FOLLOWS

NUMBER COF CROPS AND SURFACES =001
Co1, fescue 00. 80 0. 96 0. 65 003. 00 0. 300
096.0 004.0 001.0 010.0 099.0 099.9 4.50 2.70 1.55

1.90 2.00 2.40 2.60 2.80 3.00 2.96 2.92 2.30 1.95 1.50
001 365 2.30 -0.208 02.25 03020.0 120 3.00

012.0 0.085 0.450 00.50 01.00 0.070 0.210 01 00

NUMBER OF ALL ROTATI ONS =001

01 01 2000365 01 2001365 01 2002365 01 2003365 01 2004365

<45 bl ank |ines>

CHANNEL SPECI FI CATI ONS FOLLOW

NUMBER COF CHANNEL NETWORKS =001

NUMBER OF TYPES OF CHANNELS =001

CHANO1 WD =01.5(m, SOL N =00.050 CHAN N =00.100 0.07 0.75
ELEVMENT SPECI FI CATI ONS FOR BASELI NE SENSI TIVITY ANALYSI S
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EACH ELEMENT | S0001. 00m SQUARE

NETWORK 1 OUTFLOW FROM ROW009 COLUWN 0003 00024

2 20 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

2 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

2 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

3 20 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

3 30 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

3 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

4 20 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

4 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

4 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

5 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

5 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

5 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

6 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

6 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

6 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

7 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

7 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

7 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

8 20 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

8 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

8 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

9 20 30 0 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

9 3 0 30 270 1010101 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31

9 4 9 30 180 1 1 1 0 0 O 0 0 4610 46 184 4

262 6 808 31

KENTUCKY PLOT RUN 2 ANSWERS.INP- CALIBRATED FOR RUNOFF & SEDIMENT
METRIC UNI TS ARE USED ON | NPUT/ QUTPUT PRI NT

STORM BY STORM QUTPUT = 1

EXTRA OQUTPUT ON DAYS
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PRI NT HYDROGRAPHS = 01
RAI NFALL DATA FOR 1 RAI NGAGES
BEG NNI NG JULI AN DAY OF SI MJLATI ON 142 2001
DURATI ON OF SI MULATI ON DAYS 0008
GAUGE NUMBER 1

SI MULATI ON CONSTANTS FOLLOW
NUMBER OF LI NES OF HYDROGRAPH OUTPUT =0050
TI ME | NCREMENT =030. 0 SECONDS

I NFI LTRATI ON CAPACI TY CALCULATED EVERY00030 SECONDS
EXPECTED RUNOFF PEAK =0300. 00 MV HR

SO L | NFI LTRATI ON, DRAI NAGE AND GROUNDWATER CONSTANTS FOLLOW
NUMBER COF SO LS =0001
S01, TP =.51, FP =.80, FC =00.40, A =1.000, DF =406.4, ASM =.02
CONDUCTIVITY OPTION = 0O
19.3 36.7 41.5 3.50 02.5 21.2

PARTI CLE SI ZE AND TRANSPORT DATA FOLLOWS

NUMBER OF PARTI CLE SI ZE CLASSES = 05

NUMBER OF WASH LOAD CLASSES =01

S| ZE SPECI FI C GRAVITY FALL VELOCI TY
000000. 0020000000000000002. 6500000000. 0000030
000000. 0100000000000000002. 6500000000. 0000800
000000. 2000000000000000002. 6400000000. 0240000
000000. 0300000000000000001. 8000000000. 0003500
000000. 5000000000000000001. 6000000000. 0400000
00. 19500. 49300. 28700. 21200. 025 S01
005. 8864020. 0000004. 0000000. 0500

DRAI NAGE EXPONENT =03

DRAI NAGE COEFFI CI ENT FOR TI LE DRAI NS =00. 00 MM 24HR
GROUNDWATER RELEASE FRACTI ON =000000. 000

FERTI LI ZER APPLI ED =00

MANURE APPLI ED =01

| MPOUNDIVENT SPECI FI CATI ONS FOLLOW

NUVMBER OF | MPOUNDMENTS = 00

SURFACE ROUGHNESS AND CROP CONSTANTS FOLLOWS

NUMBER COF CROPS AND SURFACES =001

Co1, fescue 00. 80 0. 96 0. 65 003. 00 0. 300
096.0 004.0 001.0 010.0 099.0 099.9 6.50 3.70 1.55
1.90 2.00 2.40 2.60 2.80 3.00 2.96 2.92 2.30 1.95 1.50
001 365 2.30 -0.208 02.25 03020.0 120 3.00

012.0 0.085 0.450 00.50 01.00 0.070 0.210 01 00
NUMBER OF ALL ROTATI ONS =001

01 01 2000365 01 2001365 01 2002365 01 2003365 01 2004365

<45 bl ank |ines>

CHANNEL SPECI FI CATI ONS FOLLOW

NUMBER OF CHANNEL NETWORKS =001

NUMBER CF TYPES OF CHANNELS =001
CHANO1 WD =01.5(m), SOL N =00.050 CHAN N =00.100 0.07 0.75
ELEVMENT SPECI FI CATI ONS FOR BASELI NE SENSI TIVITY ANALYSI S
EACH ELEMENT | SO001. 00m SQUARE

NETWORK 1 OUTFLOW FROM ROW009 COLUMN 0003 00024

14¢



2 20 30 270 1 1 1 0 0 0 0 O 4610 46 184 4
262 6 808 31

2 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
2 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
3 20 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
3 30 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
3 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
4 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
4 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
4 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
5 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
5 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
5 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
6 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
6 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
6 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
7 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
7 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
7 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
8 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
8 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
8 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
9 20 30 0 1 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
9 3 0 30 270 1010101 1 1 0 0 O 0 0 4610 46 184 4
262 6 808 31
9 4 9 30 180 1 1 1 0 0 O 0 0 4610 46 184 4

262 6 808 31

KENTUCKY PLOT - RUN 3 ANSWERS.INP CALIBRATED FOR RUNOFF & SEDIMENT
METRIC UNI TS ARE USED ON | NPUT/ QUTPUT PRI NT
STORM BY STORM QUTPUT = 1

144



EXTRA OQUTPUT ON DAYS =
PRI NT HYDROGRAPHS = 01
RAI NFALL DATA FOR 1 RAI NGAGES
BEG NNI NG JULI AN DAY OF SI MJLATI ON 149 2001
DURATI ON OF SI MULATI ON DAYS 0002
GAUGE NUMBER 1
SI MULATI ON CONSTANTS FOLLOW
NUMBER OF LI NES OF HYDROGRAPH OUTPUT =0050
TI ME | NCREMENT =030. 0 SECONDS
| NFI LTRATI ON CAPACI TY CALCULATED EVERY00030 SECONDS
EXPECTED RUNOFF PEAK =0300. 00 MV HR
SO L | NFI LTRATI ON, DRAI NAGE AND GROUNDWATER CONSTANTS FOLLOW
NUMBER CF SO LS =0001
S01, TP =.51, FP =.80, FC =00.40, A =1.000, DF =406.4, ASM =. 20
CONDUCTIVITY OPTION = 0
19.3 36.7 41.5 3.50 02.5 21.2
PARTI CLE SI ZE AND TRANSPORT DATA FOLLOWS

NUMBER OF PARTI CLE SI ZE CLASSES = 05
NUMBER CF WASH LOAD CLASSES = 01
S| ZE SPECI FI C GRAVITY FALL VELOCI TY

000000. 0020000000000000002. 6500000000. 0000030
000000. 0100000000000000002. 6500000000. 0000800
000000. 2000000000000000002. 6400000000. 0240000
000000. 0300000000000000001. 8000000000. 0003500
000000. 5000000000000000001. 6000000000. 0400000
00. 19500. 49300. 28700. 21200. 025 S01

005. 8864020. 0000004. 0000000. 0500

DRAI NAGE EXPONENT =03

DRAI NAGE COEFFI CI ENT FOR TI LE DRAINS =00. 00 MM 24HR
GROUNDWATER RELEASE FRACTI ON =000000. 000

FERTI LI ZER APPLI ED =00

MANURE APPLI ED =01

| MPOUNDIVENT SPECI FI CATI ONS FOLLOW

NUMBER CF | MPOUNDVENTS = 00

SURFACE ROUGHNESS AND CROP CONSTANTS FOLLOWS

NUMBER OF CROPS AND SURFACES =001

Co1, fescue 00. 80 0. 96 0. 65 003. 00 0. 300
096.0 004.0 001.0 010.0 099.0 099.9 7.50 3.70 1.55
1.90 2.00 2.40 2.60 2.80 3.00 2.96 2.92 2.30 1.95 1.50
001 365 2.30 -0.208 02.25 03020.0 120 3.00

012.0 0.085 0.450 00.50 01.00 0.070 0.210 01 0O

NUMBER OF ALL ROTATI ONS =001

01 01 2000365 01 2001365 01 2002365 01 2003365 01 2004365

<>45 bl ank |ines

CHANNEL SPECI FI CATI ONS FOLLOW
NUMBER COF CHANNEL NETWORKS =001
NUMBER OF TYPES OF CHANNELS =001
CHANO1 WD =01.5(m, SOL N =00.050 CHAN N =00.100 0.07 0.75
ELEVMENT SPECI FI CATI ONS FOR BASELI NE SENSI TIVITY ANALYSI S

14¢



EACH ELEMENT | S0001. 00m SQUARE

NETWORK 1 OUTFLOW FROM ROW009 COLUWN 0003 00024

2 20 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

2 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

2 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

3 20 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

3 30 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

3 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

4 20 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

4 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

4 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

5 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

5 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

5 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

6 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

6 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

6 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

7 2 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

7 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

7 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

8 20 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

8 3 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

8 4 0 30 270 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

9 20 30 0 1 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

9 3 0 30 270 1010101 1 1 0 0 O 0 0 4610 46 184
262 6 808 31

9 4 9 30 180 1 1 1 0 0 O 0 0 4610 46 184

262 6 808 31

KENTUCKY WEATHER INPUT FILE: RUN 1

16 16 413 0 3422 5-14-2001
22 22 413 1 3423 5-15-2001

14¢



GAUGE NUMBER 1

0 0. 0. 00
0 10. 102.0
0 20. 102.0
0 30. 102.0
0 47. 102.0
1 67. 0. 00
24 24 413 0 3424 5-16-2001
24 24 413 0 3425 5-17-2001
24 24 413 0 3426 5-18-2001
22 22 413 0 3427 5-19-2001
22 22 413 0 3428 5-20-2001
22 22 413 0 3429 5-21-2001
15 15 413 0 3430 5-22-2001
14 14 413 1 3431 5-23-2001
GAUGE NUMBER 1
0 0. 0. 00
0 10. 102.0
0 20. 102.0
0 30. 102.0
0 54, 102.0
1 74. 0. 00
15 15 413 0 3432 5-24-2001
14 14 413 0 3433 5-25-2001
17 17 413 0 3434 5-26-2001
16 16 413 0 3435 5-27-2001
17 17 413 0 3436 5-28-2001
18 18 413 0 3437 5-29-2001
18 18 413 1 3438 5-30-2001
GAUGE NUMBER 1
0 0. 0. 00
0 5. 102.0
0 10. 102.0
0 15. 102.0
0 20. 102.0
0 25. 102.0
0 53. 102.0
1 73. 0.0
17 17 413 0 3439 5-31-2001

KENTUCKY WEATHER INPUT FILE: RUN 2

15 15 413 0 3430 5-22-2001 (dayl42)
14 14 413 1 3431 5-23-2001

GAUGE NUMBER 1

0 0. 0. 00

0 10. 102.0

0 20. 102.0

0 30. 102.0

0 54, 102.0

1 74. 0. 00
15 15 413 0 3432 5-24-2001
14 14 413 0 3433 5-25-2001
17 17 413 0 3434 5-26-2001



POOOOOOO

16
17
18
18

GAUGE NUMBER

17

16
17
18
18

0.

5

10.
15.
20.
25.
53.
73.

17

413 0
413 0
413 0
413 1

0.
102.
102.
102.
102.
102.
102.

0.

413 0

o

cNeoNoNololoNoNoN o

3435
3436
3437
3438

3439

5-27-2001
5-28-2001
5-29-2001
5-30- 2001

5-31-2001

KENTUCKY WEATHER INPUT FILE: RUN 3

POOOOOo

POOOOOo

0
0

16
22

16
22

413 0
413 1

GAUGE NUMBER 1
0.
10.
20.
30.
47.
67.

24
24
24
22
22
22
15
14

24
24
24
22
22
22
15
14

0. 00
102.0
102.0
102.0
102.0

0. 00

413
413
413
413
413
413
413
413

POOOOOOO

GAUCGE NUMBER 1
0.
10.
20.
30.
54,
74.

15
14
17
16
17
18
18

15
14
17
16
17
18
18

0. 00
102.0
102.0
102.0
102.0

0.
413
413
413
413
413
413
413

o

POOOOOOOo

GAUCGE NUMBER 1

3422
3423

3424
3425
3426
3427
3428
3429