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EVALUATION OF AGRICULTURAL
BEST-MANAGEMENT PRACTICES IN THE
CONESTOGA RIVER HEADWATERS, PENNSYLVANIA:

Effects of Nutrient Management
on Quality of Surface Runoff and Ground Water
at a Small Carbonate-Rock Site
Near Ephrata, Pennsylvania, 1984-90

By David W. Hall, Patricia L. Lietman,
and Edward H. Koerkle

ABSTRACT

The U.S. Geological Survey and the Pennsylvania Department of Environmental Protection’
conducted a study from 1984 to 1990 to determine the effects of the implementation and practice of
nutrient management [an agricultural best-management practice (BMP)] on the quality of surface runoff
and ground water at a 55-acre crop and livestock farm in carbonate terrain near Ephrata, Pa.

Implementation of nutrient management at Field-Site 2 resulted in application decreases of
33 percent for nitrogen and 29 percent for phosphorus. There were no significant changes in nitrogen or
phosphorus loads for a given amount of runoff from the pre-BMP to the post-BMP periods. However, less
than 2 percent of the applied nutrients were discharged with runoff throughout the study period. After the
implementation of nutrient management, statistically significant decreases in concentrations of nitrate in
ground-water samples occurred at three of the four wells monitored throughout the pre- and post-BMP
periods. The largest decreases in nitrate concentrations occurred at wells where samples had the largest
nitrate concentrations prior to nutrient management. Changes in nitrogen applications to the contributing
areas of five wells were correlated with nitrate concentrations of the well water. The correlations between
the timing and amount of applied nitrogen and changes in ground-water quality met the four conditions
that are characteristic of a cause-effect relation: an association, consistency, responsiveness, and a
mechanism. Changes in ground-water nitrate concentrations lagged behind changes in loading of nitrogen
fertilizers (primarily manure) by approximately 4 to 19 months.

INTRODUCTION

The U.S. Geological Survey (USGS), in cooperation with the Pennsylvania Department of
Environmental Protection (PaDEP)!, conducted a study from 1984 to 1990 to determine the effects of
agricultural best-management practices (BMP’s) on surface- and ground-water quality in the headwaters
of the Conestoga River Basin. This study was 1 of 20 projects in the U.S. Department of Agriculture’s
(USDA) Rural Clean Water Program (RCWP) (Chichester, 1988; Little, 1989; Gunsalus, 1992).

The RCWP was authorized by the Agriculture, Rural Development, and Related Agencies
Appropriations Act of 1980, Public Law 96-108 (Regulations 7CFR, Part 700), November 9, 1979. The
Conestoga Headwaters RCWP Project was approved by the National RCWP Committee in July 1981 as a
comprehensive monitoring and evaluation project. The Conestoga Headwaters area was chosen because it
had previously been designated in Pennsylvania’s Agricultural 208 Plan (Schueller, 1983) as a top-priority
watershed for the study of agricultural nonpoint-source contamination of surface and ground water.

! Prior to 1995, the Pennsylvania Department of Environmental Protection (PaDEP) was known as the Pennsylvania
Department of Environmental Resources (PaDER).



The Conestoga Headwaters Project area contained 132 mi? of streams that were used and had the
potential for use for water supply, livestock watering, fish and wildlife habitat, and recreation. Ground
water was a significant source of water for private water supplies in the project area. The primary RCWP
objective was to improve surface- and ground-water quality in agricultural areas nationwide through the
voluntary implementation of agricultural BMP’s. Funding was provided to the RCWP projects to initiate
the implementation of BMP’s and to monitor the effects of BMP implementation on water quality.

The BMP’s selected to improve water quality in the Conestoga Headwaters RCWP project area
included terracing of sloped fields to reduce soil erosion, nutrient-management planning, construction of
manure-storage facilities, pesticide-management programs, and installation of grassed waterways on or
below hillslopes to slow runoff and thereby decrease soil erosion from agricultural fields. The Conestoga
Project was designed to monitor water quality at three scales: regional, small watershed, and field.
Pre-BMP and post-BMP monitoring was conducted at three scales to determine the effects of BMP’s on
surface- and ground-water quality. A detailed study description was published in “Evaluation of
Agricultural Best-Management Practices in the Conestoga River Headwaters, Pennsylvania: Methods of
Data Collection and Analysis and Description of Study Areas,” by Chichester (1988).

Nutrients from manure and commercial fertilizer, pesticides, and eroded sediments were the
nonpoint-source contaminants of interest in the project area. Disposal of large quantities of manure on
land at intensive animal-production farms, such as those in the Conestoga Headwaters Basin (part of the
Chesapeake Bay watershed), may lead to elevated concentrations of nutrients in surface and ground water
(Gillham and Webber, 1969; McCalla and others, 1970; Pionke and Urban, 1985; Crowder and Young,
1988). Elevated concentrations of nutrients in water supplies are problematic for several reasons. About
2,000 cases of infant methemoglobinemia, a serious and potentially fatal health condition that results from
the consumption of water with elevated concentrations of nitrites and nitrates, have been reported
worldwide during 1945-72 (Shuval and Gruener, 1972). Many pesticides, including aldicarb, atrazine,
carbofuran, and simazine, are known to react with nitrite at low pH to form N-nitroso compounds that are
known to be potent animal carcinogens (Murdock, 1988). Elevated levels of nitrate in drinking water in
Australia have been associated with increased human birth defects (Dyer and others, 1984). In the United
States, nitrogen and phosphorus-induced algal blooms in the Chesapeake Bay have been linked to
critically low dissolved-oxygen concentrations, decreased numbers of aquatic animals, and decreased
survival of submerged aquatic vegetation (Ryther and Dunstan, 1971; Officer and others, 1984; Fisher,
1989).

Purpose an (1)

This report describes research conducted at Field-Site 2, which was located in the Conestoga
Headwaters Basin immediately north of Ephrata in Lancaster County, Pa. (Hall, 1992; Hall and Risser,
1992; Unangst, 1992). The site was in a karstic, carbonate terrain and was used for intensive animal and
crop production. A detailed characterization of Field-Site 2 and description of methods used in the study
was published in Koerkle and others (1996). The primary objective of this report is to compare land-use
and water-quality data from the period before nutrient-management practices were implemented
(pre-BMP period—water years 1985-862, October 1, 1984, through September 30, 1986), with data from the
period after implementation of nutrient-management practices (post-BMP period—water years 1987-90,
October 1, 1986, through September 30, 1990) to determine the effects of nutrient management on water
quality. A second objective of this report is to evaluate the movement of nitrogen at the site.

Site Description

Field-Site 2 was a 55-acre plot of a 67-acre crop and animal-production farm near Ephrata in
Lancaster County, Pa. (fig. 1). Twelve acres of the farm are adjacent to the east bank of Indian Run and
were not part of the study area. The site was located within the Conestoga Section of the Piedmont
Physiographic Province.

2 Water year is the 12-month period beginning on October 1 and ending on September 30; it is designated by the
calendar year in which it ends.
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Figure 1. Location of the Conestoga Headwaters Rural Clean Water Program study area and Field-Site 2 near
Ephrata, Pa.



A detailed site characterization is presented in Koerkle and others (1996). Low hills surrounding the
site define a small surface-water and a shallow, unconfined ground-water basin that is drained by Indian
Run (fig. 2). Surface altitude ranges from approximately 431 ft in the southwestern corner to 342 ft in the
southeastern corner (fig. 3). Approximately half of the site is underlain by interbedded limestone and
dolomite of the Millbach Formation, and the other half is underlain by dolomite of the Snitz Creek
Formation, both of Cambrian age (Meisler and Becher, 1971). The fractured bedrock is overlain by a
shallow mantle of soil and weathered rocks that ranges from about 5 to 30 ft in thickness. Depth to the
water table has a similar but noncoincident range of about 5 to 30 ft below land surface. Soils at the site are
Typic Hapludulf and Hagerstown silt and silt-clay loams (Custer, 1985).

In 1965, eight terraces were installed at the site to reduce soil erosion. The terraces were restructured
in 1981 when a pipe-outlet drainage system was installed to further reduce soil erosion. The pipe-outlet
system drained approximately 27 acres of the site (fig. 3). Terrace alignment followed the land-surface
contours, and each terrace was constructed with a slight variable slope that slowed runoff and diverted
water to perforated 6-in. inside-diameter plastic inlets to subsurface drain pipes. The runoff gage was
installed at the outlet of the main terrace drain in the southeastern part of the site near Indian Run (fig. 3).
A narrow grassed waterway extending west to east across the center of the site also reduced soil erosion
by slowing runoff velocity.
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Figure 2. Location of Field-Site 2 in relation to the shallow ground-water basin
and area topography.









METHODS OF DATA COLLECTION AND ANALYSIS

Detailed information on methods of data collection and analysis at Field-Site 2 are presented in
Chichester (1988) and Koerkle and others (1996). Modifications of procedures described in these reports
and used for sample and data analyses during the post-BMP period are described in this report. Factors
affecting water quality at the site were examined to provide a valid basis for comparison of data between
the pre-BMP and post-BMP periods and to assess the effects of BMP implementation on water quality.
Precipitation quantity was continuously monitored, and published estimates of precipitation quality in the
area of the site were used to estimate nitrogen loading from precipitation. Agricultural activities were
monitored, and changes in cropping, tillage, and fertilization were documented. Statistical analyses of the
relation of surface- and ground-water quality to agricultural activities were performed to determine if
changes in water quality that occurred during the study period were attributable to agricultural activities.
Nitrogen movement through the site was estimated by use of measured data and estimates of nitrogen
inputs and outputs.

Data-Collection Network

The site data-collection network is summarized on tables 1 and 2. Precipitation-quantity data were
collected at 5-minute intervals for comparison to surface-runoff and ground-water-quantity and -quality
data.

Table 1. Data-collection network at Field-Site 2 during the post-Best-Management Practice period

Medium Number Data-collection Analyses performed
of locations frequency or data collected
Precipitation 1 5-minute intervals during storms Volume
Agricultural activities Entire site Monthly Nutrient timing and rates; planting,
plowing, and harvesting locations and
dates, and crop yields
Manure Varied At selected major applications Nutrient concentration
Soil Varied Spring, fall Nutrient concentration
Runoff 1 All runoff events Volume
Most runoff events Suspended-sediment and nutrient
concentration
Ground water 6 wells Continuous Water level
5 wells; 1 spring  Monthly plus selected recharge events  Specific conductance and nutrient
concentration
1 well Quarterly Nutrient concentration

Table 2. Monitoring well locations, descriptions, and sampling depths at Field-Site 2

[All depths shown in feet below land surface; (gal/min)/ft, gallon per minute per foot of drawdown; M, monthly;
Q, quarterly; C, continuous; <, less than]

Estimated Data collected
Total  Depth to Bedrock . .

Well Latitude Longitude depth  bottom Depth to altitude Sampling speafic Wat
number ; bedrock depth capacity Nutrients ' ater
of well of casing (feet) ((gal /min) /1] i level

LN 1669 40°11'49" 76°10'55" 100 n 6.5 352 85 <1 M C

LN 1670 40°11'56" 76°10'57" 75 9.8 5.5 361 65 <1 Q C

LN 1673 40°11'48" 76°11'03" 46 14 12 368 35 <1 M C

LN 1676 40°11'52" 76°11'01" 40 88 11 356 35 <1 M C

LN 1677 40°11'56" 76°11'05" 50 30 28 349 35 20 M C

LN 1679 40°11'52" 76°10'57" 60 13 10 354 35 20 M C




Agricultural activities in this report refer to cultivation and other practices associated with crop
production. Manure- or commercial-fertilizer application data included types of fertilizer and dates, areas,
amounts, and methods of application. Tillage types, dates, and areas, as well as planting and harvesting
dates, were recorded. Manure samples were collected at various times during the study period. Four
manure sources were sampled: manure/bedding mix from a steer pen, hog manure from a storage tank,
hog manure from a pit below the hog finishing facility, and poultry manure from the floor of a poultry
house.

Soil samples were collected by use of a hydraulic press. Each sample was a composite of three cores
collected within a 25-ft radius. The 2-in. diameter cores were divided into composited depth increments
for analysis.

Surface runoff from the 27 acres of pipe-outlet terraces was monitored at a gage (fig. 3) located at the
outlet of the main drain pipe that collects discharge from all the terrace stand pipes. Stage in a 6-in.
Parshall* flume was recorded on a continuous graphic recorder and an automatic data recorder. Runoff
samples were collected by a modified automatic pumping sampler triggered by a stage-operated float
switch. Runoff samples were chilled to approximately 4°C by a refrigeration unit until retrieval, usually
within 24 hours.

Ground-water data were collected at 14 wells and the spring during site characterization in the
pre-BMP period (1985-86). Five wells were selected for monitoring during the post-BMP period on the
basis of successful well development, well specific capacity, and land use upgradient of sampling points.
During the post-BMP period, all wells except LN 1677 were pumped prior to sampling until
approximately three borehole volumes had been evacuated or until the wells were pumped dry. Well
LN 1677 was not pumped prior to sampling because access to the well was restricted during the growing
season and because sample analyses demonstrated little change in water quality during preliminary
testing before and after pumping.

Data Analysis

Water-quality samples collected during the study were analyzed by the PaDEP, Bureau of
Laboratories, in Harrisburg, Pa. Characteristics and chemical constituents for which water samples were
analyzed during the post-BMP period, minimum reporting levels®, and U.S. Environmental Protection
Agency (USEPA) Primary Drinking-Water Regulations (U.S. Environmental Protection Agency, 1993) are
shown in table 3. Suspended-sediment samples were analyzed by the USGS Sediment Laboratory in
Lemoyne, Pa. All soil samples were analyzed at The Pennsylvania State University, Soils and
Environmental Chemistry Laboratory, in University Park, Pa. Manure samples were analyzed for
nutrients at the A&L Eastern Agricultural Laboratories, Inc., in Richmond, Va. The sampling schedule for
nutrients and suspended sediment in surface and ground water is shown in table 4. Water-quality data
collected during this study (table 4) were published in the annual USGS Water-Data Reports (1986-91) and
are stored in the USGS WATSTORE data base. All project data are on file at the USGS, Water Resources
Division, 840 Market Street, Lemoyne, Pa. Types of data collected were runoff volumes and concentrations
of sediment, nitrogen, and phosphorus. Ground-water analyses characterized quantities of recharge and
discharge, and nitrogen data from ground-water samples were analyzed to determine if changes in the
concentrations and loads of nitrogen in ground water occurred as a result of the implementation of
nutrient-management practices.

Data were estimated to supplement analyses when measured data were absent and there was a
valid basis to perform the estimation. When equipment malfunction caused periods of missing record,
total daily precipitation was estimated by use of records from a National Oceanographic and Atmospheric
Administration (NOAA) weather station located less than 2 mi from the site in Ephrata, Pa.

4 Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the U.S.
Geological Survey.

5 The smallest measured concentration of a constituent that may be reliably reported by the use of a given analytical
method.



Table 3. Primary characteristics and chemical constituents for which precipitation,
surface-runoff, or ground-water samples from Field-Site 2 were analyzed during the
post-Best-Management Practice period

[°C, degrees Celsius; uS/cm, microsiemens per centimeter at 25 degrees Celsius;
mg/L, milligram per liter; --, no datal

Laboratory U.S. Environmental
Characteristic minimum Protection Agency
or constituent reporting Primary Drinking-
levels’ Water Regulation
Temperature (field measurements) Measured to nearest 0.5 °C -
Specific conductance (field measurements) 1to 10 pS/cm, _
dependent on value
Suspended sediment 1mg/L 1mg/L
Total and dissolved nutrients:
Ammonium? plus organic nitrogen 2mg/L -
Ammonium? 02mg/L 330 mg/L
Organic nitrogen (calculated) 2mg/L -
Nitrate plus nitrite 04mg/L 410 mg/L
Nitrite .01 mg/L 41mg/L
Nitrate (calculated) 04 mg/L 410 mg/L
Phosphorus 02mg/L -

! The smallest measured concentration of a constituent that may be reliable reported by the use of
a given analytical method.

2 Ammonium in this report represents ammonia plus ammonium.
3 Lifetime Health Advisory Level, as ammonia (U.S. Environmental Protection Agency, 1993).
4 Maximum Contaminant Level (U.S. Environmental Protection Agency, 1993).



Table 4. Sampling schedule for nutrients and suspended sediment at Field-Site 2, October 1984 through September 1990

.
'’

lved

1SS0

D,d

T, total;

Q, quarterly;

’

; M, monthly,

; E, every 3 weeks

selected storms

[Y, most major storms throughout year; S,

X, suspended; --, no data]

Water year 1990

JUINIISUOD
Jo aseyq

uonda[0d
jo A>uanbauy

SajIs Jo
IaqunN

Water year 1989

JuaNIYSUODd
jo aseyq

uondIY0d
jo Aouanbarg

say1s Jo
Pqumpy

Water year 1988

JUBNIRSUOd
3o aseyq

uonRdA[0d
Jo Aouanbary

SayIs JO
Jaqump

Water year 1987

JUBNIISUOD
30 aseyq

UORIIN0d
3o A>uanbary

SIS JO
pqunN

Water year 1986

JUBMITISUOD
jo aseyq

uond0d
30 Aouanbarg

Says Jo
JBqumpN

Water year 1985

JuaMISU0d
Jo aseydq

UORII0d
3o Aouanbary

sajis Jo
JaqumN

Constituent

Surface Runoff

Nitrate + nitrite

Nitrite

Ammonium

Ammonium + organic

nitrogen

Phosphorus

10

Sediment

Ground Water

Nitrate + nitrite

T,D

Nitrite

T,D

Ammonium

T,D

6

Ammonium + organic

nitrogen

T,D

Phosphorus

T,D




Estimates of annual nitrogen loads leaving the site were obtained from summations of monthly
loads estimated to cross each of the northern, eastern, and southern site boundaries. Loads crossing each
site boundary in each month were calculated by use of the following formula:

(A+B)xCxDxExF=gG, ¢))

where A is the volume of ground water estimated to enter the site annually across the western
boundary, in liters;

B is the volume of ground-water recharge entering the site annually from precipitation, in liters;

C is the proportional percentage of ground water estimated (by the use of model output) to
discharge annually across a site boundary, in percent;

D is a unitless proportional monthly fraction of annual discharge (calculated from well water-
level records);

E is the concentration of nitrate of a sample (or an average of multiple samples) collected
monthly to characterize water quality of discharge across a site boundary, in milligrams per
liter;

F is a milligram to pound conversion factor (2.205 x 10°%); and

G is the monthly nitrogen load discharged across a site boundary, in pounds.

Quantities of ground water discharged annually across each site boundary were computed by
multiplying total annual discharge from the site (annual recharge plus flow into the site across the western
boundary) by percentages of annual flow estimated to cross each site boundary as indicated by output
from a two-dimensional ground-water flow model (McDonald and Harbaugh, 1988; a complete
description of the model, as well as a more detailed explanation of loading calculations, was published in
Koerkle and others, 1996). Annual discharge across each site boundary was then apportioned among
months by use of water-level hydrograph rises for each month divided by the total annual water-level rise
to obtain the proportional fraction of annual discharge occurring in each month.

Nitrogen loads discharged from the site in ground water were calculated from estimates of monthly
ground-water discharge multiplied by measured concentrations of nitrate in monthly ground-water
samples. Because ground water discharged across the northern, eastern, and southern site boundaries and
concentrations of nitrate in ground-water samples collected in different parts of the site varied spatially
and temporally, separate nitrogen loads in ground water were computed for water that discharged across
each of the northern, eastern, and southern site boundaries. Samples from wells located in different parts
of the site were chosen to represent the quality of ground-water discharge from the part of the site in
which they were located. Samples from well LN 1677 were chosen to represent the concentrations of
nitrate in water discharged across the northern site boundary, samples from wells LN 1676 and LN 1679
were chosen to represent the concentrations of nitrate in water discharged across the eastern site
boundary, and samples from wells LN 1673 and LN 1669 were chosen to represent concentrations of
nitrate in water crossing the southern site boundary. Estimated monthly loads crossing each site boundary
were then summed to obtain the total monthly nitrogen load discharged from the site, and total monthly
site loads were then summed to obtain the annual loads of nitrogen discharged from the site in ground
water.

Reported loads of nitrogen in ground water are approximations that may contain errors because of
the assumptions used in the load calculations. Estimates of ground-water recharge and discharge are very
sensitive to values of specific yield selected to characterize aquifer materials. Because nitrogen loads are
computed by multiplication of yield-based estimates of discharge by concentrations of nitrogen in ground
water at selected wells, determinations of specific yield could have a significant effect on the magnitude of
the calculated loads, as discussed in Koerkle and others (1996). This method of estimating loads of
nitrogen in ground water is based on an assumption that recharge to ground water during a given month
equals discharge during the same month. This is not always true, especially if large storms occur late in the
month. The method would underestimate discharge from the site in dry months when there was no
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recharge to ground water. Additional errors may be present in reported loads if water samples from wells
selected to represent the quality of water discharged across site boundaries were not representative or if
model-based estimates of the percentages of ground-water flow across site boundaries were inaccurate.

Statistical procedures were used for summarizing data, making statistically supported inferences
about the data, and defining explanatory relations between the data. Data summarization was
accomplished with descriptive statistics, such as means, medians, ranges, and percentiles. Statistical
inferences about data normality, differences between data set means or medians, correlation between
variables, linear-regression analyses, and analysis of covariance were based on the results of hypothesis
testing. All hypothesis tests were conducted at the 95-percent confidence level except where noted. Data
normality was tested by use of the Shapiro-Wilk method. Differences between central values of data sets
were tested by use of the nonparametric Mann-Whitney Rank Sum test. Complete discussions of
descriptive, parametric, and nonparametric procedures can be found in Iman and Conover (1983) and
Helsel and Hirsch (1992). Statistical procedures were run on software from the Statistical Analysis System
(SAS) Institute, Inc. (1982), P-STAT, Inc. (1986), and SYSTAT, Inc. (Wilkinson, 1987).

For runoff, explanatory relations between hydrologic, climatic, and agricultural-activities data were
e);plored by the use of linear regression and analysis of covariance. The Mallow’s Cp statistic and adjusted
R* values (adjusted for degrees of freedom and number of independent variables) were used to select the
best regression models. F-tests were used to evaluate overall regression significance, and t-tests were used
to evaluate the significance of regression coefficients. Additionally, plots of regression residuals and
diagnostics for outliers, influence, and leverage were evaluated for each regression.

For ground water, cross-correlation functions were used to select the most significant lag times for
lagged correlations between applied nitrogen and concentrations of nitrate in ground water. The
population correlation coefficient (rho) and significance (p) of the strongest lagged correlations indicated
in the cross-correlation procedure were determined by use of the nonparametric Spearman Rank Sum test.

Ground-water samples were separated into nonrecharge and recharge influenced groups to assess
how ground-water quality varied during short recharge periods as compared to nonrecharge periods.
Samples were empirically grouped as recharge influenced if they were collected less than 2 weeks after a
significant recharge event. A significant recharge event was defined, by use of the continuous water-level
records of each well, as a water-level rise of 0.6 ft in wells located in parts of the aquifer with large specific
yields and a water-level rise of 1.0 ft for wells located in parts of the aquifer having small specific yields.
Nonrecharge concentrations of nitrate from monthly samples were used in the cross-correlation analysis to
eliminate short-term variations in ground water caused by transient recharge and to improve the validity
of analyses by use of data collected during similar hydrologic conditions.

Quality Assurance

A quality-assurance (QA) plan for nutrient water-quality analyses was developed to check the
quality of sample collection and analytical results. QA data pooled from all Conestoga Headwaters RCWP
water-quality studies and from the USGS National Water Quality Laboratory (NWQL), Standard
Reference Sample Program were used to evaluate the quality of the data.

Protocol for the QA plan called for routine submission of QA samples. Three types of QA samples
were used: preservation blank, reference, and field-split duplicates. Preservation blanks, consisting of
distilled water and preserved in the same manner as field samples, were used to evaluate sample
contamination and the laboratory’s baseline analytical capabilities near minimum reporting levels.
Reference samples prepared from USEPA Quality Control samples were used to determine analytical
accuracy. Field-split duplicate samples were used in the evaluation of analytical precision. QA data were
monitored during the project, and corrective steps were taken if the data indicated analytical process
problems. QA-sample data for the October 1, 1986, through September 30, 1990, post-BMP period are
summarized in table 5.
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Preservation blanks were prepared in the same manner as the nutrient samples and analyzed for all
total- and dissolved-nutrient species listed in table 5. Ideally, measured concentrations of nutrients in
blank samples should report as less than the minimum reporting level, and results reporting measurable
concentrations are indicative of sample contamination, limitations of the analytical procedures, or both.
Acceptable results, however, will report within two times the minimum reporting level. Total and
dissolved ammonia plus organic nitrogen and total and dissolved ammonia were the only constituents
with more than 5 percent unacceptable blank results (table 6). The large number of total and dissolved
ammonia plus organic nitrogen blank analysis not within acceptable limits was probably because of
known limitations with the analytical procedures. The large number of unacceptable total and dissolved
ammonia results was not expected.

Table 6. Results of blank sample analyses at Field-Site 2, October 1986
through September 1990

[MRL, minimum reporting level; --, no data]

Number of  Percent of samples within limit

Constituent observations MRL 2 x MRL
Total nitrate + nitrite 31 100 -
Dissolved nitrate + nitrite 22 100 -
Total nitrite 31 100 -
Dissolved nitrite 22 100 -
+
N ngaric nitrogen % 6 %
. _—
Total ammonia 3 84 87
Dissolved ammonia 22 77 95
Total phosphorus 30 97 100
Dissolved phosphorus 21 100 -

A signed-rank comparison of median concentrations of total and dissolved ammonium in
preservation blanks and ground-water samples showed a significant (p<0.05) positive bias for the blank
samples. Because more than half of the ground-water samples had measured concentrations of dissolved
ammonium at, or below, the minimum reporting level, a bias because of inherent analytical problems was
unlikely. Further investigation during a similar study (M.]. Langland, U.S. Geological Survey, written
commun., 1992) determined that surface-water samples containing measurable concentrations of
ammonium, transported in close proximity to blank water samples, could be a source of ammonia
contamination.

Reference samples were analyzed for concentrations of total and dissolved nitrate, ammonia plus
organic nitrogen, ammonium, and phosphorus. Results from the reference samples and sample data from
the NWQL Standard Reference Sample Program were combined and evaluated as a group. A Wilcoxon
Signed-Rank test showed a significant positive bias between the measured and expected concentrations
for dissolved nitrate, total ammonia plus organic nitrogen, and total and dissolved phosphorus. A
significant negative bias was found for dissolved ammonia. Except for total ammonia plus organic
nitrogen, the median difference between known and reported concentrations was 0.10 mg/L or less. For
reference samples, a relative percent difference (RPD) was calculated for each measured concentration and
expected concentration pair. The RPD was calculated as follows:

RPD = |Measured concentration — expected concentration| « 100 )
(Measured concentration + expected concentration)
2




The RPD’s indicated that overall analytical accuracy varied considerably. A Wilcoxon Signed-Ranks
test indicated significant bias for all constituents except dissolved ammonia plus organic nitrogen and
dissolved ammonium. All significant biases were positive except for the total ammonia. For ground-water
data, estimated biases in concentrations of reported total and dissolved ammonia plus organic nitrogen
and total and dissolved phosphorus represent a large source of error, and caution was used in their
interpretation. The estimated bias for concentrations of total and dissolved nitrate represented 2 percent or
less of the nitrate concentrations measured in ground-water samples.

For duplicate data, RPD’s were calculated for each duplicate pair. Determination of acceptable
analytical repeatability was made by comparing the RPD for each duplicate pair with RPD goals. RPD
goals ranged from 0 percent of the concentrations at the detection limit to 10 percent for concentrations
equal to or greater than 20 times the detection limit (table 7). The RPD’s for all constituents, with the
exception of total ammonium plus organic nitrogen, total and dissolved nitrate plus nitrite, and total
phosphorus, were within RPD goals for 90 percent or more of the samples analyzed. Total phosphorus
samples commonly exceeded the RPD goal.

Table 7. Relative percentage difference goals for analytical results
from duplicate samples at Field-Site 2

Relative percent
difference goal,
in minimum reporting

Sample concentration
range, in minimum

reporting levels levels or percent
0-5 1
5-20 2 or 20 percent!
20 or greater 10 percent

! Whichever is greater.

Results from the QA program indicate that bias and accuracy limitations existed for many of the
constituents. In terms of accuracy, the water-quality data for nutrients should be interpreted with caution
when concentrations are near the detection limit. However, for those constituents that constituted the
primary nutrient sources in surface water and ground water at Field-Site 2, the bias and accuracy
limitations are not detrimental.



SELECTED FACTORS THAT AFFECTED WATER QUALITY

Physiography and Geology

Site physiography and geology affected surface water and ground water. The terraced land surface
had a median slope of about 5 percent and ranged from 2 to 9 percent. The farmer reported that soil
erosion was significantly reduced after terrace construction. Soils at the site were, in general, very
permeable, and runoff typically occurred only during the most intense rainstorms. It is unknown if
terracing altered the water-table configuration and (or) the percentages of precipitation that infiltrated to
ground water at Field-Site 2. The terraces were constructed in 1965, and pipe-outlet drains were added in
1981 before the Field-Site 2 investigation began in October 1984.

A 5- to 30-ft thick mantle of soil and weathered rock formed over moderately fractured carbonate
bedrock, forming a dual porosity ground-water flow system at the site. Although the effective depth of
ground-water flow through fractures at Field-Site 2 was unknown, drilling logs from site wells suggest
that fracture occurrence decreased with increasing depth and that most ground water probably flowed
through solutionally-developed fractures near the bedrock surface. The water table in the limestone of the
Millbach Formation in the western part of Field-Site 2 (figs. 3, 4, and 5) was very near the bedrock surface
and fluctuated with changing hydrologic conditions between the bedrock and the porous granular media
at the regolith base. Well-pumping-test data indicate that the dolomite of the Snitz Creek Formation was
more fractured than the limestone of the Millbach Formation. The water table in the Snitz Creek Formation
beneath the eastern part of the site (figs. 3, 4, and 5) was primarily in the fractured bedrock. Detailed
descriptions of site hydrogeology were published in Koerkle and others (1996).

Hydrology

Identification and description of relations between the implementation of BMP’s and changes in
water quality were facilitated through an understanding of site hydrology. Precipitation, runoff, recharge
to ground water, discharge from ground water, and evapotranspiration were the major hydrologic inputs
and outputs at the site. This section contains brief discussions of each hydrologic input and output,
followed by an annual summary of site hydrologic conditions in a water budget.

Precipitation

Precipitation measured at the site was compared to the long-term (1951-80) average of 43.5 in/yr as
measured at the Ephrata, Pa., NOAA gage (table 8). Although precipitation is well distributed throughout
the average year, temporal variability in precipitation is typically large in this region, and both the
pre-BMP and post-BMP periods contained months that were significantly above or below normal
averages. Overall, precipitation during the 24-month pre-BMP period was 14.5 percent below the long-
term average, and precipitation in the 48-month post-BMP period was 1.5 percent above average.
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Table 8. Annual precipitation at Field-Site 2, long-term average for Ephrata, Pa.,
and percentage deviation from long-term average, 1985-90

[pre-Best-Management Practice (pre-BMP) period is October 1984 through September 1986;
post-Best-Management Practice (post-BMP) period is October 1986 through September 1990]

Precipitation, Long-term Percentage
Period Water years s ’ 1 deviation from
in inches average
long-term average
Pre-BMP 1985 35.8 43.5 -18
Pre-BMP 1986 38.8 435 -1
Post-BMP 1987 45.0 43.5 +3
Post-BMP 1988 404 43.5 -7
Post-BMP 1989 46.6 435 +7
Post-BMP 1990 43.6 435 +0

1 Long-term average precipitation on the basis of 30 years (1951-80) of record from the National
Oceanic and Atmospheric Administration weather station at Ephrata, Pa.

Surface Runoff

Surface runoff from 27 terraced acres of Field-Site 2, drained by a pipe-drainage system, was
monitored for 2 years prior to BMP implementation (October 1984 through September 1986) and for 2 years
after BMP implementation (October 1986 through September 1988). Total annual runoff for the 1985, 1986,
1987, and 1988 water years of the study period was 60,900, 29,800, 28,800, and 130,000 3, respectively, and
represented from 0.7 to 3.3 percent of annual precipitation. The greatest monthly runoff generally occurred
in the winter during frozen-ground conditions and in the summer during thunderstorms (fig. 6).

During the first 3 years of the study, more than 75 percent of the runoff for each year was produced
by five storms or less. In the 1985 water year, 79 percent of the annual runoff was recorded during one
0.87-in. storm that occurred on frozen soil and snowcover. In the 1986 water year, five storms that occurred
when soils were frozen and snow covered produced 46 percent of the annual runoff, and one thunderstorm
produced another 42 percent of the annual runoff. In the 1987 water year, two summer storms produced
40 and 22 percent of the annual runoff. Three storms when soils were frozen produced an additional
14 percent of the annual runoff.
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Figure 6. Monthly runoff from 27 terraced acres at Field-Site 2.

1984

In the 1988 water year, the runoff was more evenly distributed among storms. One storm on May 19
produced 17 percent of the annual runoff, and four storms in July produced an additional 31 percent of the

annual runoff. Eight storms during frozen-ground conditions in January and February produced

The amount of runoff produced by a given amount of precipitation was quite sensitive to frozen soil
conditions (fig. 7). Regression equations describing the relation between precipitation and runoff (table 9)
indicate that the increase in total runoff with increasing precipitation was about 400 times greater on frozen

soil than on thawed soil. Thus, one large storm on frozen soil could produce a substantial part of the total

annual runoff.

38 percent of the annual runoff. During the entire 4-year study period, each storm on frozen ground

produced less than 1.0 in. of precipitation.
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Table 9. Regression statistics for the log of total storm runoff as a function of storm precipitation for Field-Site 2

[Runoff is in cubic feet and storm precipitation is in inches; pre-Best-Management Practice (pre-BMP) period is
October 1984 through September 1986; post-Best-Management Practice (post-BMP) period is October 1986 through
September 1988; n, number of storms; <, less than]

Standard error
Regression coefficient Coefficient of
. . L Percent?
Dependent variable Variable n Intercept determination Log
(adj. RH! i
St orm t-test  p-value 4 units  plus Minus
precipitation
Pre-BMP runoff Thawed soil 23 0.677 7128  <0.001 1.554 0.69 042 163 62
Post-BMP runoff Thawed soil 26 .560 3.378 002 2479 .29 51 224 69
Pre-BMP runoff Frozen soil 7 3.337 3.238 023 1.132 61 .66 357 78
Pre-BMP and post- Frozen soil 17 1.719 2.267 039 2.257 21 71 413 69

BMP runoff

1 Coefficient of determination (R?) adjusted for degrees of freedom.
2 Presented as described by G.D. Tasker, U.S. Geological Survey, written commun., 1978.

During the post-BMP period, the amount of runoff per amount of precipitation increased for storms
occurring on thawed soil (fig. 7). Analysis of covariance confirmed a significant difference between
pre-BMP and post-BMP period regressions of the relation between precipitation and runoff. The relation
was not significantly different between periods when the soil was frozen.

Overall, runoff increased significantly from a median of 0.66 percent of the precipitation for all
storms occurring during the pre-BMP period to 1.9 percent in the post-BMP period (fig. 8). Because the
distribution of precipitation quantities and intensities did not change significantly from the pre-BMP to the
post-BMP period, the change in tillage practices, from no-till with continuous cover to more conventional
tillage with a fallow period, was the likely cause of the increased runoff. The increase in runoff percentage
is important because it would result in larger total loads of nutrients leaving the site if nutrient
concentrations in runoff remained constant.
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Figure 8. Percentage of precipitation from storms that was discharged
as surface runoff from the 27 terraced acres at Field-Site 2.
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Ground Water

Configuration of the ground-water table and geologic sections through the site are on figures 4
and 5. The water-table altitude in this karstic terrain responded to recharge within 1 to 3 days following
the onset of precipitation. Shallow ground water moved rapidly through porous regolith and fractured
bedrock to Indian Run (fig. 3).

A simulated steady-state ground-water budget (table 10) (Koerkle and others, 1996) shows fluxes of
water that occurred through the site ground-water system during an average year. Ground-water inflow
to the site beneath the western boundary and recharge to ground water were assumed to equal the sum of
ground water discharging across the eastern, northern, and southern site boundaries on an annual basis.
Ground-water inflow across the western boundary of the field site was estimated as 16 percent of total
annual ground-water input to the site, with recharge from infiltration of precipitation falling directly on
the site accounting for the remaining 84 percent. Approximately 16 percent of annual discharge flowed
beneath the eastern site boundary, 24 percent flowed beneath the northern site boundary, and 60 percent
flowed beneath the southern site boundary.

Contributing areas to the wells (areas where applied nitrogen in manure and commercial fertilizer
can significantly influence the water quality of water samples collected from a well) are shown in figure 9.
Methods used in the estimation of well contributing areas at the site are discussed in Koerkle and others
(1996), Hall (1992), Hall and Risser (1992), and Unangst (1992).

Table 10. Simulated steady-state ground-water budget for Field-Site 2

Inches Percentage of
total inflow or
per year outflow
Ground-water inflow
Recharge from precipitation 19.1 84
Flow across western boundary 37 16
Total 22.8 100
Ground-water outflow
Flow across eastern boundary 3.7 16
Flow across northern boundary 54 24
Flow across southern boundary 137 60
Total 22.8 100
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Water Budget

Estimation of nitrogen inputs to, and outputs from, the site required calculation of loads of nitrogen
in surface and ground water. Estimation of nitrogen loads required calculation of a site water budget in
terms of precipitation, ground-water inflow, runoff, evapotranspiration, and ground-water outflow
(table 11). Changes in storage of water were assumed to be zero on an annual basis.

The annual precipitation falling on the site (table 8) was measured at the on-site precipitation gage
(fig. 3).

Ground-water inflow across site boundaries is, on average, 19 percent of the recharge from direct
precipitation on the site on the basis of ground-water modeling simulations. Annual ground-water
recharge from direct precipitation on the field site was estimated from the sum of water-level rises
recorded in observation wells for all storms during a year (Koerkle and others, 1996). Ground-water
outflow is the sum of the two ground-water recharge terms (infiltration from direct precipitation and
inflow across site boundaries).

Surface runoff from the 27 terraced acres of the site was measured from 1985 to 1988. Total gaged
runoff volumes from the 27 terraced acres were doubled to obtain a gross estimate of surface runoff from
the entire 55-acre site. During storms, ungaged water was visually observed to discharge to Indian Run
about 150 ft north of the gage flume and also near the northeastern corner of the site. Quantities of
ungaged discharge were observed to be approximately equal in volume to the quantity of discharge
measured at the site gage. A potentially large percentage of error in the estimation of surface runoff
volume is acceptable for the purposes of this water budget because surface runoff accounted for a small
percentage of water output from the site.

Water lost from the site by evapotranspiration was computed as the residual term in the water
budget. An average of 21.9 in. of water was lost by evapotranspiration during the period 1985-90, from a
minimum of 18.2 in. in 1986 to a maximum of 25 in. in 1985. Flippo (1982) estimated an annual
evapotranspiration potential of about 40 in/yr for the Ephrata area, an estimate that is in reasonable
agreement with an actual evapotranspiration of 21.9 in/yr.

Table 11. Annual water budget in terms of precipitation, ground-water inflow, runoff, evapotranspiration, and
ground-water outflow at Field-Site 2, water years 1985-90

[All budget terms are in inches; numbers in parentheses are percentage of total outflow]

Inflow Outflow
Water
Ye€ar  Precipitation 4 Grou nd-w]ater . Runoff +  Evapotranspiration  + Ground-water

inflow outflow
1985 35.8 19 0.6(2) 25.0 (66) 12.1(32)
1986 38.8 35 3 18.2 (43) 24.0 (56)
1987 45.0 41 29 (6) 20.5 42) 25.7 (52)
1988 404 3.7 1.303) 19.6 (44) 23.2 (53)
1989 46.6 4.1 21403 23.5 (46) 25.8 (51
1990 436 34 2133 24.7 (52) 21.0 (45)
Average 41.7 35 1.33) 21.9 (48) 22.0(49)

! Ground-water inflow computed as 19 percent of recharge from direct precipitation on the field site. It also equals 16 percent
of total ground-water outflow.
Runoff estimated as 3 percent of precipitation on the basis of average of 1985-88 data.
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Agricultural Activities

Water quality at the site was affected by agricultural activities, soil and aquifer characteristics, and
climatic conditions. Because the objective of this investigation was to determine the effects of changes in
agricultural-management practices on water quality, detailed agricultural-activity data were collected
monthly from the farm managers. Agricultural-activity data included times of planting and harvest,
tillage information, and areas and times of applications of manure and commercial fertilizer.

Approximately 100 steers, 1,500 swine (three groups - 500 at a time), and 110,000 chickens (five
groups - 22,000 at a time) were raised at the site during each year of the study period. Nutrient-
management planning was implemented in October 1986 and resulted in the export of approximately
33 percent of the nitrogen in manure generated by the site animal operations. Pounds of nitrogen and
phosphorus applied monthly to farm fields are shown on figures 10 and 11, respectively. Annual
applications of nitrogen and phosphorus are shown in table 12. Table 13 shows the pounds per acre of
nitrogen that were applied to the contributing areas of five wells during the study period. Reductions in
nitrogen applications from 1986 to 1987 resulted from the implementation of nutrient-management
planning and the related export of excess manure. Nitrogen and phosphorus applications to farm fields
potentially represent the primary nutrient source in surface runoff and ground water.

Crops were primarily fertilized by the use of manure, although some commercial fertilizer was
applied. Three types of manure were applied: steer manure and bedding pack from the feedlot, hog
manure from gestation and finishing operations, and poultry manure from the poultry shed. The steer
manure mix and the poultry manure were applied to cropped fields by surface spreading. The hog manure
liquid was injected into the soil 8 to 10 in. below the soi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>