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Assessing water quality changes in
agricultural drainages: Examples from
oxbow lake tributaries in northwestern
Mississippi, United States, and simulationbased power analyses
Abstract: Hydrology (streamflow and stage) and water quality (suspended sediment, total
nitrogen [N], ammonia [NH3], total Kjeldahl N, nitrate plus nitrite [NO3 + NO2], and
total phosphorus [TP]) were monitored in two small agricultural drainages in northwestern
Mississippi to document changes in water quality that coincided with the implementation
of best management practices (BMPs) in upstream drainages. Using an event-based data set
and bootstrapping techniques, we tested for difference and equivalence in median event concentration and differences in concentration-streamflow (C-Q) relationships between an early
and late period at each site, where most of the major BMP implementation occurred during
the early period. Results for Bee Lake Tributary were inconclusive. Using 95% confidence
intervals, none of the constituents were statistically different or equivalent for median event
concentrations between the periods, indicating a lack of evidence to determine whether
water quality had changed or stayed the same, and only TP had a significantly higher C-Q
intercept during the late period. At Lake Washington Tributary, more than half the constituents had a significantly different median, slope, or intercept between periods, indicating a 35%
or more decrease in event concentration following a period of intense BMP implementation.
These mixed results could be due to a variety of differences between the sites including the
type and timing of BMP implementation, production practices, and crop types. We also used
the monitoring data to generate synthetic data and performed a simulation-based power analysis to explore the ability to detect change under 25 scenarios of sampled event counts and
hypothetical percentage changes. The simulation-based power analysis indicated that natural
variability in event concentration and flow hindered our ability to detect change. The results
from this study can be used to guide future decisions pertaining to monitoring efforts in small
agricultural drainage basins in the Mississippi Alluvial Plain.
Key words: agriculture—conservation practices—hydrology—Mississippi Alluvial Plain—
nutrient pollution—sediment pollution
The efficacy of agricultural best management practices (BMPs) to reduce
nutrient and sediment runoff has been
documented across a range of scales;
however, studies indicate apparently
diminishing returns as the basin sizes
increase from farm plots to regional
basins (Tomer and Locke 2011; Sharpley
et al. 2015; Mulla et al. 2008; USDA NRCS
2017). Small agricultural drainage ditches
(drainage area <10 km2) provide a middle
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ground for evaluating water quality changes
in response to BMPs and production practices.These smaller drainages are often runoff
driven and typically have few additional land
uses apart from agriculture. Without the
added complexity of groundwater discharge
and fewer land uses in the basin, the hope
is that water quality changes are generally
easier to detect without the cumbersome
monitoring of edge-of-field setups at the
local scale. However, even at this scale, water
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quality monitoring presents challenges, especially in some areas of the country.
For example, the Mississippi Alluvial
Plain (MAP) ecoregion is a topographically
low-relief area that stretches along the lower
Mississippi River from below the confluence
with the Ohio River to the Gulf of Mexico
(Chapman et al. 2004). Historically, this area
had extensive wetlands with over 10 million
ha of bottomland hardwood forests (King
and Keeland 1999). However, in the early
to mid-1900s, deforestation due to agriculture, flood control, and rural development
reduced these forests to less than 3 million ha,
and extensive levee construction and channelization reshaped the landscape (King et al.
2006; King and Keeland 1999; Faulkner et al.
2011). This extensive and intensive alteration
led to decreased ecosystem functions and the
loss of natural processes equipped to mitigate
excess nutrients and sediment (Faulkner et al.
2011). The highly altered landscape coupled
with low-gradient streams make the MAP a
complex hydrologic setting.
Like most agricultural regions of the
country, producers in the MAP, often with
financial assistance from federal and state
governments, have implemented a variety
of BMPs on the landscape to reduce the
amount of nutrients and sediment leaving
the fields and hopefully mitigate the deleterious effects of these constituents on
downstream waters (Dabney et al. 2001). A
general review of BMPs in the MAP found
that during the early 2000s, about 1.27 million ha with 68 different types of BMPs were
active in the region (Faulkner et al. 2011).
The implementation of BMPs in the MAP,
and across the entire Mississippi River basin,
is an important part of efforts to minimize
the size of the summer hypoxic zone in the
Gulf of Mexico (Hypoxia Task Force 2017).
Yet, little monitoring has been associated
with pre- and postimplementation of BMPs,
making it difficult to characterize their effectiveness individually or collectively (Faulkner
et al. 2011). Furthermore, explicit information about which BMPs are applied and the
exact location is typically not available as per
Section 1619 of the Food, Conservation, and

Figure 1

Materials and Methods
Location Description. Bee Lake (33.05139°,
–90.35056°)
and
Lake Washington
(33.06083°, –91.03889°) are oxbow lakes
located in the predominately agricultural
region of northwestern Mississippi (figure
1). This area has low topographical relief.
Bee Lake is a former meander of the Yazoo
River, and Lake Washington is a former
meander of the Mississippi River. Bee Lake
drains approximately 124 km2, and Lake
Washington drains approximately 120 km2 of
mostly row crop agricultural land.
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One tributary to each oxbow lake was
monitored for water quality and hydrology for an eight- or nine-year period to
assess changes in water quality related to
the installation of BMPs in their drainages.
Both tributaries are relatively large ditches
draining row crop fields (figure 1). Bee Lake
Tributary No. 1 (BLT1; USGS site number 330304090210100) near Thornton,
Mississippi, drains a 3.4 km2 area near the
center of Bee Lake and was monitored
for nine years. Lake Washington Tributary
at Stein Road (LWSR; USGS site number 330548091055100) near Chatham,
Mississippi, drains a 5.8 km2 area to the
northwest of Lake Washington and was
monitored for eight years.
Land use in the MAP is overwhelmingly
agricultural with row crop farming of largely
corn (Zea mays), soybean (Glycine max), and
cotton (Gossypium), and both drainages were
used exclusively for row crop agriculture.
The Cropland Data Layer produced by the
USDA was used to provide hectarage estimates of various crop types in both drainages
by year (USDA NASS 2007-2016). For

both sites, two or more crops were planted
within the drainage each year. In the BLT1
drainage, corn and cotton were the predominant crops planted between 2008 and 2016.
Other crops planted in the drainage included
winter wheat (usually Triticum aestivum), soybeans, and peanuts (Arachis hypogaea). Woody
wetlands also comprise about a quarter of
the BLT1 drainage. In the LWSR drainage,
soybean was the predominate crop. Corn
was also planted every year and occasionally
winter wheat, but these two crops combined
rarely exceeded the soybean hectarage.
Hydrologic Monitoring and Data
Processing. Water-surface elevation (stage)
was continuously monitored at 15-minute
intervals at both study sites using a nonsubmersible pressure sensor attached to a steel
pipe near the center of the drainage ditch.
The sensor measures water pressure at the
bottom of the steel pipe, contrasts this to
local atmospheric pressure, and then converts
the pressure to stage. Streamflow was periodically measured at each site across a range of
flow conditions according to standard USGS
guidelines as described by Rantz et al. (1982).
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Energy Act of 2008 (US Congress 2008),
which presents a challenge when trying
to establish a link between water quality
changes and BMP implementation.
In the late 2000s, the US Geological Survey
(USGS) began monitoring streamflow, stage,
and water quality in two agricultural ditches
located in the MAP that drain row crop
fields and have a variety of BMPs in place.
These sites discharge into separate oxbow
lakes (Bee Lake and Lake Washington) in
the northwestern portion of the state of
Mississippi (figure 1). Elevated concentrations of nutrients and sediment entering the
two lakes from surrounding drainages are
thought to contribute to lake infill, increased
noxious aquatic plants, low dissolved oxygen (O) concentrations, algal blooms, and
fish kills (MDEQ 2006, 2007). In an effort
to remediate these effects, multiple BMPs
have been installed in the drainages of both
oxbow lakes.
We used these monitoring data to detect
changes in water quality that could be
potentially attributed to BMPs in the drainages; however, we did not have a control
basin with which to assess these changes.
Specifically, the objectives of our study were
threefold. Our first objective was to test for
differences in sediment and nutrient event
concentrations between two periods that
capture different intensities of BMP activities
in the drainages. Our second objective was
to explore the ability to detect changes in
sediment and nutrients in small agricultural
drainages under various monitoring scenarios using a power analysis based on our
monitoring results. Our final objective was
to use the information from this monitoring effort, data analysis, and power analysis to
inform future monitoring strategies of small
agricultural basins in the MAP.

(a) Lake Washington Tributary at Stein Road (LWSR) site (dot) and drainage (dotted outline), (b)
Bee Lake Tributary No. 1 (BLT1) site and drainage, and (c) location of both study areas in relation
to the state of Mississippi and the Gulf of Mexico (hatched area is the Yazoo River basin).
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limbs), and to find the most optimal settings
during different hydrologic conditions. At
the beginning of the monitoring effort, two
automated water samplers were used at each
site (one for nutrient samples and another
for sediment), though later only one sampler
was used, and multiple bottles were filled
for each sample. Water samples for nutrient
analysis were preserved with 4.5-N sulfuric
acid and chilled on ice immediately after
sample collection (MDEQ 2013). Within
48 hours of collection, one set of water
samples was delivered to the Mississippi
Department of Environmental Quality
(MDEQ) laboratory in Pearl, Mississippi,
for determination of nutrient constituent
concentrations (MDEQ 2013). Analyses
were performed in accordance with US
Environmental Protection Agency (USEPA)
Methods for Chemical Analysis of Water
and Wastes (USEPA 1983), Test Methods
for Evaluating Solid Waste SW-846 (USEPA
1986), and the Standard Methods for
Examination of Water and Wastewater
(APHA 2005). The second set of water samples was delivered to the USGS sediment
laboratory in Baton Rouge, Louisiana, for
determination of SS concentration and processed according to Fishman and Friedman
(1989). Quality-control procedures were
followed according to the MDEQ Quality
Assurance Project Plan (MDEQ 2013) and
the 2006 Quality Assurance Plan for Water
Quality Activities in the USGS Mississippi
Water Science Center (R.A. Rebich, US
Geological Survey, personal communication, 2006). All streamflow, nutrient, and SS
data are available from the USGS National
Water Information System (NWIS) web
interface (USGS 2018).
This analysis explores changes in SS and
nutrient concentrations, including total nitrogen (TN), ammonia (NH3), total Kjeldahl
nitrogen (TKN), nitrate plus nitrite (NO3– +
NO2–), and total phosphorus (TP) (table 1).
At times, concentration determinations were
censored at a given detection level due to conditions at the laboratory. In these cases, one
half the detection limit was substituted for the
left-censored value. The water quality observations were aggregated to a flow-weighted
mean concentration for each event, hereafter
referred to as an “event concentration.” This
process was accomplished by first interpolating concentrations at 15-minute intervals
between the observed concentrations, calculating 15-minute (unit) loads, summing the

unit loads over each event, and dividing the
event load by the total flow volume of the
event (Murphy et al. 2019).
Hydrologic and Water Quality Data
Coverage. Both sites had intermittent flow
through the channel, with most of the flow
occurring in the winter (December to
February) and spring (March to May). At
BLT1, due to equipment malfunctions, the
gage was not operational for approximately
3.2% of the record. The gage was continuously operational at LWSR (table 2). Across
the entire study period, flow events represented 66% of the total time and 97% of the
total flow volume at LWSR, and 41% of the
total time and 82% of the total flow volume
at BLT1. In total, there were 194 and 177
flow events at BLT1 and LWSR, respectively.
At both sites, the hydrologic characteristics
of the flow events were highly variable with
some flow statistics varying by two or more
orders of magnitude (table 3). The hydrologic characteristics and variability found in
BLT1 and LWSR are consistent with findings of other research on agricultural ditches
in Mississippi (Baker et al. 2018; Littlejohn
et al. 2014).
The monitoring of water quality at BLT1
and LWSR resulted in many individual
samples being collected that were then aggregated to event concentrations (table 1). Due
to equipment and laboratory issues, holding
time logistics, and adaptation of study design
at BLT1 to include nutrient sampling later
in the study, we had fewer samples for nutrients than sediment. At BLT1, 550 and 195
individual samples were collected for SS
and nutrients, respectively, which resulted in
56 and 20 flow events sampled for SS and
nutrients, respectively (table 1). Sampling for
SS began approximately two years prior to
sampling for nutrients at BLT1 (table 2). At
LWSR, 367 and 234 individual samples were
collected for SS and nutrients, respectively,
which resulted in 40 and 27 flow events sampled for SS and nutrients, respectively (table
1). Sampling for SS and nutrients began concurrently at LWSR (table 2).
Conservation Practices. Due to concerns
about sediment pollution in Bee Lake, Clean
Water Act Section 319(h) funds were used
to install 14 BMPs in the drainage of BLT1.
These BMPs included the construction
of a buffer zone, water-control structures,
grade-stabilization structures, a vegetated
ditch, and a two-stage ditch. Some BMPs
were installed in July of 2007, and a second
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At each station, relations between stage
and measured streamflow were developed
(Buchanan and Somers 1969), and these
relations were used to compute continuous
streamflow at 15-minute intervals using the
monitored stage data (Kennedy 1983).
Since both drainage ditches go dry during
portions of the year, and the precision of the
flow measurements was poor below 0.03
m3 s–1, no observations below this threshold
were retained. Thus, the flow data set can
be interpreted as left censored at 0.03 m3
s–1; missing values in the 15-minute data set
indicate either flows below 0.03 m3 s–1, no
flow (a dry channel), or a submerged gage
(lake surface is higher than gage orifice). We
aggregated the 15-minute flow information
into an event-based data set by isolating
periods of continuous flow, separating these
periods into individual flow events (i.e., a
rise and fall of the hydrograph), and finally
calculating several event-based statistics for
each event (Murphy et al. [2019] for processing details). Hereafter, the event mean flow
is referred to as “event flow.” Additionally,
only events that also had recorded rainfall at the closest National Oceanic and Air
Administration (NOAA) National Weather
Service (NWS) stations (located within 48
km of each site) on the day of or the day
before the event were included in the analysis.Thus, the event-based data set used in this
analysis only considers runoff events due to
storms, not groundwater flow or irrigation
return flow.
Water Quality Sampling and Data
Processing. Water samples were collected
for nutrient and suspended-sediment (SS)
analysis at BLT1 between July 9, 2007, and
August 17, 2016, and at LWSR between
July 10, 2008, and June 14, 2016. Unfiltered
water samples were collected over event
hydrographs using one or two automatic
samplers (ISCO 6712 or 3700; Teledyne
ISCO, Lincoln, Nebraska) at each site and
were programmed to sample streamflow
above a specified stage height. When flow
was above the specified stage, samples were
collected in 1 L plastic bottles at set time
intervals. Sampling ceased when the flow
dropped below the specified stage or once
all 24 bottles in the sampler were filled. The
specified stage height and sampling intervals
varied seasonally and over the monitoring period in an effort to capture the most
events, sample as much of the event hydrograph as possible (i.e., rising and falling

Table 1
Water quality sample information and event-based descriptive statistics, by site.
			Number
		
USGS
of
parameter
samples
Constituent
code
(total)

Number		Minimum			
of
Number
event
Median event
Mean event
censored
of flow
concentration
concentration
concentration
–1
–1
samples
events
(mg L )
(mg L )
(mg L–1)

Maximum
event
concentration
(mg L–1)

Notes: NH3 = ammonia. NO3– + NO2– = nitrate plus nitrite. SS = suspended sediment. TKN = total Kjeldahl nitrogen. TN = total nitrogen. TP = total
phosphorus. USGS = US Geological Survey.

Table 2
Streamflow and water quality monitoring information by site.
				 Water
			
Percenquality
Streamflow
tage
sampling
period of
of flow
date range
record
Dates of missing
record
(number
(number of
streamflow
missing
of sampled
Site
events)
record
(%)
events)

Flow
events
sampled
(%)

End of
early
sampling
period

Number of
sampled
events in
early
period

Number of
sampled
events in
late
period

Bee Lake
July 9, 2007,
Oct. 23 2008, to
3.2
SS*: Oct. 18, 2007, SS: 29
Aug. 15, 2013
SS: 39
SS: 17
Tributary
to Aug. 17,
Oct. 29, 2008 (6 days)		
to Aug. 17, 2016
Nutrients:		
Nutrients: 8
Nutrients: 12
No. 1
2016 (194
Oct. 18, 2010, to Nov.		
(56)
10			
(BLT1)
events)
1, 2010 (15 days)		
Nutrients:
		
Sept. 1, 2011, to Sept.		
May 2, 2010, to
		
6, 2011 (6 days)		
Aug. 17, 2016
		
Feb. 2, 2015, to Feb.		
(20)						
		
3, 2015 (2 days)								
		
Feb. 7, 2015, to Feb.
		
26, 2015 (20 days)								
		
Aug. 28, 2015, to Sept.								
		
30, 2015 (34 days)
		
Oct. 1, 2016, to Oct.								
		
24, 2016 (24 days)								
Lake
Aug. 10, 2008, None
0.0
SS: Aug. 12, 2008, SS: 23
Dec. 31, 2011
SS: 24
SS: 16
Washington to June 14,			
to June 14, 2016
Nutrients:		
Nutrients: 15 Nutrients: 12
Tributary
2016			
(40)
15			
at Stein
(177 events)			
Nutrients:
Road 				
same						
(LWSR)				
as SS (27)

Copyright © 2020 Soil and Water Conservation Society. All rights reserved.
Journal of Soil and Water Conservation 75(2):218-230 www.swcs.org

Bee Lake Tributary No. 1 (BLT1)
NH3		
00610
206
30
20
0.02
0.23
0.73
6.20
NO3– + NO2–
00630
206
6
20
0.04
1.00
1.40
3.80
SS		
80154
550
0
56
52.00
210.00
340.00
1,200.00
TKN		
00625
206
0
20
0.42
1.30
1.80
11.00
TN		
00600
206
0
20
1.00
2.60
3.10
14.00
TP		
00665
206
0
20
0.34
0.57
1.00
9.00
Lake Washington Tributary at Stein Road (LWSR)							
NH3		
00610
234
77
27
0.016
0.11
0.18
0.70
NO3– + NO2–
00630
235
0
27
0.075
0.81
0.95
3.90
SS		
80154
367
0
40
82.00
1,100.00
1,100.00
4,000.00
TKN		
00625
235
0
27
0.32
0.95
1.55
5.80
TN		
00600
235
0
27
0.55
1.80
2.50
7.60
TP		
00665
235
1
27
0.26
0.75
0.88
2.30

*SS = suspended sediment.
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Table 3

Descriptive statistics for flow events across the period of record and for each sampling period, by site. The range of minimum-maximum values are
shown in parentheses.				
Site

Statistic

Period of record

Early period

Late period

Bee Lake Tributary
No. 1 (BLT1)

Number of events
Event mean flow (m3 s–1)
Event peak flow (m3 s–1)
Event total flow volume (103 m3 s–1)
Event duration (h)
Total flow volume (103 m3 s–1)
Number of events
Event mean flow (m3 s–1)
Event peak flow (m3 s–1)
Event total flow volume (103 m3 s–1)
Event duration (h)
Total flow volume (103 m3 s–1)

194
0.31 (0.05 to 1.42)
0.71 (0.11 to 3.37)
30 (2 to 150)
25 (8 to 153)
6,034
177
0.85 (0.06 to 5.38)
2.07 (0.11 to 13.68)
84 (1 to 1,409)
22 (2 to 89)
14,907

120
0.42 (0.05 to 1.42)
0.76 (0.11 to 3.37)
34 (2 to 150)
25 (8 to 153)
4,087
70
0.68 (0.06 to 4.39)
2.07 (0.11 to 13.68)
63 (1 to 1,409)
22 (2 to 89)
5,748

74
0.28 (0.08 to 1.20)
0.59 (0.11 to 2.75)
26 (2 to 133)
24 (9 to 84)
1,946
107
0.96 (0.08 to 5.38)
2.07 (0.11 to 9.49)
85 (2 to 785)
22 (6 to 55)
9,160

Lake Washington
Tributary at
Stein Road (LWSR)
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of the “late” period (table 2). This break in
the data was intended to capture the main
BMP implementations and most intensive
periods of construction in the early period.
Water quality samples were not collected
prior to the early period at either site.
Difference and Equivalence Testing. For
each constituent, a nonparametric bootstrap
method was used to estimate 90% confidence intervals for the difference in median
event concentration between the early and
late sampling periods. The difference in
median event concentration was calculated
according to equation 1:
Mlate - Mearly = Mdiff ,

(1)

where Mlate is the median of event concentrations during the late period, Mearly is the
median of event concentrations during the
early period, and Mdiff is the difference in
medians between the early and late periods.
All analyses were completed using the R
statistical software program (R Core Team
2017), and bootstrapping was implemented
using the boot R package (Canty and Ripley
2017; Davison and Hinkley 1997). A replicate consisted of sampling the observed
event concentration data, with replacement,
according to the strata (early and late periods). For each replicate, the difference in the
median event concentration (Mdiff, equation
1) was calculated. A total of 10,000 bootstrap
replicates were generated, and the adjusted
bootstrap percentile interval (Davison and
Hinkley 1997) was used to estimate 90%
confidence interval for Mdiff.
The 90% confidence interval of Mdiff
was used to assess statistically significant
differences and equivalences. Statistically

significant differences were defined as the
90% confidence interval not encompassing zero (figure 2). Statistically significant
equivalences were assessed using ±25%
equivalence intervals. For each constituent,
the lower and upper bounds of the equivalence interval were calculated by multiplying
Mearly by –0.25 and 0.25, respectively. If the
90% confidence interval of Mdiff was wholly
contained within the equivalence interval,
then Mearly and Mlate were considered to be
significantly equivalent within ±25% (figure
2). Using a 90% confidence interval equates
to a significance level (α) of 0.10 for the
difference test and 0.05 for the equivalence
test. Combining these two tests allowed us
to determine if median event concentration
differed between the early and late periods
or if it remained essentially unchanged. If
neither test was statistically significant, then
the results were inconclusive, indicating there
was too much uncertainty to detect if event
concentrations were higher, lower, or similar
between early and late periods (figure 2).
Difference in Concentration-Streamflow
(C-Q) Relationships.We also tested for differences in the C-Q relationship between early
and late periods for all constituents in the
BLT1 and LWSR drainages. Logarithmically
(base e) transformed event concentrations
were regressed against logarithmically transformed event mean flows using ordinary least
squares regression, and a dummy variable was
used to identify whether data were collected
in the early or late period. First, we tested
for significant differences in slope by fitting
concentration and flow data to equation 2:
log(Ci ) = α + βlog(Qi ) + γPi + δ(Qi Pi ), (2)
JOURNAL OF SOIL AND WATER CONSERVATION
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round of BMP installation was completed in
August of 2012.The second round of installations included the construction of two-stage
ditches to address nutrient pollution. For the
BLT1 site, the “early” sampling period was
defined as data collected on or before August
15, 2013. Hydrology and water quality data
collected after this date were considered part
of the “late” period (table 2). This break in
the data captures both phases of BMP implementation in the early period.
Due to concerns about nutrient pollution in Lake Washington, Clean Water Act
Section 319(h) funds were also used to install
numerous BMPs throughout the drainage
basin between early 2008 and late 2010. In
the LWSR drainage, BMPs included land
leveling, construction of pads, pipes, and filter strips, and planting of cover crops. During
this time and continuing beyond 2010, additional BMPs were installed or implemented
throughout the basin with funds provided by
the USDA Natural Resources Conservation
Service (NRCS)’s Environmental Quality
Incentives Program and Conservation
Reserve Program. These BMPs included
more land-leveling and construction of
pads and pipes, in addition to nutrient management, construction of an underground
irrigation line, and tree planting. The precise
timing of BMP construction and implementation is unknown. The BMPs implemented
in the LWSR drainage, and throughout the
Lake Washington drainage basin in general,
were originally designed for sediment control even though nutrient pollution was the
primary concern. For LWSR, the “early”
sampling period was defined as data collected
on or before December 31, 2011, and data
collected after this date were considered part

Figure 2
Explanation of possible result combinations and interpretations from tests for difference and equivalence in median event concentrations between
the early and late periods. Horizontal error bars are representative of 90% confidence intervals.

–25%

0%

25%

Result of
difference test

Result of
equivalence test

Interpretation of		
combined results

Significant

Nonsignificant

Medians differ

Nonsignificant
Significant
Medians equivalent
					
Significant
Significant
Medians equivalent;
		
no meaningful difference
					
Nonsignificant
Nonsignificant
Inconclusive; not enough
		 evidence

Equivalence interval (decided a priori)

log(Ci ) = α + βlog(Qi ) + γPi .

(3)

Similarly, a nonparametric bootstrap (10,000
replicates) was used to estimate 90% confidence intervals for all coefficients. If the
90% confidence interval for α (the difference in intercept between the early and
late periods) did not include zero, then the
intercept was considered to be significantly
different between the early and late periods.
For constituents with significantly different intercepts, the intercept coefficient was
backtransformed by exponentiating the
coefficient, subtracting by 1 and multiplying
by 100. This calculated value represented the
percentage change in event concentrations
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between the early and late sampling periods
if event flow was held constant.
Power Analysis. In addition to exploring
differences in water quality between the
early and late sampling periods at BLT1 and
LWSR, we also completed a power analysis
to explore the sensitivity of three statistical
tests of difference under varying scenarios of
percentage change (effect size) and number
of sampled events. Using selected distributional parameters and covariate effect sizes
(i.e., influence of event flow on event concentrations; table 4), we generated synthetic
data to simulate SS, TN, and TP event concentrations for control and treatment groups
for various combinations of percentage

change in event concentration (i.e., the effect
size) and number of sampled events. The distributional parameters and covariate effect
sizes (table 4) were derived from the monitoring data (Murphy et al. 2019), and the
control and treatment groups were meant to
simulate the influence of limited to no influence of BMPs on water quality compared
to decreased event concentrations due to
BMP implementations. The number of total
sampled events were set to 20, 50, 100, 150,
or 200, and percentage changes were set to
–10%, –25%, –50%, –75%, or –90% between
the control and treatment group, resulting in 25 scenarios. For each scenario and
constituent, 1,000 simulations were run and

Table 4
Parameters used in power analysis and derived from the observed data at each site.
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where C is the event concentration; Q is
event flow; P is a dummy variable coded as
1 or 0 for the early and late periods, respectively; i indicates a given flow event; and α, β,
γ, and δ are fitted coefficients.
Using the boot R package (Canty and
Ripley 2017; Davison and Hinkley 1997),
10,000 bootstrap replicates were used to
estimate 90% confidence intervals using
the adjusted bootstrap percentile interval (Davison and Hinkley 1997) for all
coefficients in equation 2. If the 90% confidence interval for δ (the difference in slope
between the early and late periods) did not
include zero, then the slope was considered
to be significantly different between the early
and late periods.
For constituents that did not show significant differences in slope, we then tested for
significant differences in intercept of the C-Q
relationships. In these cases, equation 3 was fit
to the data (variables previously defined):

				Lake
		
Selected
Bee Lake
Washington
		
parameters
Tributary
Tributary
for power
No. 1
at Stein
Constituent
Parameter
analysis
(BLT1)
Road (LWSR)
SS

log(mean)
6.00
5.43
6.55
log(standard deviation)
1.00
0.90
1.13			
slope of SS-flow
6.50
6.50
–4.70			
TN
log(mean)
0.80
0.91
0.69			
log(standard deviation)
0.65
0.65
0.65			
slope of TN-flow
–0.05
–0.05
–0.01			
TP
log(mean)
–0.37
–0.39
–0.34			
log(standard deviation)
0.68
0.69
0.68			
slope of TP-flow
–0.006
–0.006
–0.003		
Q
log(mean)
2.50
2.18
2.92			
log(standard deviation)
0.85
0.71
1.06
Notes: SS = suspended sediment. TN = total nitrogen. TP = total phosphorus. Q = event flow.
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significant differences for a given statistical
test were recorded.The number of significant
differences divided by the number of total
simulations (1,000) gave the power of that
statistical test for the given scenario.
Three statistical tests were assessed through
these simulation-based power analyses: (1)
difference in median event concentration
(equation 1), (2) difference in the intercept of log-transformed C-Q relationships
(equation 3), and (3) difference in mean of
log-transformed event concentration, calculated according to equation 4:
Udiff= Utreatment- Ucontrol ,

(4)

Results and Discussion
Difference and Equivalence Testing. At both
sites, median event concentrations for some
constituents were lower during the late
period; however, for many constituents at
both sites, the results from the difference and
equivalence tests were inconclusive (table 5;
figure 2). None of the constituents at either
site were significantly equivalent between
the early and late periods (table 5). At BLT1,
the difference tests indicate all constituents
were not significantly different between
periods even though five of the six constituents had median event concentrations in
the late period that were at least 10% higher
or lower than event concentrations from the
early period. The insignificant results from
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field methods and thus retained the event in
the analysis. We suspect this event may have
occurred when fertilizer was applied just
prior to a runoff event.
At LWSR, the C-Q relationships for most
constituents suggest improved water quality
conditions between the early and late periods; however, only three constituents (SS,
TKN, and TN) had statistical differences
in either the slope or intercept (figure 3).
During the early period, event concentrations were negatively related to event flows
for all constituents, indicating a tendency for
event concentrations to be lower for large
compared to small events, possibly suggesting
dilution of a finite amount of constituent (figure 3). Although still negative, NH3 was the
only constituent where the C-Q relationship
for the late period lay entirely above the early
period, though these C-Q relationships were
not statistically different. Additionally, TKN
and TN had negative C-Q relationships for
the late period.These relationships had statistically different intercepts between sampling
periods resulting in event concentrations
being approximately 35% lower during the
late period for both constituents. For the
other constituents (NO3– + NO2–, TP, and
SS), the C-Q relationship shifted to positive
during the late period, though only SS had
significantly different slopes between periods. Much of this shift in slope was driven
by lower concentrations during events with
smaller flows during the late period and not
a large increase in concentrations during
high flow events (figure 3), suggesting BMPs
may have decreased concentrations during
small or moderate events but had little effect
on larger events. Our results are consistent
with Sharpley et al. (2008), who found a
significant increase in storm flow dissolved
P concentration with storm size, suggesting
that as events increase in size, P release from
soils and/or the area of the watershed producing runoff also increases.
Power Analysis. As expected, the results of
the power analysis for the difference-in-median and difference-in-intercept tests show
that as the number of sampled events
increases so does the power and our ability
to detect change (figure 4). However, this
positive relationship between power and
the number of sampled events is not linear
and varies depending on the statistical test,
constituent, and percentage change. The difference-in-median test typically had greater
power for the synthetic TN and TP data
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where Utreatment is the mean of log-transformed
event concentrations from the treatment
period, Ucontrol is the mean of log-transformed
event concentrations from the control
period, and Udiff is the difference.
This test was used to explore the power due
to the addition of a covariate to the statistical
analysis (as in equation 2), as compared to the
use of a different measure of central tendency,
specifically the mean of log-transformed values (i.e., the geometric mean) compared to
the median. These three tests are referred
to as the difference-in-median (equation
1), difference-in-intercept (equation 3), and
difference-in-meanLog (equation 4), hereafter. For each of the 1,000 simulations, 2,000
bootstrap replicates were used to determine
the 90% confidence interval of the given difference statistic using the adjusted bootstrap
percentile interval. If the 90% confidence
interval of the given difference statistic did
not include zero, the difference was considered statistically significant.

both tests were inconclusive, indicating
there was not enough evidence to detect
whether the median event concentration
changed or stayed the same between the
two periods at BLT1. At LWSR, the difference tests indicate half of the constituents
(SS, TN, and TP) had significantly lower
event concentrations in the late period
compared to concentrations from the early
period; medians differed by –52%, –36%,
and –44%, respectively. The remaining
constituents did not have different median
event concentrations between periods even
though the early median of one constituent
(NH3) was 60% higher than the late period
median. Thus, at LWSR, the difference and
equivalence tests were inconclusive for
NH3, TKN, and NO2– + NO3– (table 5).
The inclusion of the equivalence test along
with the difference test (figure 2) provided
complementary information so that we did
not mistakenly assume that event concentrations had not changed between periods
for all the constituents at BLT1 and for half
the constituents at LWSR. Instead, the tests
together indicated a lack of evidence and a
need for additional sampled events.
Differences in Concentration-Streamflow
Relationships. At BLT1, C-Q relationships
were similar between early and late periods;
only one statistical difference was detected in
the slope or intercept between early and late
periods across all six constituents (TP; figure
3). For N constituents, the C-Q relationships
were negative or near-horizontal (figure 3),
suggesting a slight dilution response of these
constituents at higher flow events during
both periods or no response at all. For NH3
and NO3– + NO2–, a slight steepening of
the C-Q slope was observed during the late
period; however, the intercepts or slopes
were not significantly different between
periods. The C-Q relationships for SS and
TP were positive, suggesting a high supply of
available sediment and P for transport from
the drainage basin. For SS, this relationship
is nearly identical between periods and not
significantly different. For TP, the intercept
for the late period was significantly higher
than the early period, indicating about 60%
higher TP event concentrations during the
late period (figure 3). This increase in intercept is largely attributed to a single event
with extremely high concentration during
the late period. When we investigated this
seemingly anomalous concentration, we did
not find any issues with the laboratory or

Table 5
Summary of difference and equivalence test results for median event concentrations, by constituent and site.

		
		
Site
Constituent
Bee Lake
Tributary
No. 1
(BLT1)

Difference
between
median
concentration
Mdiff
(mg L–1)

Bootstrap
90%
confidence
intervals
for Mdiff
(mg L–1)

Percentage
difference
in median		
concenSignificant
trations
difference

Equivalence
interval
for Mdiff
(mg L–1)

Significant
equivalence
using 25%
equivalence
interval

230.00
2.20
0.37
1.20
1.10
0.52
1,200.00
2.50
0.084
0.97
1.00
1.10

–55.00
0.46
–0.15
0.05
–0.14
0.13
–650.00
–0.89
0.05
–0.16
–0.30
–0.48

(–204, 157)
(–1.08, 1.52)
(–0.69, 0.31)
(–0.96, 0.76)
(–0.96, 0.36)
(–0.05, 0.31)
(–1,170, –71)
(–3.77, –0.24)
(–0.24, 0.13)
(–1.59, 0.21)
(–0.87, 0.15)
(–1.03, –0.005)

–24
21
–41
4
–13
25
–52
–36
60
–16
–29
–44

(–56, 56)
(–0.56, 0.56)
(–0.09, 0.09)
(–0.30, 0.30)
(–0.28, 0.28)
(–0.13, 0.13)
(–313, 313)
(–0.62, 0.62)
(–0.02, 0.02)
(–0.243, 0.24)
(–0.26, 0.26)
(–0.27, 0.27)

ns		
ns
ns
ns
ns
ns
ns		
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
sig
sig
ns
ns
ns
sig

Notes: NH3 = ammonia. NO3– + NO2– = nitrate plus nitrite. SS = suspended sediment. TKN = total Kjeldahl nitrogen. TN = total nitrogen. TP = total
phosphorus. ns = nonsignificant result. sig = significant result.

sets, whereas the difference-in-intercept test
typically had greater power for synthetic SS
data. Across all scenarios and both tests, the
power analysis indicated consistently lower
power for synthetic TN (figure 4). More sampled events were particularly helpful when
the percentage change was moderate (25% or
less).When the percentage decrease was about
50%, increasing the number of sampled events
rapidly increased the resulting power for
most of the constituents and for both statistical tests. For some constituents, this pushed
the power above 0.80, a commonly used
threshold for power (Krzywinski and Altman
2013). For percentage decreases beyond this
range (decrease of 75% or more), increasing the number of sampled events had little
effect on power since the power was already
high for both tests with as few as 20 sampled
events (the exception being power <0.80
when synthetic TN data had a low number
of sampled events). For scenarios with small
percentage decreases (10%), increasing the
number of sampled events resulted in only
small increases in power across both tests and
all constituents (figure 4).
Comparing the power of both the difference-in-median and difference-in-intercept
tests to the power of the difference-in-meanLog test shows that the measure of central
tendency being tested is important, and that
accounting for event flow as a covariate does
not appear to increase our ability to detect
a change given the characteristics of the
monitoring data. The difference-in-intercept
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test was anticipated to have greater power
than the difference-in-median test because
it accounts for event flow as a covariate;
however, this proved to be true only for
SS synthetic data and for synthetic TP and
TN data during scenarios with only a few
sampled events (figure 5). Furthermore, the
difference-in-intercept test has almost the
same power as the difference-in-meanLog
test for all scenarios and constituents, indicating that accounting for flow as a covariate
only marginally increased our ability to
detect a change, given the synthetic data
characteristics we used. Thus, the difference
in power between the difference-in-median
test and the difference-in-intercept test is
primarily due to the use of different measure
of central tendency. Use of the median as
the measure of central tendency resulted in
higher power for most of the scenarios using
synthetic TN and TP data, likely due to the
skewness of the synthetic (and thus the monitored) data (figure 5).
Potential Changes between Early and Late
Periods. Our study demonstrated mixed
results for detecting changes in sediment and
nutrient concentrations from two small agricultural drainages in the MAP. At BLT1 there
is a lack of evidence for a change or for equivalence in event concentrations between early
and late periods, and only TP concentrations
showed a significantly different intercept
between early and late periods, likely driven
by one event with an event concentration
of 9 mg L–1 (figure 3). Conversely, there was

some evidence of significant decreases in
event concentrations for about half of the
constituents at LWSR. At least one of the statistical tests (i.e., difference in median, C-Q
intercept, or C-Q slope) identified significant decreases for four of the six constituents
(SS, TKN, TN, and TP), and these decreases
ranged between –35% and –52%, depending
on the constituent and test. The results were
inconclusive for NH3 and NO3– + NO2–.The
mixed results presented here are consistent
with other studies in agricultural drainages
in the MAP, as well as other intensive agricultural areas with BMPs. Some studies have
shown decreases in sediment (Lizotte et al.
2014; Corsi et al. 2005), P (Bishop et al. 2005;
Baker et al. 2016; Littejohn et al. 2014), and
N (Corsi et al. 2005; Littlejohn et al. 2014),
while other studies have shown little to no
reduction in sediment or nutrient (Lizotte et
al. 2017; Baker et al. 2018; Corsi et al. 2012).
The changes in water quality, or lack
thereof, identified in our study could be due
to a variety of differences between early and
late periods at BLT1 and LWSR. Many of
these differences were not controlled for
in this study and can be highly variable.
Variability in crop type and soil type can
greatly affect sediment and nutrient concentrations and loads (Aryal and Reba 2017).
Variability in hydrology and crop production practices can make detecting changes in
nutrients and sediment challenging (Baker et
al. 2018). Rainfall frequency, duration, and
intensity vary within and between years, also

MARCH/APRIL 2020—VOL. 75, NO. 2

Copyright © 2020 Soil and Water Conservation Society. All rights reserved.
Journal of Soil and Water Conservation 75(2):218-230 www.swcs.org

SS
TN
NH3
TKN
NO3– + NO2–
TP
Lake
SS
Washington TN
at Stein
NH3
Road
TKN
(LWSR)
NO3– + NO2–
TP

Early
sampling
period
median
concentration
(mg L–1)
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Figure 3
Event concentration (C) and streamflow (Q) data for ammonia (NH3), nitrate plus nitrite (NO3 + NO2), suspended sediment (SS), total Kjeldahl
nitrogen (TKN), total nitrogen (TN), and total phosphorus (TP) at (a through f) Bee Lake Tributary No. 1 (BLT1) and (g through l) Lake Washington
Tributary at Stein Road (LWSR), with the C-Q relationship by best management practice period and indication if intercepts (*) or slopes (**) differed between periods.
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contributing to seasonal and annual variability in concentrations and loads (Sharpley et
al. 2015). Attributing a specific cause to a
change, or lack of change, in water quality or
quantity is a challenge recognized across the
hydrologic literature (Harrigan et al. 2014;
Clark et al. 2011; Merz et al. 2012; Ryberg
2017). Specifically, our study design of two
periods that capture differences in the intensity and density of BMP implementation,
without an associated control basin, negates
our ability to differentiate changes in water
quality due exclusively to BMPs versus other
influences (Kibler et al. 2011). Nevertheless,
we can hypothesize and draw tentative
conclusions about the role BMPs, and production practices, may have had on changes,
or lack thereof, in water quality in these two
agricultural drainages.
Our results suggest BMPs and production
practices may have played a role in improving
water quality at LWSR but had little effect at
BLT1. Differences in improvement in water
quality between BLT1 and LWSR may be
related to differences in intensity and types
of BMPs implemented and various production practices between the drainages. In the
Bee Lake drainage, there were fewer BMPs
installed, and most of the BMPs that were
installed were targeted to reduce sediment
and not necessarily nutrients; however, two-
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stage ditches were installed near the end of
the early period, which were specifically
targeted to reduce nutrient runoff. LWSR
had many BMPs installed in the drainage, primarily during the early period, and,
similar to BLT1, these BMPs were mostly
designed for sediment reduction. During
the late period, nutrient management was
ongoing in the LWSR drainage through
funding mechanisms apart from Clean Water
Act Section 319(h) funds. Nutrient management in the LWSR drainage likely resulted
in lower fertilizer usage on the fields, thus,
likely decreasing the amount of available N
for transport.
The drainages differed in the type of crops
planted between early and late periods. In the
BLT1 drainage, corn was the primary crop for
most years in the early period, and during the
late period, corn and cotton alternated as the
primary crop annually. Since fertilizer is used
on both corn and cotton crops, it is possible
that fertilizer inputs were not very different
between early and late periods in the BLT1
drainage. Additionally, woody wetlands are a
considerable portion of the BLT1 drainage,
which may have helped to moderate any
changes in water quality between early and
late periods at this site. At LWSR, soybeans
were the dominant crop type during the late
period, while during the early period the

dominant crop type alternated between corn
and soybean. The fertilizer requirements are
typically quite different for these crops, such
that corn is fertilized and soybeans generally
are not. It is possible that this difference in
crops between early and late periods may have
led to lower fertilizer application and lower
nutrient concentrations in field runoff in the
late period compared to the early period.
Potential Considerations for Future
Monitoring. Event concentrations and event
flows were highly variable at both sites,
which likely contributed to the low proportion of rejected null hypotheses across the
four statistical tests (difference-in-median,
equivalence-in-median, difference-in-slope,
and difference-in-intercept). In this study,
event concentrations for a given constituent
can span two to three orders of magnitude
(table 1), and event flows are similarly variable (table 3). The high variability of water
quality and hydrology in the MAP has also
been documented elsewhere (Littlejohn et
al. 2014). A comparison of power across
the various scenarios (percentage change
versus number of sampled events) for
both the difference-in-median and difference-in-intercept tests highlight why we
may not have detected many changes—
the number of sampled events was low
given the natural variability of event con-

JOURNAL OF SOIL AND WATER CONSERVATION

Copyright © 2020 Soil and Water Conservation Society. All rights reserved.
Journal of Soil and Water Conservation 75(2):218-230 www.swcs.org

Log (event concentration)
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(b)

NH3

Figure 4
Comparison of statistical power for the (a, c, e) difference-in-intercept test and the (b, d, f)
difference-in-median test for (a and b) suspended sediment (SS), (c and d) total nitrogen (TN),
and (e and f) total phosphorus (TP) for each of the percentage change scenarios. Dotted line is
at 0.80 power, a commonly used threshold for power (Krzywinski and Altman 2013).
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centrations in these drainages. Given the
characteristics of our data set, only large
decreases are likely to be detected, and thus
smaller decreases in event concentrations
may have occurred but would have been
largely undetectable. Interestingly, more sig-
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nificant differences were identified at LWSR
even though event concentrations and event
flows appear to be more variable than BLT1
(table 1 and table 3). However, more events
were sampled for nutrients at LWSR compared to BLT1 (table 2), and the power
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50

Number of sampled events

analysis shows a large increase in power as
the number of sampled events increases from
20 to 50. It would have been advantageous
to assess the power of our data as an ongoing part of our monitoring activity. Thus, as
other researchers have suggested (Levine et
al. 2014), we support assessing the power of
the collected data set as an ongoing activity during monitoring. This information can
be used to better inform future monitoring
and whether or not the appropriate number
of events are being sampled to achieve the
desired sensitivity given the variability of the
observed data.
Even if all the observed flow events that
occurred at BLT1 and LWSR (194 and 177,
respectively) were sampled, the power analysis suggests the difference-in-median and
difference-in-intercept tests would still not
be able to detect relatively small changes in
event concentrations. The power analysis for
the scenario with 200 sampled events, coupled with a power of 0.80, indicates only
decreases of about 40% or more are likely
to be detected using the difference-in-median test (figure 4). Typically, in such cases,
a covariate can be incorporated into the
analysis to help control some of the variability and increase the power of the statistical
tests. The “gold standard” for studies evaluating changes in water quality due to the
implementation of BMPs is to use a control
basin as the covariate. Since a control basin
was not monitored as part of this study, we
used event mean flow as the covariate. The
power analysis for the difference-in-intercept test indicates that the variability of
event concentrations was too great and the
synthetic covariate (event flow) was not that
useful in controlling for this variability (figure 5). If resources had been available for our
study, using a control drainage or monitoring
another covariate with higher correlation to
event concentrations would have improved
our ability to detect change (Loftis et al.
2001). Other covariates to consider may have
included soil moisture or precipitation. Thus,
at the onset of future monitoring efforts,
identifying and monitoring possible covariates may help to control some of the natural
variability in the system, and increase the
ability of future studies to detect small water
quality changes.
An often overlooked aspect of testing
for differences between two time periods is
acknowledging that a nonsignificant result
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Figure 5
Comparison of statistical power for difference tests according to percentage change for (a, b, c) suspended sediment (SS), (d, e, f) total nitrogen
(TN), and (g, h, i) total phosphorus (TP), grouped by number of sampled events ([a, d, g] 20 sampled events, [b, e, h] 50 sampled events, and [c, f,
i] 100 sampled events). Dotted line is at 0.80 power, a commonly used threshold for power (Krzywinski and Altman 2013).

(b)

(c)
1.00

1.00

0.75

0.75

0.75

0.50
0.25

0.50
0.25

–75

–50

–25

–25

(e)

0.75

0.75

0.75

Power TN

1.00

0.25

0.50
0.25

–75

–50

–25

–50

–25

0.75

0.75

Power TP

0.75

Power TP

1.00

0.50
0.25

–75

–50

–25

–25

–75

–50

–25

(i)
1.00

0.50
0.25

–75

Percentage change (%)

–50

Percentage change (%)

1.00

0.25

–75

0.50

Percentage change (%)
(h)

0.50

–25

0.25
–75

Percentage change (%)
(g)

–50

(f)
1.00

0.50

–75

Percentage change (%)

1.00

Power TN

Power TN

–50

Percentage change (%)

–50

–25

Percentage change (%)

Percentage change (%)

Legend
Difference test
Difference-inintercept test

does not necessarily mean there was no effect
or that conditions were the same between
the two periods (McBride et al. 1993; Dixon
and Pechmann 2005). This is why we tested
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Difference-inmeanLog test

for difference and equivalence of the median
event concentrations in our analysis (table
5). While we found that several constituents
had differences in median event concentra-

Difference-inmedian test

tion between the early and late periods, none
of the late period medians were equivalent
within ±25% of the early period medians.
Thus, for many constituents, it is impossible
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(d)
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Power SS

(a)

to declare whether conditions were similar or different. Without this accompanying
test for equivalence, we may have mistakenly assumed the nonsignificant results of
the differences-in-median test indicated “no
change” when in fact the data do not support
this statement. We believe combining difference and equivalence testing in hydrologic
studies can inform better understanding of
how water quality conditions may or may
not change over time and when there is a
need for more or better data.

firm, or product names is for descriptive purposes only and

Summary and Conclusions
Monitoring and data analysis identified
mixed changes in water quality coinciding
with implementation of BMPs in two small
agricultural drainages in the MAP. Statistical
tests indicated no evidence of improvement in
sediment and nutrient event concentrations
at BLT1, but did suggest some improvement in water quality at LWSR, particularly
during moderate flow events for several constituents and for TKN and TN across all flow
event magnitudes. Nevertheless, equivalence
testing, size of the confidence intervals, and
the power analysis suggest a large amount of
uncertainty in our results. BMPs and production practices may have played a role in the
decreases in event concentrations observed
at LWSR, whereas the proportion of woody
wetlands in the BLT1 drainage may have
mitigated changes that occurred at that
site. Our combined use of difference and
equivalence testing provided an improved
understanding of conditions at the sites and
helped to identify that more information
was needed to assess change for some of the
constituents. Additionally, the power analysis
suggests that the natural variability of event
flow and event concentrations at these sites
hinders our ability to detect small or moderate water quality changes in these drainages.
Our results indicate that assessing natural
variability, the number of sampled events,
and statistical power on an ongoing basis will
benefit future monitoring efforts. Potential
solutions to address these issues include
increasing the number of events being sampled, restricting sampling to an index period
(e.g., the spring), monitoring a covariate
such as soil moisture, or ideally monitoring
a comparable control basin.
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