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Effects of Urban Best Management Practices on
Streamflow and Phosphorus and Suspended-Sediment
Transport on Englesby Brook in Burlington, Vermont,

2000-2010

By Laura Medalie

Abstract

An assessment of the effectiveness of several urban best
management practice structures, including a wet extended
detention facility and a shallow marsh wetland (together
the “wet extended detention ponds”), was made using data
collected from 2000 through 2010 at Englesby Brook in
Burlington, Vermont. The purpose of the best management
practices was to reduce high streamflows and phosphorus and
suspended-sediment loads and concentrations and to increase
low streamflows. Englesby Brook was monitored for stream-
flow, phosphorus, and suspended-sediment concentrations at
a streamgage downstream of the best management practice
structures for 5 years before the wet extended detention ponds
were constructed in 2005 and for 4 years (phosphorus and
suspended-sediment concentrations) or 5 years (streamflow)
after they were constructed.

The period after construction of the best management
practice structures was wetter and had higher discharges than
the period before construction. Despite the wetter condi-
tions, streamflow duration curves provided evidence that the
streamflow regime appeared to have shifted so that the per-
centages of low streamflows have increased and those of high
streamflows may have slightly decreased. Two other hydro-
logic measures showed improvements in the years following
construction of the best management practices: the percentage
of annual discharge transported during the 3 days with highest
discharges and the number of days with zero streamflow have
both decreased.

Evidence was mixed for the effectiveness of the best
management practices in reducing phosphorus and suspended-
sediment concentrations and loads. Annual phosphorus and
suspended-sediment loads, monthly loads, low-streamflow
concentrations, storm-averaged streamflow-adjusted con-
centrations, and total storm loads either did not change
significantly or increased in the period after construction.
These results likely were because of the wetter conditions
in the period after construction. For example, monthly loads
assessed using analysis of covariance, which compensated for

the effects of streamflow on loads, suggested no difference

in phosphorus or suspended-sediment loads between the two
periods, whereas the comparison of monthly loads without
factoring in streamflow showed an increase. This result could
be viewed as evidence that the ponds may have mitigated the
effect of greater discharges in the period after construction by
preventing a corresponding increase in loads. In another analy-
sis used to adjust for the difference in discharge between the
two comparison periods, annual and monthly load results were
grouped into dry and wet years. Large (50 percent) reduc-
tions in annual loads were observed when data from dry (or
wet) years before construction were compared with data from
dry (or wet) years after construction. When paired monthly
loads of each constituent were grouped into dry and wet years,
approximately the same number of months had increases as
did decreases with the magnitudes of the decreases generally
larger than the magnitudes of the increases. These differences
in magnitude explain the decrease in annual loads for dry and
wet years. The close association of phosphorus with sus-
pended-sediment data suggested that most of the phosphorus
was in the particulate form and was controlled by suspended-
sediment dynamics.

Introduction

Englesby Brook is a 0.9-square mile urban stream
in Burlington and South Burlington, Vermont, that flows
westward into Burlington Bay of Lake Champlain. The
brook received some local attention in the 1990s because
it was targeted for restoration as the central component of
the settlement of the Pine Street Barge Canal Superfund
Site, nearby in Burlington. Decades of urbanization in the
Englesby Brook watershed had resulted in increased surface
runoff during high streamflows, channel enlargement to
accommodate high-energy streamflows, manmade channel
modifications, degradation of in-stream habitats, presence of
fish barriers, increased concentrations of metals, and reduction
in aquatic diversity (Quackenbush, 1995; Center for Watershed



2 Effects of Urban Best Management Practices on Engleshy Brook in Burlington, Vermont, 2000-2010

Protection, written commun., 2000). The total maximum
daily load study for Englesby Brook in 2007 demonstrates
biological impairment for fish and macroinvertebrates
caused by stressors associated with stormwater runoff,
such as increased watershed and in-stream sediment loads

(Vermont Department of Environmental Conservation, 2007).

Blanchard Beach, at the outlet of Englesby Brook in Lake
Champlain, was closed for several years during the 1990s
and 2000s because of elevated concentrations of Escherichia
coli bacteria.

The Englesby Brook restoration effort had water-
quality and hydrologic restoration goals of reducing
bacteria and contaminant [toxics, total suspended solids
(TSS), nutrients] loads, reducing stream channel erosion,
improving stream habitat, and maintaining stream baseflow
(Center for Watershed Protection, written commun., 2000).
The U.S. Geological Survey (USGS) conducted nutrient,

Figure 1.
of Englesby Brook in Burlington, Vermont.

sediment, and hydrological monitoring for this project; the
remainder of the monitoring, including bacteria monitoring,
was the responsibility of the City of Burlington or the State
of Vermont. Although reducing peak flows was not listed
as an explicit goal in the Center for Watershed Protection
restoration document, the effects of urbanization on flooding is
a prominent implied restoration goal.

Restoration included construction of four structural
best management practices (BMPs) in the watershed (fig. 1,
table 1). Together, these structures treat about 54 percent of
runoff from the watershed. In this report, the two structures
built in 2005 together are called the “wet extended detention
(ED) ponds.” An investigation into the effectiveness of the
irrigation pond retrofit, evaluated using data through 2005
collected from Englesby Brook (Medalie, 2007), found in
the post-BMP period nonsignificant decreases in phosphorus
and suspended-sediment concentrations (SSC) at streamflow

The forebay of the wet extended detention facility that is designed to trap sediment from a redirected segment



Table 1. Description of structural best management practices
built in the Engleshy Brook watershed in Burlington, Vermont,
between 2001 and 2006.

[BMP, best management practice]

Area treated,

BMP type Year built in acres
Irrigation pond retrofit 2001-02 152
Wet extended detention facility 2005 118
Shallow marsh wetland 2005 38
2 stormwater treatment ponds 2006 43

greater than 3 cubic feet per second (ft*/s) and decreases

(of mixed significance) in cumulative monthly loads of
phosphorus and suspended sediment. Although results
presented in this 2012 report represent the integrated effects
of all of these efforts in the watershed, the discussion focuses
on periods before and after the construction of the wet ED
ponds because the completion of the wet ED ponds in 2005
signaled the end of most BMP construction in the watershed
(except for two ponds built in 2006 near the headwaters).
The wet ED ponds treat a large part of the watershed and are
located further downstream and closer to the streamgage than
the other BMP structures. Nonstructural efforts led by several
local agencies and volunteer groups included public education
on lawn care, pet waste, youth education, and low input (of
phosphorus) ground care for businesses. Formation of the
Chittenden County Regional Stormwater Education Program
in 2003 brought in a strong outreach component for area
residents with the goal of reducing stormwater pollution into
Lake Champlain.

To evaluate the effectiveness of the restoration efforts, in
cooperation with the Vermont Department of Environmental
Conservation (DEC), the USGS monitored streamflow and
collected streamwater samples for water-quality analysis at a
streamgage near the outlet of Englesby Brook for water years'
2000 through 2010. Medalie (2007) evaluated the first five
years of the data collection effort.

Purpose and Scope

This report summarizes data on Englesby Brook stream-
flow for water years 2000 through 2010, and on loads and
concentrations of total phosphorus and suspended sediment for
water years 2000 through 2009. The purpose of the report is
to investigate, using statistical and nonstatistical tests, whether
there were differences in streamflow and in phosphorus and

'A water year is the 12-month period October 1 through September 30 and
is designated by the calendar year in which it ends.

Methods of Sampling and Analysis 3

suspended-sediment concentration and loads from Englesby
Brook for two distinct periods: before and after the wet ED
structural BMPs were built. For most of the before and after
construction comparisons, the before construction period was
water years 2000 through 2004 and the after construction
period was water years 2006 through 2009 for phosphorus and
suspended sediment and 2006 through 2010 for streamflow.
Data from the year 2005 were omitted from the comparison
because construction took place during the summer of that
year. For one test that was based on cumulative monthly
streamflow and loads, the before-construction period was
October 1999 through May 2005 and the after-construction
period was June 2005 through September 2009. The effective-
ness of the irrigation pond retrofit in 2001-02 as well as other
structural and nonstructural (education and outreach) projects,
although possibly influential, was not able to be evaluated
separately with this study design of a single monitoring station
near the mouth of Englesby Brook.

Description of Study Area

Englesby Brook is in western Chittenden County in
northwestern Vermont (fig. 2). The brook’s headwaters begin
in a residential cluster of buildings known as the Redstone
Campus of the University of Vermont and the Burlington
Country Club areas (fig. 3). Land use in the watershed consists
of 40 percent agriculture (including golf course), 34 percent
urban (including commercial, industrial, transportation),

18 percent residential, 4 percent forest, and 4 percent water.
Greater detail on the study area is provided in a report that
provided interim results for this project (Medalie, 2007). It
empties into Burlington Bay on the eastern shore of Lake
Champlain. Land use in the 0.9-square mile Englesby Brook
watershed is primarily suburban residential with many com-
mercial enterprises along Pine Street and Shelburne Road.

Methods of Sampling and Analysis

Sample Collection and Processing

The streamgage consisted of an impoundment created
by a 120-degree v-notch weir with a sloping concrete
wall (fig. 4). Stream stage was measured above the weir
continuously at USGS streamgage 04282815 by a pressure
transducer mounted on the concrete wall. Water samples were
collected according to protocols from the USGS National
Field Manual (U.S. Geological Survey, variously dated).
Water samples were collected monthly as either manual grabs
(for low streamflows when stream velocity was less than
or equal to 1.5 feet per second) or using the equal-width-
increment method (for high streamflows). Water samples also
were collected during many storms by an automated sampler
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Figure 4. U.S. Geological Survey streamgage 04282815 on Englesby Brook in Burlington, Vermont,

from below the weir, looking upstream.

triggered by stage and rates of change threshold values.
Samples collected by the automated sampler were analyzed
as discrete samples. Between water years 2000 and 2009,
2,153 water samples were collected and analyzed for either
or both total phosphorus concentration and TSS or SSC. Of
those water samples, about 85 percent were collected using
the automated sampler during high-flow events and the rest

were collected manually during various streamflow conditions.

A detailed description of the study design, sample-collection
procedures, analytical procedures, and quality controls can be
found in Medalie (2007).

Total phosphorus in water samples was analyzed
at the DEC LaRosa laboratory using method number
4500—P H (Eaton and others, 2005). Suspended sediment in
water samples was analyzed at the DEC laboratory as TSS
using method 2540-D (Eaton and others, 2005) from October
1999 through May 2004. To comply with USGS policy, begin-
ning in February 2001, suspended sediment in water samples
was analyzed at the USGS Sediment Laboratory in Louisville,
Kentucky, as SSC using a method (Shreve and Downs, 2005)
adapted from Guy (1969). During the time period that the two

laboratory analyses overlapped, 45 samples that were split

and subject to both analyses were used to establish a relation
so that SSC could be estimated for the early TSS samples and
then used throughout the study. The comparative analyses
yielded a coefficient of determination (1) of 0.995. Similarly,
beginning in June 2008, turbidity was measured in the USGS
Montpelier, Vt., laboratory for most of the water samples col-
lected with the automated sampler, from which a subset also
was analyzed for SSC. For the concurrent samples of turbidity
and SSC, the resulting 12 (0.93) was used to extend the number
of samples that had SSC data. To summarize, all sediment data
and analyses in this report, including those analyzed as SSC as
well as those estimated from TSS or turbidity, are expressed in
terms of SSC.

Load Estimation

Loads of phosphorus and suspended sediment were
estimated on a daily basis and for individual storms. The
daily loads were then aggregated to monthly and annual
loads. Two USGS software programs were used to estimate



loads. The Graphical Constituent Loading Analysis System
(GCLAS; Koltun and others, 2006) was used to calculate
daily loads of phosphorus and suspended sediment for storm
days for which the automated sampler captured at least four
representative samples from the rise, peak, and recession

of the event. Daily loads for low-streamflow periods and
nonsampled storm loads were calculated using the USGS
Load Estimator (LOADEST) program (Runkel and others,
2004) and were merged with the GCLAS loads to calculate
aggregated monthly and annual loads (Medalie, 2007).
Between 2006 and 2009, GCLAS was used to calculate

loads 9 percent of the time for phosphorus and 5 percent of
the time for suspended sediment, which accounted for 27 to
58 percent of total annual loads for phosphorus and 36 to

63 percent of total annual loads for suspended sediment. This
hybrid approach was intended to minimize error in estimating
continuous loads. When sufficient data were available during
measured storms, results from GCLAS were of higher quality
compared with those from LOADEST because GCLAS used
the observed values to calculate loads, thus capturing the
“flashiness” and asymmetry of a small urban stream, which is
not a capability of LOADEST (or any other regression-based
modeling programs). LOADEST was best suited to filling

in the gap between high-streamflow events when sampling
did not occur. In addition to daily loads, GCLAS was used to
estimate the mean storm discharge and concentration and load
of phosphorus and suspended sediment for storm events.

Data Analysis

For all statistical tests, the significance level was
established as a = 0.05. The nonparametric Wilcoxon
rank-sum test was used to test for significant differences
among groups of data from the periods before and after the
construction (Wilcoxon, 1945). When the median or mean
of monthly data were compared for the two groups, for
example, when the October median before construction was
compared with the October median after construction, the
nonparametric Wilcoxon signed-rank test was computed for
the paired data (Wilcoxon, 1945). Seasonal differences in
stream responsiveness to construction of the wet ED ponds
were examined through polynomial regression lines of various
hydrologic measures that were fitted using a local weighted
scatter plot smoothing (LOWESS) technique (Cleveland and
McGill, 1984).

Analysis of covariance (ANCOVA) is a parametric test
that can be used to determine whether there is a significant
step trend (for example, a discernable increase or decrease
in loads) in a long-term dataset when a known event, such as
construction of BMP structures that may have impacted water
quality or streamflow, has occurred (Helsel and Hirsch, 2002).
For the ANCOVA applied to this study, data were divided into
two groups corresponding to periods before (October 1999
through May 2005) and after (June 2005 through September
2009) construction of the wet ED ponds in the watershed,;

Effects of Best Management Practices 7

monthly loads of phosphorus or suspended sediment were the
dependent variable, and average monthly streamflow was the
independent variable. The natural logarithms of monthly loads
and streamflow were used in the ANCOVA because trans-
formed variables improved the parametric model by increasing
linearity, homogenizing the variance, and improving normality
of residuals. The double-mass curve graphic visually repre-
sents the ANCOVA test by plotting cumulative monthly loads
against cumulative monthly streamflow. This gives a visual
determination of whether there was a change in the relation-
ship (slope) between the two factors due to the potential step
change of the wet ED pond construction.

A visual comparison was made for annual and pairs of
monthly phosphorus and suspended sediment loads. Parts
of the study period was grouped into dry or wet years based
on annual precipitation (moderately dry or wet years were
not included). Data from dry years in the before construction
period were compared with data from dry years in the after
construction period and the same was done for wet years.
Because there was only one dry and one wet year before con-
struction, statistical comparisons were not made.

Mean storm concentrations of phosphorus and suspended
sediment that were estimated using GCLAS were adjusted to
remove possibly confounding effects of streamflow. Regress-
ing the natural logarithm of streamflow as the independent
variable and the natural logarithm of phosphorus concentra-
tion or SSC as the dependent variable met the assumptions of
robust regression models (Helsel and Hirsch, 2002). Residuals
of each model, calculated as the observed concentration minus
the predicted concentration, created the flow-adjusted aver-
age concentrations of phosphorus or suspended sediment for
storms; these residuals were grouped as “before” or “after”
relative to BMP construction and were compared for statistical
significance using the Wilcoxon rank-sum test. There was no
need to make streamflow adjustments for phosphorus concen-
tration or SSC for samples collected during low-streamflow
conditions because concentrations were not influenced by or
related to streamflow.

Final streamflow, phosphorus and suspended-sediment
concentration data, field parameters, and all other sample data
are stored in the USGS National Water Information Program
database. Data can be retrieved from the Englesby Brook
project Web site at http://vt.water.usgs.gov/projects/
champlain_bmp/index.htm.

Effects of Best Management Practices

This section presents analyses and interpretations for the
various techniques of comparing data from the periods before
and after construction of the wet ED ponds. Monthly and
annual streamflow and loads of phosphorus and suspended
sediment are listed in table 2. Results of all statistical tests are
listed in table 3.
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Effects of Best Management Practices

Table 3. Summary of statistical tests comparing phosphorus and suspended-sediment data from before and after construction
of best management practices in the Englesby Brook watershed in Burlington, Vermont, for water years 2000 through 2009.

[Statistical test results refer to the period after construction of wet extended detention ponds in the watershed (2006-2009) relative to the period before
construction (2000-2004); Statistical tests are Wilcoxon (1945) or analysis of covariance (ANCOVA)]

Type of data

Statistical test

Statistical test p-value

Precipitation and streamflow

Total annual precipitation Wilcoxon rank-sum 0.11 No difference
Pairs of median monthly precipitation Wilcoxon signed rank 0.03 Increase
Average annual discharge Wilcoxon rank-sum 0.56 No difference
Pairs of median monthly discharge Wilcoxon signed rank 0.01 Increase
Pairs of mean monthly discharge Wilcoxon signed rank 0.47 No difference
Pairs of mean or median monthly discharge divided by precipitation Wilcoxon signed rank 0.91 No difference
Phosphorus and suspended sediment
Phosphorus:
Annual loads Wilcoxon rank-sum 1.00 No difference
Pairs of median monthly loads Wilcoxon signed rank 0.05 Increase
Pairs of median monthly loads for dry years Wilcoxon signed rank 0.27 No difference
Pairs of median monthly loads for wet years Wilcoxon signed rank 0.73 No difference
Monthly loads! ANCOVA 0.85 No difference
Low-streamflow concentrations Wilcoxon rank-sum 0.18 No difference
Storm-averaged, flow-adjusted concentrations Wilcoxon rank-sum 0.08 No difference
Total storm loads Wilcoxon rank-sum 0.05 Increase
Suspended sediment:
Annual loads Wilcoxon rank-sum 0.73 No difference
Pairs of median monthly loads Wilcoxon signed rank 0.01 Increase
Pairs of median monthly loads for dry years Wilcoxon signed rank 0.38 No difference
Pairs of median monthly loads for wet years Wilcoxon signed rank 0.97 No difference
Monthly loads' ANCOVA 0.52 No difference
Low-streamflow concentrations Wilcoxon rank-sum 0.25 No difference
Storm-averaged, flow-adjusted concentrations Wilcoxon rank-sum 0.01 Increase
Total storm loads Wilcoxon rank-sum <0.01 Increase

'For this test only, the before construction period was October 1999 through May 2005 and the after construction period was June 2005 through

September 2009.
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10 Effects of Urban Best Management Practices on Engleshy Brook in Burlington, Vermont, 2000-2010

Streamflow

The 11-year time series of annual precipitation (fig. 5A)
and annual discharge (fig. 5B) in Englesby Brook show
ranges of values nearly or slightly more than twofold—from
27 to 47 inches for precipitation and from 147 to 329 ft*/s for
discharge. Although a comparison of total annual precipitation
was not significantly different in the periods before and after
construction of the wet ED ponds (the lack of difference is
because of the wet year 2004, which leveraged upward the
otherwise relatively dry years before construction), paired
values of the monthly medians show that the period after
construction was significantly wetter (table 3; National
Oceanic and Atmospheric Administration, 2004). Similarly,
there was no difference in average annual discharge between
the two periods, but paired median monthly discharges
indicate a significant increase in the period after construction
(fig. 6A, table 3), most noticeable in the fall and winter
months. Median annual discharge increased for all months
except May in the later period. Mean total snowfall for the
months of December, January, and February in the period
after construction was greater than mean total snowfall for the
same months in the period before construction (by 1.2, 1.3,
and 1.8 times for the 3 months). Greater snowfall amounts
usually result in more salt and sand applications to roadways
and, consequently, additional potential sources of imported
sediment into the watershed.

The result of the division of annual stream discharge
values by precipitation (fig. 5C) creates a dampened replica
of the pattern of annual stream discharge where the range of
values becomes narrower and climatic influences are reduced.
Normalizing discharge by precipitation also has a marked
effect on monthly discharges. Figure 6B and table 3 show that
the systematic difference of larger monthly discharges (sig-
nificant increase of p = 0.01) in the period after construction
disappears when discharges are normalized by precipitation
(no statistical difference). In addition, normalizing monthly
discharges underscores decreases in streamflows seen in
March and April, the 2 wettest months, perhaps as a result of
the presence of the ED ponds.

The pattern of peak values of instantaneous discharge
(fig. SD) nearly replicates the pattern of values of annual
discharge (fig. 5B), which indicates that the largest storms
have a considerable impact on the total annual discharge. In
theory, by increasing storage through BMPs in the watershed,
the potentially erosive impact from the largest storms could
be mitigated by spreading out concentrated pulses of stream-
flow and defusing the energy. This was one of the goals of
the BMP restoration projects. Data showing the percentage of
annual stream discharge carried by the 3 days with the highest
amounts of streamflow during each year (fig. SE) appear to
provide evidence for overall reductions in peak streamflow;
the discharge for the period before the construction of BMPs
ranged between 13 and 20 percent, and the discharge for
the period after the construction of BMPs ranged between
6 and 12 percent (with one exception of 21 percent in 2006).
However, the same effect could be observed whether peak

streamflows were truly reduced or there were more days with
high streamflows. Because we know streamflows were higher
in the period after construction, the extent that peak stream-
flows might have been reduced is unclear.

By indicating the percentage of time that the con-
tinuum of streamflows in a particular stream were equaled or
exceeded, streamflow duration curves can be used to assess
changes in the streamflow regime over time. When all stream-
flows in the period before construction of the wet ED ponds
were grouped together and compared with all streamflows in
the period after construction, the streamflow duration curve for
the period after construction shows a slightly lower percentage
of high streamflows [best seen in the inset] and a higher per-
centage of low streamflows compared with the curve for the
period before construction (fig. 7A). The result that there was
a lower percentage of high streamflows is especially important
given that the period after construction was wetter than the
period before construction.

Streamflow duration curves for years with similar
precipitation can be compared for the periods before and after
construction in an attempt to remove the factor of variable
year-to-year precipitation. Two sets of water years were
grouped where precipitation within the groups varied by only
about 3 percent. The group of years with lower precipitation
was 2000, 2007, 2009, and 2010 (precipitations of 37.3,

37.8, 38.1, and 36.8 inches). The group of years with higher
precipitation was 2004, 2006, and 2008 (precipitations of
46.4,47.2, and 45.6 inches). Examining the group with low
precipitation (fig. 7B), the streamflow duration curves repeat
the effect (fig. 7A) of a lower percentage of high streamflows
and a higher percentage of low streamflows in the period after
construction compared with the period before construction.
For the group of years with high precipitation, there were no
clear differences in the streamflow duration curves between
the periods before and after construction (fig. 7C); the curve
for the period before construction, most of the time, was in
between the two curves for the period after construction.
Based on this result, the group of years when precipitation was
low appears to have had more of an influence on streamflows
by the BMPs over the entire period than the second group of
years when precipitation was high.

Fitted LOWESS lines of monthly precipitation in the
periods before and after construction of the BMPs show
that, although precipitation increased in every month in the
period after construction, the increases were greatest (at least
30 percent) between December and April (fig. 8, gray lines).
LOWESS curves of monthly peak values of instantaneous
discharge (fig. 8, blue lines) generally mimicked those
of monthly precipitation, except that the peak discharges
from August through October were slightly larger in the
period before construction compared with the period after
construction, suggesting that more storage capacity in the
watershed from the wet ED ponds may have attenuated
the relative size of peak discharges, especially from flashy
summer storms that before construction may have quickly
overwhelmed summertime soil moisture deficits and caused
runoff directly into the brook.
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Figure 6. Monthly medians of A, average daily discharge and B, monthly average daily
discharge divided by precipitation before (2000-2004) and after (2006—-2010) construction of the
wet extended detention ponds at Englesby Brook in Burlington, Vermont, for water years 2000
through 2010.
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Figure 7. Flow streamflow duration curves for discharge at Englesby Brook in Burlington, Vermont, for water years 2000
through 2010. A, Comparison of the average of all daily values in data grouped as before (2000-2004) and after (2006—2010)
construction of wet extended detention ponds; B, comparison of the annual durations for years with low precipitation (dry
years); and C, comparison of the annual durations for years with high precipitation (wet years).
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Figure 8. Best-fit lines for peak instantaneous discharge, monthly precipitation, mean daily discharge, and minimum daily
discharge before (2000-2004) construction and after (2006—2010) construction of wet extended detention ponds in the Engleshy
Brook watershed in Burlington, Vermont, for water years 2000 through 2009.

In the case of mean daily streamflows, the largest
divergence between the periods before and after construction
was from October through February (fig. 8, red lines), where
streamflows were greater in the period after construction by
15 to 35 percent more than the corresponding differences in
precipitation in the period before construction. Again, we
see the importance of the fall and winter months. For the rest
of the year there was virtually no difference in mean daily

streamflow between the periods before and after construction.

Figures 6A and 8 (red lines) show different results
for some individual months because figure 6A presents the
median of observed values, and figure 8 shows mean data
as a smoothed line. For instance, the July median daily
discharge is clearly larger in the period after construction
compared with that in the period before construction of the
wet ED ponds in figure 6A, but July mean daily discharges
appear approximately equal for the two periods in figure 8.
The intention of this representation of smoothed LOWESS
lines is to provide an overall sense of the general differences
in hydrology between the two periods of interest rather than
absolute differences.

Minimum daily discharge (fig. 8, green lines) in the
period after construction increased substantially between
October and February, by as much as 460 percent (logarithmic
scale) in October. This increase was a greater percentage, by
at least a factor of three, than the increase in precipitation for
the same months. Thus, storage provided by the ponds could
have contributed to the increase beyond the increased precipi-
tation in the period after construction, although it is difficult to
separate effects from storage from effects from wetter weather.
This feature addresses an important objective of the BMPs, to
increase storage capacity in the watershed in order to increase
minimum streamflows for fish survival and to protect the
health of aquatic biological communities.

Before construction of the wet ED ponds, Englesby
Brook often dried up completely for days or weeks, usually
during the summer. In the water years before construction of
the wet ED ponds [2000-2003 (2004 was an anomalously wet
year with only 5 completely dry days)], the number of days
out of the year with mean daily streamflow values (MDV) of
zero ranged from 47 to 64; for water years after construction,
the number of days where the MDV equaled zero ranged from



12 to 28, and this period after construction included two years
(2007 and 2009) that were relatively dry. Worth noting is that
days with no streamflow in the period before construction, but
had some measurable streamflow in the period after construc-
tion, occurred in the fall and winter but not the summer; in
other words, improvements in minimum streamflows were not
seen in the summer, likely because of the basic lack of water
in the watershed either in soil or in the wet ED ponds. In the
fall, when evapotranspiration becomes less of a conduit for
water out of the watershed, the effect of increasing storage
capacity in the watershed became evident in the low- to mod-
erate-streamflow regimes. Although the increase of minimum
streamflows in the fall and winter is one step towards restor-
ing biological health, full hydrologic improvements needed to
support a sustainable fish community are year-round stream-
flow and a lessening of the deleterious effects to habitat from
scouring during high-streamflow episodic events (Vermont
Department of Environmental Conservation, 2007).

Total Phosphorus and Suspended-Sediment
Loads and Concentrations

Results for phosphorus and suspended sediment are
similar and are presented together. This outcome was expected
because phosphorus is commonly attached to sediment par-
ticles and is transported with sediment in runoff (Dubrovsky
and others, 2010).

Annual Loads

Total annual phosphorus loads ranged from a low of
0.062 metric tons (t) in 2003 to a high 0of 0.303 t in 2004
(fig. 9; table 2). Total annual suspended-sediment loads
ranged from 28 to 236 t for the same years. Phosphorus and
suspended-sediment loads were higher by 35 and 45 percent
in 2004, an anomalous year compared with those of 2000,
the year with the next largest load. After construction of the
wet ED ponds, the median values of annual phosphorus and
suspended-sediment loads increased (fig. 9); however, the
differences in annual loads for phosphorus and suspended
sediment were not significant (table 3). Median values were
provided as the measure of central tendency because the mean
values can be inordinately influenced by outliers. For instance,
51 percent of the 2004 annual suspended-sediment load was
transported on a single day, August 31, when instantaneous
discharge reached the maximum for the period of record,
206 ft*/s. This record discharge came about when 1 inch of
rain fell onto already saturated ground in the midnight hour on
August 31 (National Climatic Data Center, 2004).

Figures 9B and D show the same annual loads rearranged

into groups of years that were relatively dry and relatively wet.

As stated in the “Streamflow” section, 2000, 2007, and 2009
were all similarly dry, whereas 2004, 2006, and 2008 were
all similarly wet. Separate analyses of the periods before and
after construction by dry and wet years show approximately
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50 percent reductions in annual loads for phosphorus and
suspended-sediment loads. This reduction cannot be tested
statistically because too few values are available for valid
statistical analysis.

Monthly Loads

Median phosphorus and suspended-sediment monthly
loads for the periods before and after construction of the wet
ED ponds were compared (fig. 10). For all months except
May and September for phosphorus and suspended sediment
and additionally February for phosphorus, phosphorus and
suspended-sediment monthly loads increased after the BMPs
were built. Paired monthly loads from the periods before
and after construction show that this increase is significant
(table 3). This result, which was opposite of the desired goal,
can be explained by the median monthly discharge (fig. 6A)
that showed a very similar pattern, with conditions month-by-
month wetter in the period after construction compared with
the period before construction.

It is possible to remove the effect of the wetter period
after construction by constructing separate plots of monthly
pairs for groups of years that were dry and wet (fig. 11), in
a similar approach as was done with annual loads. The bars
show either 1 year of data or the average of 2 years (with
just two values, the calculation for mean and median are the
same). This depiction shows that, for the dry and wet groups
of years for loads of phosphorus (fig. 11A) and suspended
sediment (fig. 11B), there was no difference between the
periods before and after construction of the BMP structures.
In contrast to figure 10, there are no cases where the bars for
the period after construction are consistently larger than the
bars for the period before construction. Indeed, all four graphs
comparing phosphorus and suspended-sediment loads for wet
and dry years (figs. 11A, B) show that, for several months,
the magnitude of the bars for the period before construction is
substantially larger than the corresponding bars for the period
after construction. The large magnitude of the differences does
not impact the nonparametric statistical comparison based on
ranks (table 3), but does influence total annual loads (fig. 9).
For reference, monthly pairs of precipitation grouped by dry
and wet years (fig. 11C), with virtually equal monthly means
for the periods before and after construction, also show no sys-
tematic difference in the periods before and after construction.

The double-mass curve lines for phosphorus and sus-
pended sediment in figure 12 show that the slopes decreased in
the period after construction compared with the period before
construction, indicating the potentially improved condition of
decreased transport of these constituents relative to stream-
flow. An important caveat, however, must be noted. A con-
spicuous break is seen in both graphs of figure 12 in the data
for the period before construction (black dots) during which
cumulative phosphorus and suspended-sediment loads had
large jumps of 0.17 and 164 t, respectively. The large increase
in loads occurred in August 2004, which, as previously noted,
was the single month with the largest loads and second largest
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Figure 9. Total annual loads of A and B, phosphorus and C and D, suspended sediment in Englesbhy Brook in Burlington, Vermont,
before (2000-2004) and after (2006—2009) construction of wet extended detention ponds in the Englesby Brook watershed for water
years 2000 through 2009. The median annual loads before and after construction of the wet extended detention ponds also are shown
for comparison. Annual loads are of phosphorus for A, all years in the study period and B, for dry and wet years and of suspended
sediment; C, for all years in the study period and D, for dry and wet years. Dry years are years with low [94-97 cm (37-38 inches)]
total annual precipitation, and wet years are years with high [117-119 ¢cm (46—47 inches)] total annual precipitation. Error bars show
95th-percentile confidence intervals from the U.S. Geological Survey Load Estimator program output only and do not reflect the reality
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that part of the annual estimates were generated using the Graphical Constituent Loading Analysis System.
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Figure 10. A comparison of monthly median loads for A, phosphorus and B, suspended sediment before (2000—
2004) and after (2006—-2009) construction of the wet extended detention ponds in the Englesbhy Brook watershed in
Burlington, Vermont, for water years 2000 through 2009.
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Figure 11. Comparisons of monthly median values before and after construction of the wet extended detention ponds in the

Engleshy Brook watershed in Burlington, Vermont, for A, phosphorus load, B, suspended-sediment load, and C, precipitation.

Water year (WY) means for dry and wet years are shown as horizontal dashed lines. Years with low total annual precipitation
(94-97 cm (37-38 inches); 2000, 2007, and 2009; yellow background) and years with high total annual precipitation (117-119 cm
(46—47 inches); 2004, 2006, and 2008; blue background) are charted separately.
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Figure 12. Double-mass curves for cumulative monthly streamflow and monthly loads of A, phosphorus and B, suspended
sediment transported by Englesby Brook in Burlington, Vermont, in water years 2000 through 2009. The graphs contrast
data before and after construction of wet extended detention ponds in the watershed. The red lines show the slope of

data points before construction (through July 2004, about 1 year less than the time of the full period before construction,
which extends from October 1999 through May 2005), and the orange and green lines show the slope of data points after
construction (June 2005 through September 2009) for phosphorus and suspended sediment, respectively, backward in time
to October 1999. The dashed parts of the orange and green lines are extensions beyond the data points that correspond to
the period after construction and are shown to present contrasting slopes with the red and grey slope lines. The grey lines
show the slope of data for the entire period of record.
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daily discharge on record. If the trend lines for the period
before construction for each graph were plotted to not include
values after August 2004 (as would be indicated by the red
lines in the two graphs), then their slopes would be similar to
(indistinguishable from) slopes of the trend lines for the period
after construction (as shown by the green and orange lines).
Thus, without the hydrologic anomaly of August 2004, there
appears to be no difference in loads resulting from the BMPs.
Results of the ANCOVA test for a step trend showed
that the slopes decreased in the period after construction com-
pared with the period before construction by 0.08 metric ton
per cubic foot per second (t/ft¥/s) for phosphorus and by
0.03 t/ft*/s for suspended sediment, although these differences
were not statistically significant (table 3). This is a different
result than the Wilcoxon signed-rank test of paired median
monthly loads, which showed increases for phosphorus and
suspended sediment. These different results were expected
because the ANCOVA test adjusted for streamflow by factor-
ing in the dependence of load on streamflow in the regres-
sion, whereas the signed-rank test made no adjustments for
streamflow. The ANCOVA results of no difference in monthly
loads confirm the same conclusion observed nonstatistically
in figures 9 and 11 that showed the before and after conditions
separated by dry and wet years.

Low-Streamflow Concentrations

Neither phosphorus nor suspended-sediment median
concentrations were statistically different for the period after
construction of the wet ED ponds compared with the period
before construction for samples collected during low-stream-
flow conditions (table 3). Low-streamflow conditions were
determined as the flat part of the hydrograph between storms.
They account for a small percentage of annual loads; in 2005,
a year with moderate precipitation, low-streamflow conditions
contributed about 9 percent of the annual phosphorus load.
Although not significantly different, the summary boxplots
(fig. 13) for phosphorus concentrations show that all quartiles
and the 90th and 10th percentiles decreased in the period after
construction compared with the period before construction.

In the boxplot showing suspended-sediment concentrations,
the median, 25th, and 10th percentiles increased, and the 90th
and 75th percentiles decreased for low-streamflow samples
collected in the period after construction compared with the
period before construction of the BMPs.

High-Streamflow Concentrations and Loads

High-streamflow conditions occur during rain events
or snowmelt. The Englesby Brook hydrograph typically
has a well-defined, rapid rise and a relatively rapid descent,
often within a few hours after cessation of rainfall. Boxplots
illustrating the average concentrations of phosphorus and
suspended sediment in samples collected during high-
streamflow conditions (fig. 14) show that all percentiles (90th,

75th, 50th, 25th, and 10th percentiles) have increased in the
period after construction compared with the percentiles in
the period before construction for phosphorus and suspended
sediment, with the exception of the 10th percentile for
phosphorus, which has stayed about the same. The increase
in the phosphorus median concentration (table 3) is not
significant at & = 0.05 (although it is close with p = 0.08), and
the increase in the suspended-sediment median concentration
is significant (p = 0.01). The data for the periods before and
after construction had outliers with high concentrations (not
shown in fig. 14, which truncates data whose values are less
than 10 percent or more than 90 percent).

Boxplots of total phosphorus loads from high-streamflow
conditions grouped into periods before and after construc-
tion of the wet ED ponds show that all percentile measures
have barely changed between the periods except for the 90th
percentile, which decreased (fig. 14A). The boxplots of total
storm suspended-sediment loads, similar to those for flow-
adjusted concentrations, show increases in all percentile
measures except for the 90th percentile, which decreased.

The increase in median values is significant for total storm
loads of phosphorus and suspended sediment (table 3). The
previous discussion about increases seen in monthly loads
applies equally to total storm loads—Iloads of any kind have
streamflow as a factor; streamflow increased in the period after
construction, therefore loads unadjusted for streamflow are not
appropriate as the sole criterion of BMP effectiveness.

Are the Best Management Practices Meeting
Restoration Goals?

The latter part of the study period was wetter than the
beginning years, resulting in sustained higher discharges.
Either wetter conditions or the BMP storage structures could
be responsible for an increase in low streamflows. There is
some evidence that peak streamflows may have decreased
slightly in the period after the construction of BMP structures.

Overall, the data from this study have been inconclusive
in determining whether the BMPs have helped to reduce
phosphorus or suspended sediment exported to Lake
Champlain from Englesby Brook. Despite wetter conditions in
the years after construction of BMPs, there is some evidence
that the BMP structures might have had some beneficial effects
for phosphorus. Annual loads of phosphorus and suspended
sediment appear to have been reduced by approximately half
when compared in separate groupings of dry and wet years
for the periods before and after construction of the ponds.
These reductions could not be confirmed statistically because
data were available for only 1 or 2 years for each comparison.
Although the distribution of larger and smaller monthly loads
within years was closely related to the relative distribution
of monthly precipitation, there were some exceptions. For
instance, for the group of dry years, precipitation in July was
greater in the period after construction, but phosphorus and
suspended-sediment loads in July were greater in the period
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before construction. Also, the magnitudes of the reductions in
loads for February and May in the dry years and for August
and September in the wet years were much greater than the
differences between precipitation for those same months.
Results of other statistical tests showed that phosphorus

and suspended-sediment loads either did not change or
increased over time; these increases were all probably related
to the increased discharges. When discharge was factored

in as a covariant in the ANCOVA analysis, monthly loads
showed no statistical difference between pre- and post-BMP
implementation periods.

The four structural BMPs together treat about 54 percent
of the watershed. Other known programs or activities in the
watershed during the study period that may have influenced
streamflow or water-quality results include detection and

repair in 2001 of an illicit sewer line connection to the city
stormwater collection system and several educational and out-
reach programs aimed at reducing stormwater pollution. Activ-
ities such as street sweeping and catch-basin cleaning prob-
ably did not change much in the watershed until after the end
of this project in 2009. Many other activities in the watershed
unrelated to the BMPs, such as small construction projects,
also could have had an effect on the observed phosphorus and
suspended sediment results in one way or another.

The inevitable lag between the implementation of
management practices and the detection of responses in
streams (Meals and others, 2010) exists because of scale
and distance factors, physical and chemical process, type
of management action, indicator selection, and monitoring
system design. A frequently cited factor in delayed responses



to BMPs is control exerted by preexisting phosphorus
content of soils (Carpenter and others, 1998; Sharpley and
others, 1999; Kara and others, 2011). Scale factors that may
contribute to the uncertain success of BMPs for phosphorus
relate to whether effects at the field or structure scale can

be expected to apply to the watershed scale. For example,
BMP-scale processes may be overwhelmed by landscape
processes (such as mechanisms that control the dissolution
of phosphorus and the erosion of particulate phosphorus,
differential flow pathways, and variation in overland flow
across the landscape) and in-stream processes (sediment
and biotic controls, and effects of changes in pH, organic
phosphorus speciation, and dissolved oxygen) (McDowell and
others, 2004; Sharpley and others, 2009). A small-watershed
agricultural study in Wisconsin, for instance, noted that,
although 70 percent of barnyards were treated with BMPs
designed to reduce phosphorus, potential benefits were
masked by a continuous supply of phosphorus from upland
erosion and by moderate distances between barnyards and the
receiving water (Graczyk and others, 2003). Meals and
others (2010) cited several studies that showed response lag
times equal to or greater than 10 years even at the small
watershed scale.

Although some of these factors may be contributing to
the lack of clear phosphorus reduction at the Englesby Brook
streamgage, the very close connection between phosphorus
and suspended sediment seen in the data for this study sug-
gests that a large percentage of the observed phosphorus is
particulate and is associated with suspended sediment. For
Englesby Brook, the rate of sediment transport appears to be
the dominant factor controlling phosphorous loads to the lake.
In addition to those listed previously, several explanations may
be offered for the lack of reduction of sediment transport in the
period after the construction of the BMP structures. The period
after construction was not only wetter but snowier, which may
have resulted in sediment import to and use in the water-
shed for treating icy roads. There could be other unidentified
sources of sediment between the outlet of the BMP structures
and the streamgage. It is possible that sediment temporarily
removed by the wet ED ponds or sediment that settled out in
the pool behind the streamgage weir’ became resuspended
during high-streamflow events and was ultimately exported
or that the retention time of the wet ED pond was insufficient
to allow for the full amount of sediment removal that was
designed (U.S. Environmental Protection Agency, 1999). Also,
it is possible that the channel may need a longer period of
stabilization following the BMP construction work. Monitor-

>The hypothesis that sediment in the weir pond might be resuspended dur-
ing high streamflows was tested during two storms by manually collecting
grab samples upstream of the weir pool concurrently with samples collected
by the automated sampler at the weir. During a third storm, 10 concur-
rent samples were taken by the project’s automated sampler and a second
automated sampler that was temporarily installed upstream of the weir pool.
There was no difference in concentrations of phosphorus or sediment for the
samples at the two locations that would indicate an issue with resuspension of
sediment that had collected in the weir pool.
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ing sediment loads along more reaches of the brook under
various streamflow conditions could help assess the effective-
ness of the BMPs and identify mechanisms that control sedi-
ment transport. Longer-term monitoring of phosphorus and
suspended sediment at the Englesby Brook streamgage may
ultimately show the long-term effectiveness of the BMPs.
Streamflow, sediment, and phosphorus data can be further
assessed in terms of metrics that integrate processes in the
watershed, such as biological and habitat assessments. During
the course of the study period, several measures of community
assemblage health have shown no change (Richard Langdon,
Vermont Department of Environmental Conservation,
written commun., 2012). One tangible improvement has been
potentially attributed to the restoration effort: Blanchard
Beach was reopened in 2007 with occasional closures reported
after heavy storms. This indicates the bacteria levels in Lake
Champlain near the confluence of Englesby Brook have
been reduced.

Summary and Conclusions

In cooperation with the Vermont Department of
Environmental Conservation, the U.S. Geological Survey
collected data from 2000 through 2010 on streamflow and
from 2000 through 2009 on concentrations of phosphorus
and suspended sediment in Englesby Brook in Burlington,
Vermont, to investigate the effectiveness of urban best
management practices (BMPs) in improving water quality
in a small urban stream. In 2001-02, an irrigation pond was
retrofitted near the headwaters of the watershed; in 2005, about
halfway through the study period, a wet extended detention
(ED) facility and a shallow marsh wetland (collectively known
as the wet ED ponds) were constructed further downstream;
and in 2006, a set of two small stormwater ponds were built,
also near the headwaters. Together, these structures treat about
54 percent of the watershed and had several goals, including
reducing the movement of sediment (and attached particles
such as phosphorus) from Englesby Brook to Lake Champlain
and reducing peak streamflow and increasing low streamflows.
Because the wet ED ponds were closest to the streamgage
and treated the largest area of the watershed, this report
focuses on their effectiveness, although no single treatment
could be singled out. Annual, monthly, and total storm loads
and streamflow-adjusted and low-streamflow concentrations
of phosphorus and suspended sediment were calculated to
provide the basis of comparison of water quality before (water
years 2000 through 2004) and after (water years 2006 through
2009) construction of the BMPs. The year of construction
(2005) was not included in this study.

The group of years after construction of the BMPs were
wetter and had higher discharges in Englesby Brook than the
group of years before construction, with the exception of 2004
and in particular the exceptionally wet August of that year.
This pattern is confirmed with paired bar charts of monthly
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medians of precipitation and discharge and from significance
tests of paired monthly precipitation and discharge data.

This report presents some evidence that the construction
of the BMPs has beneficially improved the hydrology of the
watershed, which is especially noteworthy given the wetter
weather that occurred after construction. High streamflows
that potentially caused the greatest erosive damage appear to
have been partially mitigated by the presence of the ponds.
The percentage of annual discharge transported during the
3 days with highest streamflows has decreased. Streamflow
duration curves suggest that the frequency of highest stream-
flows may be marginally reduced. Minimum streamflows have
increased in the period after construction, particularly in the
fall and winter months, by a factor greater than increases in
precipitation. The number of days with zero streamflow has
been reduced substantially in all the years after construction of
the ponds.

At first glance, it appears as though the post-BMP
period did not show reductions in phosphorus and suspended
sediment—statistical increases in pairs of median monthly
phosphorus and suspended-sediment loads, increases in
storm-averaged flow-adjusted concentrations, and increases
in total storm loads. However, there is evidence that these
results were all related to the increased discharge in the period
after construction of BMPs in the watershed. Confirmation
of the influence of discharge was provided by use of analysis
of covariance, whereby the comparison of pairs of median
monthly phosphorus and suspended-sediment loads before and
after construction using discharge as a covariate was rerun.
When discharge was factored into the analysis, no difference
in monthly loads was found over time.

The effects of a generally wetter period after construc-
tion were removed in a simple way by grouping annual and
monthly load results into dry and wet years. The years 2000,
2007, and 2009 had similar precipitation and were relatively
dry, whereas the years 2004, 2006, and 2008 had similar
precipitation and were relatively wet. Large (approximately
50 percent) reductions in annual loads were observed when
dry (or wet) years before construction were compared with
dry (or wet) years after construction, although there were too
few values to compare statistically. Paired monthly loads of
each constituent also were grouped into dry and wet years for
a comparison of the data from the periods before and after
construction. This depiction of paired monthly loads showed
no increase in the period after construction; rather, it showed
that approximately the same number of months had increases
and decreases with the magnitudes of the decreases generally
larger than the magnitudes of the increases (hence the decrease
in annual loads for separated dry and wet years).

Although results collected during low-streamflow
conditions did not indicate a statistically significant change
in phosphorus or suspended-sediment concentration after
construction of BMPs in the watershed, the interquartile
ranges and the 90th percentiles for phosphorus and suspended
sediment have been reduced compared with before the
construction of the BMPs.

Results from this study demonstrate that, while
peak streamflows have been reduced and duration of low
streamflows has improved, reductions in phosphorus or
suspended-sediment load that may be attributed to installation
of the structural BMPs upstream in the watershed have not
been confirmed by statistical analysis. However, a simple
restructuring of data to adjust for complex climatic influences
indicates that reductions in phosphorus and suspended-
sediment loads probably have occurred. These unproven
reductions were seen when annual and monthly loads were
separated by dry and wet years before comparing for the
periods before and after construction.

Other watershed-scale studies across the United States
also have found it difficult to make the connection between
monitoring locations at some distance downstream from
BMPs installed further up in the watershed. In this study, the
nearly identical results of phosphorus and suspended sedi-
ment suggest that most of the phosphorus observed at the
streamgage is particulate and thus is controlled by processes
that influence suspended-sediment dynamics. Monitoring
sediment loads along more reaches of the brook under various
flow conditions could be useful in determining the efficacy of
the BMPs and mechanisms that control sediment transport.
Additional monitoring conducted after a number of years have
passed from the time of construction of the BMPs may yield
results that compensate for lag time effects that typically char-
acterize watershed-scale responses to management actions.
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