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Objectives
The main objectives of this project were to measure solute concentrations and
discharge to estimate solute fluxes from Cypress and Dividing creeks before and after
implementing stormwater best management practices (BMPs) in their watersheds. These
measurements were used to quantify potential load reductions (i.e., the effectiveness of
BMPs) at reducing nitrogen (N), phosphorus (P), and total suspended solid (TSS) fluxes
to downstream receiving waters. In the North Branch of the Cypress Creek
subwatershed, the BMPs monitored included a bioretention at a Park & Ride site located
on Arundel Beach Rd., and three step pool conveyance systems (henceforth referred to as
regenerative stormwater conveyances – RSCs) located at 1) Leelyn Dr., 2) Dunkeld
Manor (located on Isaiah Dr. and referred to as Dunkeld) and 3) the main stem of
Cypress Creek parallel to McKinsey Road (note that this is technically a hybrid wetland
stream complex with RSC elements). In the Dividing Creek subwatershed, the BMPs
slated to be implemented in 2015 include 1) two step pool conveyance systems, and 2)
one in-stream RSC project, all located on the campus of Anne Arundel Community
College.

Study Site Descriptions
The percentages of major land use categories in the Cypress and Dividing creeks
catchments were determined using a combination of 2010 land use data (Mid-Atlantic
Regional Earth Science Applications Center, MA-RESAC) and existing boundary
delineations, the latter obtained from the MD Dept. of Planning (MDP) and Anne
Arundel Co. Department of Public Works (AA Co. DPW). Delineations and land use for
the smaller sub-catchments of the Park & Ride, Leelyn, and Dunkeld areas were derived
from the conceptual design plans provided by the AA Co. DPW.
Cypress Creek subwatershed
Park & Ride Bioretention
The Park & Ride sampling site is located on the upstream side of Arundel Beach Rd.
(Photo 1a) adjacent to a Park & Ride parking lot. Outflow occurs through 3 culverts
located under Arundel Beach Rd. (Photo 1b).
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Photos 1a, b, and c (left to right). a) Land use is predominately commercial with a drainage area of 6.5
acres, 58% of which is impervious. b and c) Pre- (Sept. 30th, 2010) and post-construction (June 6th, 2013)
photos (note the higher turbidity in 1c). Facing downstream, samples were collected from the mouth of the
left-side culvert that extends under Arundel Beach Road (identified by yellow “O”, for outflow, in 1b). The
bioretention is partially filled with water from Richie Hwy. entering from the downstream side of Arundel
Beach Rd. during storm events (identified by yellow “I”, for inflow, in 1b).
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Leelyn Drive Dry Pond
The Leelyn Dr. RSC (referred to as Leelyn) receives discharge from the Park & Ride
bioretention outflow, and the sampling site is located at a rock berm just upstream of the
riser (Photo 2d). This site was chosen in order to separate upstream flow from that of the
culvert located on McKinsey Dr. that commonly fills the final ponding basin (lowest
level with the riser) before upstream runoff from the Leelyn Dr. RSC flows into this basin
during larger storm events.

Photos 2a – e (left to right from top to bottom): a) Isco
automated sampler housing installed at Leelyn (preconstruction, December 12th, 2010). b) Upper Leelyn
during construction (July 26th, 2011). c) Leelyn during
Superstorm Sandy (October 29th, 2012). d) Downstream rock berm and Isco housing (February 22nd,
2014). e) Land use in the Leelyn Drive RSC sub-catchment is predominately residential and commercial
with a drainage area of 37 acres (14.97 ha, excluding area responsible for flow out of culvert on McKinsey
Rd.), 43% of which is impervious. A modification to the area of the Leelyn catchment was made to
eliminate the area responsible for runoff to the McKinsey culvert outflow, which does not influence the RSC
reach being monitored.
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Dunkeld Manor Stormwater Retrofit
Pre-construction stormwater runoff was collected at the inflow culvert and outflow
pipe (6” diameter). Because the inlet culvert was completely submerged during storm
events, samples were collected at either the mouth of the outflow pipe in the ponding
basin (Photo 3b) or the outflow in the backyard of a resident on Isaiah Dr. During the
post-construction period, samples were collected at the rim of the new cement riser
located in the final of three ponding basins (Photos 3c and e). The diameter of the new
outflow pipe at the base of the riser is 36”. An Isco automated sampler and fiberglass
housing was installed on site in June 2013.

Photos 3a – f (left to right from top to bottom): a) Pre-construction overflow of Dunkeld Manor
stormwater pond (September 30th, 2010). b) Original storm drain grate (pre-construction March 25th, 2012). c) Wood chips placed over subsoil (May 15th, 2012). d) Organic-rich
topsoil/manure cover over woodchips (June 1st, 2012). e) Superstorm Sandy (October 29 th, 2012).
f) The Dunkeld sub-catchment is predominately residential and has a drainage area of 19.5 acres,
44% of which is impervious.
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North Branch of Cypress Creek
The main stem of North Cypress Creek originally had two different sampling sites.
One was located at the downstream end of the catchment near the tidal boundary (Photos
4a-e), and the other about 2500 ft. upstream (close to Richie Hwy); monitoring at the
upstream site (baseflow monitoring only) was discontinued in 2011.

Photos 4 a-f. Left to right from top to bottom: a)
Cypress Creek mainstem with intact riparian forest
in background and b) with riparian forest removed
during construction (October 29th, 2012). c) Storm on June 6th, 2013. d) Ponding basin with plentiful
pondweed growth immediately downstream of sampling station (September 12th, 2013). e) Luxuriant
wetland vegetation including white pond lilies, cattails and pondweed in proximity to the Isco housing (in
background of photo, July 24th, 2014). f) Photo taken the day after the largest storm recorded during the
study period (August 12th, 2014) showing floodplain vegetation flattened by runoff.
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Figure 1 & Photo 5. Land use in the Cypress
Creek subwatershed to the stream sampling
station is predominately commercial and
residential. Drainage area is about 354 acres of which about 98% is developed and >50% is impervious.
The watershed boundary delineation provided by AA Co. (yellow line) was cropped on the NE (black line)
to remove the area below our stream sampling station (white/yellow cross).

Dividing Creek subwatershed
This stream has two monitoring sites. One site is immediately upstream of the reach
slated to be reconfigured (Photo 6b), and one immediately downstream (Photo 6c). An
Isco autosampler and housing was installed at the downstream site in May 2012, and at
the upstream site in June 2013.

Figure 2 & Photos 6 a – c (left to right from top to bottom): Figure & photo a) Land use in the Dividing
Creek subwatershed to the stream sampling station is predominately commercial, institutional and
residential. Drainage area is about 219 acres of which about 87% is developed and 31% is impervious.
The watershed boundary delineation provided by AA Co. was used to calculate land use statistics (yellow
line). Photos b & c) Up- and down-stream Isco housings at Dividing Creek, respectively).
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Stream samples were collected during baseflow and stormflow conditions at the
downstream site. The upstream site was positioned so as to allow us to characterize
stormflow for 1) the mainstem reach (i.e., upstream of the RSC reach), 2) the culvert
draining the stormwater retention pond slated to be retrofitted as part of this overall
reconfiguration of Dividing Creek, and 3) the culvert draining the eastern sewershed of
AACC.

Pre- and Post-Construction Periods
Cypress Creek subwatershed
Park & Ride Bioretention
Construction activity at the Park & Ride site occurred for approximately 3 weeks in
May 2011 (Figure 3). Pre- and post-construction sampling at the Park & Ride was done
from the upstream mouth of the left-hand side culvert at Arundel Beach Road (Photo 1b).
Leelyn Drive Dry Pond
Pre-construction sampling at Leelyn occurred from December 2010 to early July
2011 (Figure 3). Runoff samples were collected and discharge measurements were
initially done by the riser. Discharge measurements during larger events were
confounded by runoff from the culvert located on McKinsey Road that submerged part of
the seepage field, so these were of limited value. Sampling was curtailed during the
construction period from July – August 2011. The monitoring station was re-located
upstream of the first rock berm of the riser ponding basin in the post-construction period
beginning in August 2011 so that flow from the RSC could be accurately measured.
Site
Yellow = Pre-Construction Period
Red = Construction Period
Blue = Post-Construction Period
Park & Ride
Leelyn
Dunkeld
Cypress
Dividing
Month
N
D J
F M A M J J A S O N D J
F M A M J J A S O N D J
F M A M J J A S O N D J
F M A M J J A S O
Year
2010 2011
2012
2013
2014

Figure 3. Construction (red), and pre- (yellow) and post-construction (blue) periods of the 4-year
project (2010-2014). Monitoring was limited during the construction periods. Most samplings done
during construction periods were focused on the North Branch of Cypress Creek because of the
protracted construction time.

Dunkeld Manor Stormwater Retrofit
Pre-construction stormwater runoff at the outflow of this site was collected from
March 2011 through December 2012. During the post-construction period from July
2012 through December 2014, samples were collected at the rim of the new cement riser.
An Isco automated sampler and fiberglass housing was installed on site in June 2013.
North Branch of Cypress Creek
Pre-construction monitoring at Cypress was done prior to June 2012 (note that the
data from June 2008 to October 2010 were obtained from a separate project and are
included in our pre-construction analysis). Construction lasted from June 2012 through
February 2013, at which time the post-construction phase began. Several events were
sampled during the construction period, including Superstorm Sandy in late October
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2012. A new Isco autosampler and fiberglass housing were installed on March 14th,
2013.
Dividing Creek subwatershed
The collection of water samples and instantaneous discharge data at Dividing Creek
was initiated in May 2012. Pre-construction monitoring continued from that time
through December 2014.

Methods
Sampling Methods
Water quality samples were collected with discharge measurements immediately
downstream of each BMP. At Cypress and Dividing creeks, water samples and
instantaneous discharge data were collected during baseflow (monthly through October
2013) and stormflow (event basis) periods. Baseflow conditions were defined as periods
of low flow when the effect of precipitation on stream flow was minimal (i.e.,
approximately two days after a storm event) and stream stage relatively stable. The
stormwater retrofit BMPs do not have baseflow, so samples were collected only during
storm events. Storm events are defined as a measurable precipitation event (>0.01”) with
a ≥ 72-hour antecedent dry period.
At Leelyn, and Cypress and Dividing creeks, stormflow samples were commonly
collected using automated samplers (Teledyne Isco 6712), whereas at Park & Ride and
Dunkeld, stormflow was often collected as a series of grab samples. In both cases, water
samples were generally collected during the rising and falling limbs of the hydrograph.
Stormflow sampling was intended to take place at least twice per season to account
for seasonal variation. Indeed, most storms ≥ 0.5” were routinely monitored so that
sampling would commence with the advent of downstream flow at the Park & Ride,
Leelyn and Dunkeld sites. However, even with larger storms, there were instances when
not enough flow was generated to allow sampling. This happened many times after
construction at Leelyn. Nevertheless, sampling covered all seasons at both sites.
For the Cypress Creek site, additional base- and storm-flow data are available for the
period from June 2008 to the beginning of the current project (November 2010). These
data were collected using identical procedures to those described herein and are therefore
included in the pre-construction data characterization for this site.
Water samples were collected in acid-washed HDPE bottles and either filtered
immediately or within a few hours after collection. All samples were stored on ice after
collection and while being transported to the Chesapeake Biological Laboratory (CBL),
where they were refrigerated at 4oC. At the laboratory, samples that were not filtered in
the field were filtered within 12 hours using glass-fiber filters (nominal pore size of 0.7
µm) to separate dissolved from particulate constituents. Dissolved and particulate
samples were stored in a freezer at the CBL prior to analyses.
Hydrological Measurements
A combination of tipping bucket and bulk rain gauges were used at two sites to
measure precipitation volume. Each tip of the bucket recorded 0.2 mm of precipitation.
Bulk precipitation gauges were co-located at these sites. One site was located about 0.36
miles from both the Park & Ride and Leelyn monitoring sites, and about 0.57 miles from
the Cypress Creek site (tipping bucket data from August 7th, 2011 to present; bulk
collector from April 12th, 2013 to present), and the other at Anne Arundel Community
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College – AACC (tipping bucket and bulk collector data from October 21st, 2013 to
present). These gauges were unobstructed by objects such as overhanging trees and
power lines. The tipping bucket rain gauge was inspected and its logger downloaded
monthly, whereas the plastic gauge was routinely monitored on a single event to biweekly basis.
At the Park & Ride, Dunkeld, Leelyn, and Cypress and Dividing creeks sampling
sites, instantaneous discharge was measured using the cross-sectional area method
(Gordon et al. 2004). Pressure transducers (Onset HOBO Water Level Logger) were
used to record continuous stage height at the outflows at each sampling station; separate
loggers were used to record barometric pressure which was subtracted from the stage
data. Discharge measurements were done immediately after water collection during the
monthly baseflow sampling events, and also during variable water stages for stormflow.
Instantaneous discharge data for each site was used to create rating curves and convert
continuous stage data into discharge (L/s).
Chemical Parameters Measured
Water samples were commonly analyzed for a suite of chemical constituents,
including:
1. Nitrate, ammonium, dissolved organic N, total dissolved N, particulate N (NO3,
NH4, DON, TDN, and PN, respectively);
2. Phosphate, total dissolved phosphorus (PO4, TDP);
3. Total suspended solids (TSS);
4. Major anions (Cl, SO4);
5. Dissolved organic carbon, particulate carbon (DOC, PC).
Physical Parameters Measured
Air temperature was recorded continuously at 5-min intervals by the tipping bucket
logger, as well as the barometric pressure loggers. Stream temperatures were recorded
continuously at all sites (commonly at 5-min intervals).
Analytical Methods
Detection limits of several analytical methods described below are provided (Table
1); others can be found on the Nutrient Analytical Services Laboratory (NASL) webpage
(http://nasl.cbl.umces.edu/).
Nitrate and nitrite (NO2) were determined using the cadmium reduction method on a
flow-injection analyzer (Lachat QuikChem 8000). In this method, filtered samples are
passed through a granulated copper-cadmium column to reduce NO3 to NO2. The nitrite
(originally present plus reduced NO3) is then determined by diazotizing with
sulfanilamide and coupling with N-1-naphthylethylene diamine dihydrochloride to form a
colored azo dye. Nitrate concentration is obtained by subtracting the corresponding
nitrite value from the NO2 + NO3 concentration. Nitrate was also determined using a
Dionex ion chromatograph (ICS-1000), that also provided major anion data (i.e., Cl and
SO4).
Ammonium (NH4) was determined using the Berthelot Reaction method (Kerouel and
Aminot 1987) in which a blue-colored compound similar to indophenol forms when a
solution of NH4 salt is added to sodium phenoxide, followed by the addition of sodium
hypochlorite (Kerouel & Aminot, 1987).
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Dissolved inorganic orthophosphate (PO4) was determined following the EPA
Method 365.1 (1979). In the method, ammonium molybdate and potassium antimony
tartrate react in an acid medium with dilute solutions of orthophosphate to form an
antimonyphosphomolybdate complex which is reduced to an intensely blue colored
complex by ascorbic acid. Color is proportional to PO4 concentration.
Total dissolved nitrogen (TDN) concentrations were determined on filtered water
samples using the persulfate digestion method, where all N is converted into NO3 (D'Elia
et al. 1977), and then passed through a granulated copper-cadmium column to be reduced
to nitrite. The NO2 is determined by diazotizing with sulfanilamide and coupling with N1- naphthylethylenediamine dihydrochloride to form a colored azo dye. Color is
proportional to N concentration. Dissolved organic N (DON) was calculated as the
different between TDN and the inorganic fractions of N.
The potassium persulfate method was also used for determining total dissolved P
(TDP) concentrations. The method consists of oxidizing organic and inorganic P to
orthophosphate under heated acidic conditions. Ammonium molybdate and potassium
antimony tartrate then react in an acid medium with dilute solutions of PO4 to from an
antimony-phosphomolybdate complex, which is reduced to an intensely blue-colored
complex by ascorbic acid. Color is proportional to PO4 concentration.
Table 1. Parameters measured and method detection limits. Limits of detection for
other parameters can be found on the NASL website (http://nasl.cbl.umces.edu/).
Parameter

Method Detection Limit

Nitrate + Nitrite, mg/L as dissolved N

0.0007 mg/L

Ammonium, mg/L as dissolved N

0.001 mg/L

Orthophosphate, mg/L as PO4-P

0.0006 mg/L

Total Dissolved Nitrogen, mg/L as N

0.05 mg/L

Total dissolved P, mg/L as PO4-P

0.0015 mg/L

Particulate Nitrogen, mg/L as N

0.0105 mg/L

Particulate N and C were measured with a Perkin Elmer 2400 CHN elemental
analyzer. In this method, samples are combusted in pure oxygen (O2) under static
conditions. Products of combustion are passed over suitable reagents in the combustion
tube where complex oxidation occurs. Carbon dioxide (CO2), water vapor and N are
mixed and released into the thermal conductivity detector where the concentrations of the
sample gases are measured.
Total suspended solids (TSS) concentrations in the material retained on 47 mm preweighed filters were determined by first drying the filters at 105oC overnight and then
weighing after cooling at room temperature in desiccators. Concentrations (mg/L) were
calculated as the weight of the filter after collection of the sample divided by the volume
of water filtered.
Dissolved oxygen (DO) concentrations (mg/L) and conductivity (S/cm) were
measured in the streamwater of both Cypress and Dividing creeks for part of the growing
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season in 2013 and 2014 (Hobo probes U26-001 and U24-001, respectively). Stream
metabolism was estimated in 2013 using the method outlined in Roberts et al. (2007)
with the data collected from these probes.
Means
Several types of mean values were used in this report that represent varying degrees
of robustness. When possible, volume-weighted means (VWM) were used since these
represent the most robust mean value. VWMs were used when representative discharge
data were available for the majority of stormflow events sampled (i.e., Cypress and
Dividing creeks, and Leelyn). Volume-weighted mean concentrations were calculated as:
VWM = (Ci Qi) / Qi, where Ci is the observed solute concentration of instantaneous
stream flow i, Qi is the discharge volume (liters) for the period with sample date as the
midpoint of the period i, and the denominator is the  of discharge volume. Flowweighted means (FWM)s are less robust than VWMs and were used for baseflow
(Cypress and Dividing creeks). FWMs were also used when there were incomplete
stormflow hydrograph data available for the majority of storms sampled that could be
used to estimate the total discharge per sampling interval (Park & Ride). FWMs are
calculated similar to VWMs except that instantaneous flow measurements are substituted
for discharge volumes in the above equation. Lastly, simple means of the sample
concentrations were used for the pre-construction period at Leelyn and Dunkeld, the
latter because reliable discharge estimates are unavailable. Note that no samples from the
actual construction periods at any site were used in our pre- and post-construction loading
comparisons.

Results and Discussion
Samples were collected during 19 storm events at Leelyn and Park & Ride, 22 at
Dunkeld, 30 at the main channel of Cypress Cr., and 29 at Dividing Creek (Table 2). A
total of 7 events were sampled at Leelyn in the pre-construction period. The augmented
holding capacity of the retrofitted Leelyn site resulted in relatively few instances when
rain events produced downstream runoff from our sampling station to the riser; 11 postconstruction events were collected. By contrast, at the Park & Ride site, more frequent
runoff enabled us to collect more post-construction samples (total of 17) than at the
downstream Leelyn site, even though periodic disturbances (such as new mulch
application to this site in 2013) restricted the number of samplings.
A total of 5 pre-construction samples were collected at Dunkeld. After construction
was finished around May 15th, 2012, 16 events were sampled.
At the main channel of Cypress Cr., 6, 4 and 20 stormflow samples were collected
before, during and after the construction phase ended in March 2013, respectively. Preconstruction stormflow samples were also collected during 10 storm events from 2008
through 2011, prior to the initiation of this project (not included in Table 2).
Although the construction at Dividing Creek was slated for the spring of 2013, it is
now expected to begin in the summer of 2015. A total of 29 pre-construction stormflow
samples were collected at this site (Table 2).
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Precipitation and Ambient Air Temperature
The total precipitation depth recorded for the North Cypress Creek catchment was
157” from August 7th, 2011 to December 23rd, 2014 (Figure 4). Total annual
precipitation increased over the 2012 to 2014 water years (October 1st to September 30th;
29, 41, and 60”, respectively), whereas annual average air temperature decreased (14.9,
14.5, 12.5oC, respectively, Figure 5). Comparisons of precipitation over single and
combined events for the bulk and tipping bucket collectors close to the Park & Ride site
indicate that the bulk collector was consistently lower in volume (average of about 7%
lower in 83 comparisons,
April 19th, 2013 to December
23rd, 2014). The difference
can be explained in part by
spatter that occurs off of the
top of the bulk collector
which does not have a screen
over the orifice like the
tipping bucket which helps to
minimize spatter; the orifice
for the tipping bucket is also
slightly larger (5” vs. 4”
diameter). Evaporative
losses were negligible. By
Figure 4. Daily and cumulative precipitation record
contrast, the precipitation
from the tipping bucket rain gauge located in a
volume from the AACC
residential clearing in close proximity to the Cypress
bulk collector was about
Creek sites (August 7th, 2011 to December 23rd, 2014).
22% greater than that of the
tipping bucket gauge over
the period of collection (October 21st, 2013 to December 23rd, 2014). Because the rain
volume recorded in the bulk collectors differed by only 3% when the precipitation for the
largest storm event recorded during the study period is not included (6.11” at the P&R
and only 3.75” at AACC; August 12-13th, 2014), this indicates that the AACC tipping
bucket rain gauge exhibited a consistent negative bias. Fortunately, the co-located bulk
gauge allowed us to adjust for the under-estimation of precipitation at this site.

Figure 5. Daily average air
temperature (oC) from the
Park & Ride rain gauge site
(August 7th, 2011 to
December 23rd, 2014).
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Pre- and Post-Construction Hydrology
For each of the project sites, a combination of modeled and empirical data was used
to estimate pre- and post-restoration water budgets and loading rates. The data and
assumptions used to derive these estimates are described below.
Cypress Creek subwatershed
Park & Ride Bioretention
Post-construction estimates from on-site observations and comparisons with
precipitation data indicate that the holding capacity at this site was about 0.9 to 1.2” of
precipitation (0.97” on January 18th, 2015), and varied with factors such as rainfall
intensity, antecedent precipitation volume, and seasonality (see Leelyn below).
Unfortunately, a pre- and post-construction comparison of holding capacities was
difficult to make because the contributing areas were different. We determined that
proportionally more stormflow per event entered the retention pond after construction
compared to before construction due to stormflow runoff from Richie Hwy (i.e., Rt. 2)
that originates from Arundel Beach Rd. and
enters the downstream side of the Park &
Ride culverts. In other words, reverse flow
occurs whereby the runoff from Arundel
Beach Rd. enters the ponding basin from
the downstream side of Arundel Beach Rd.
(Photo 7) and only begins to flow
downstream (i.e., return flow under
Arundel Beach Rd.) after the ponding basin
completely fills. This did not occur in the
pre-construction period because the culvert
responsible for this additional input was
essentially blocked by a buildup of
sediment and vegetation. Thus, in the pre- Photo 7. Culvert responsible for reverse flow
into the Park & Ride bioretention from the
construction period, the contributing area
downstream side of Arundel Beach Rd.
of this sub-catchment was smaller than in
the post-construction period.
Nevertheless, in the post-construction period, during large storms we observed a
larger volume of accumulated water in the ponding basin due to the removal of the grass
and surface soils needed to perform the retrofit. The depth of the ponding basin was
approximately 12” deeper after construction. Considering the added depth combined
with a likely increase of infiltration capacity, we estimate that the holding capacity of this
bioretention at least doubled after construction and use this difference to estimate preand post-construction loads of measured solutes.
Complex flow patterns (i.e., up and downstream; Photo 7) in the 3 culverts draining
the Park & Ride bioretention made accurately measuring downstream flow difficult.
Accordingly, we estimated total discharge using a runoff coefficient based on the
impervious surface (58%) in the sub-catchment (Maryland Chesapeake and Atlantic
Coastal Bays Critical area 10% Rule Guidance Manual). Stormwater flux in the preconstruction scenario was estimated by using the volume of precipitation for all storms
>0.5”. The product of this precipitation volume and a runoff coefficient of 0.58 is
assumed to approximate a conservative estimate of the net flux of stormwater discharge.
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By contrast, the increase in water retention in the post-construction scenario was
estimated as the product of the precipitation volume from all storms >1” and a runoff
coefficient of 0.58. Total loads for the post-construction period were estimated as the
product of VWM concentrations and these stormwater flux volumes (detailed below).
Leelyn Drive Dry Pond
Before construction at
Leelyn, we were able to collect
water samples during storm
events as small as 0.35”, which
was the threshold for the
production of flow at the
monitoring site. After
construction, no runoff was
produced downstream of the
BMP reach if the ponds were
dry and the storm depth was
smaller than 0.8”. However,
Figure 6. Stormflow hydrograph and cumulative
this retrofitted system was able
precipitation at the Leelyn site, August 12-13, 2014.
to prevent downstream flow for
as much as 2.6” of precipitation after an extended period of dry antecedent conditions
(i.e., about 1 week). For example, during the largest storm recorded over the 4-year study
period (August 12th, 2014; 6.11” of rain; precipitation volume from the co-located bulk
and tipping bucket gauges were within 1% agreement), downstream runoff from the
bottom of the RSC reach occurred after a total of 2.6 to 3” of precipitation (Figure 6).
Almost 2.5” of precipitation occurred over 25 minutes at the Park & Ride rain gauge,
making this the most intense storm recorded over the study period.
Our data indicate that the holding capacity of Leelyn varied seasonally. For example,
a higher threshold for preventing downstream flow was apparent during the growing
season (i.e., March – August; Figure 7). We speculate that this increase in holding
capacity is likely a result of increased evapotranspiration and infiltration rates during the
growing season compared to
winter.
We sampled 11 out of a total
of 15 runoff events (73%) at
Leelyn in the post-construction
period and therefore have good
runoff estimates. Flow data
allowed us to make a
precipitation / runoff
relationship (Figure 8) to
estimate the total discharge over
the entire post-construction
Figure 7. Thresholds for the water holding capacity
period. The runoff coefficients
of the Leelyn site (i.e., the amount of precipitation
for Leelyn using runoff data for
needed to create runoff from the downstream end of
11 storms and estimates for the
the RSC).
remaining 4 was 6.2% (i.e., the
percentage of total rainfall that
15

was exported from Leelyn as
stormflow runoff); a second
estimate derived from using the
precipitation / runoff relationship for
all storms was 4.5%.
We then compared these runoff
coefficients with estimates for the
pre-construction period. The preconstruction runoff coefficient was
determined using field estimates
indicating that the Leelyn site at this
time was only capable of preventing
Figure 8. Preipitation / runoff relationship
flow from storms <0.35”. At the
developed for Leelyn using data collected from
Cypress Creek sites, the total
monitored stormflow events.
amount of precipitation for storms
<0.35” over the 3.4-yr period we have data was responsible for 18% of the total volume.
This is water that would not be a part of stormwater runoff as it was likely infiltrated in
soils and percolated to the groundwater table. Doubling this percentage to account for
additional infiltration during more protracted storm events increases this amount to 36%
of total precipitation. Accordingly, the remainder would theoretically be expressed as
stormwater runoff thus yielding a runoff coefficient of 64%. For comparison, a second
more conservative coefficient of 50% was also used to estimate runoff. Thus the range in
runoff coefficients for Leelyn is between 50 and 64% in the pre-construction period,
which is realistic given the amount of impervious surface in this sub-basin (43%).
Dunkeld Manor Stormwater Retrofit
In the pre-construction period, Dunkeld would easily outflow with any precipitation
event when the retention pond was full, and would retain stormwater runoff for events
<0.2” only after a long dry antecedent period. Moreover, water commonly ponded for
extended periods without allowing the collection basin to dry (Photo 3b), and larger,
intense events (>2”) commonly breached the rim of the basin resulting in the flooding of
residential properties. By contrast, in the post-construction period, we observed that the
infiltration and holding capacity of the system improved. Infiltration occurred because
the lower pool next to the riser commonly dried out between storms, and holding capacity
increased because the final ponding basin where the riser is located now retains a larger
volume of water.
A combination of observations and analysis of hydrograph and precipitation data
indicate that the holding capacity of the retrofitted system increased such that overflow in
the riser only occurs with storms >0.67”. This outflow threshold is at least 3 times larger
than what was observed during the pre-construction period. The increase in holding
capacity is in large part due to the deeper ponding basin where the riser is located (4’
deep), which is approximately 1800 ft3. More importantly, although the retention of
stormwater runoff in the new system has been augmented, the retrofit was primarily
designed to prevent overflow flooding of the residential properties. In this respect, the
retrofitted system performs as expected. For example, Dunkeld easily prevented flooding
during the intense 6.11” storm on August 12th, 2014, albeit the 36” diameter pipe was
80% full at peak flow (Figure 9). The holding capacity of the larger dry pond that retains
stormwater runoff from that area of the Dunkeld catchment on the south side of Cypress
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Rd. holds storms of about 2” in size;
storms larger than 2” contribute
stormwater runoff from this
southern portion of the catchment
(about ½ of total area) to the
Dunkeld dry pond.
North Branch of Cypress Creek
Stormflow sampling of the
Cypress Creek main channel
entered the post-construction phase
beginning in April 2013. We
observed dramatic changes in this
system during and after construction Figure 9. Stormflow hydrograph and cumulative
with the rapid establishment of
precipitation for August 12th, 2014 at Dunkeld.
aquatic vegetation in the large step
pools throughout the spring and summer of 2013 and 2014 (Photos 4d - f).
We have a robust stormflow record for the post-construction period at Cypress Creek.
Combining runoff with the precipitation data recorded over the same period, we were
able to develop two separate precipitation / runoff relationships based on different
locations of the stream stage logger (Figure 10a and b). Each relationship has a high
coefficient of determination (r2 = 0.84; r2 = 0.66 for combined data).
Using the total runoff (Σ base and
stormflow) and precipitation volumes for all
the storms recorded in the post-construction
period, we determined that the runoff
coefficient for the Cypress Creek watershed
was 53%.
Given the episodic large-volume events
that commonly occurred at Cypress Creek, in
conjunction with its broad floodplain where
our stage data logger was located, high flow
estimates likely have large errors.
Accordingly, we estimated potential flow
reduction at the Cypress Creek mainstem site
by adding the flow reductions calculated for
Leelyn and Dunkeld.
An analysis of hydrograph data indicates
that the post-construction system was less
flashy than in the pre-construction period (not
shown) and the Dividing Creek reference
watershed (Figure 11). However, the stage of
ponding basins remained relatively invariant
between storm events and there were relatively
small changes in baseflow discharge, likely a
result of the perennial nature of the system and
Figure 10a and b. Precipitation /
riparian zones that provided a constant source
runoff relationships for Cypress
of groundwater seepage. Moreover, although
Creek. Note runoff is (10)6 L.
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Figure 11. Precipitation and stage height during a storm that deposited 6.1 and
3.8” in the Cypress and Dividing creek’s watersheds, respectively.
the floodplain is much broader, the elevation of the reconfigured reach is similar to that
of the pre-construction period, indicating that there is a limited capacity for augmented
groundwater recharge and storage.
Dividing Creek subwatershed
Monitoring data were collected for 2.4 years during the pre-construction period for
Dividing Creek. A total of 109 storms were used to develop a precipitation / runoff
relationship for this watershed (Figure 12). Runoff coefficients varied greatly among
different storms, likely depending on such variables as precipitation intensity, duration,
seasonality and soil moisture.
The composite runoff
coefficient for the entire
period of study was 50%.
Average annual precipitation
depth over this period was
about 30.4”, which is
somewhat low, yet
reasonable considering that
these data had proportionally
more days from the drier
summer and early fall
months included in the total.
Baseflow and stormflow
Figure 12. Precipitation / runoff relationship for
runoff represented 66% and
Dividing Creek, June 19th, 2013 to December 10th,
34% of the total flow,
2014.
respectively. The highest flow
recorded was about 1800 L/s.
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Water Quality
Both medians and means are described in the following section. Medians are a
component of box and whisker plots and provide a reference from which to compare the
variability of solute concentrations. Means, on the other hand, are used in the loading
estimates to incorporate the inherent variability of solute concentrations.
Cypress Creek subwatershed
Park & Ride Bioretention
Because this site was the first to be implemented, only 2 pre-construction storm
events were sampled. Nevertheless, a comparison of pre- and post-construction FWMs
indicates that median TN, TDP and TSS concentrations were lower in the postconstruction period (Figure 13a, b and c).
By contrast, unlike all other N fractions, the relative importance of FWM NH4 and
PN as a percentage of TN was higher in the post- than the pre-construction period (Table
3), particularly in the initial (i.e., NH4) and latter (i.e., PN) post-construction samples (not
shown). Moreover, the ratio of PO4 to TDP increased from the pre- to post-construction
period, whereas TSS decreased (Table 3).

Figure 13a, b and c (left to right). Box and whisker plots of FWM TN, TDP, and TSS concentrations
(mg/L) for stormflow events sampled during post-construction at Park & Ride (pre-construction is the
mean). Box and whisker plots show the median, bounded by the 25 th and 75th percentiles. Bars depict the
minima and maxima, while dots depict mild and extreme outliers associated with individual storm events.

Leelyn Dr. Dry Pond
A comparison of pre- and post-construction median TN, TDP and TSS concentrations
indicate that TN and TDP were commonly lower in the post-construction period, whereas
TSS was higher (Figure 14a, b and c).
The VWM TN concentration of stormflow collected in the post-construction period
was approximately half of the pre-construction FWM (Table 3). Ammonium, DON and
TDN concentrations were larger as a percentage of TN in the post- compared to the preconstruction means. Post-construction VWM TDP concentrations at Leelyn were lower
than in the pre-construction period, with PO4 accounting for a larger proportion of TDP
in the post-construction period (Table 3). Although the VWM TSS concentration was
higher in the post-construction compared to the pre-construction period, not including the
first post-construction sample in the VWM TSS concentration makes this mean slightly
lower compared to that of the pre-construction period.
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Figure 14a, b and c (left to right). Box and whisker plots of volume-weighted mean (VWM) TN, TDP, and
TSS concentrations (mg/L) for stormflow events sampled during post-construction at Leelyn (preconstruction samples are FWMs of each sampling event). Plots show the median, bounded by the 25th and
75th percentiles. Bars depict the minima and maxima, while dots depict mild and extreme outliers
associated with individual storm events.
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Dunkeld Manor Stormwater Retrofit
Median concentrations of TN and TSS at Dunkeld were higher in the post- than the
pre-construction period (Figure 15a, b and c), whereas TDP was slightly lower.
The mean TN and TDN concentrations for the pre-construction period were 0.8 mg/L
and 0.52 mg/L, respectively (Table 3). Total N was mostly composed of dissolved
fractions while PN contributed 35 and 41% of the pre- and post-construction total,
respectively. Mean concentrations of all the N fractions were higher in the post- than the
pre-construction period (Table 3), as were those of PO4 and TDP. Total dissolved P
exhibited a proportionally larger increase than PO4. The mean TSS concentration was
about 2 times higher in the post- compared to the pre-construction period (Table 3).
Construction materials such as loose soil, wood chips and mulch contributed to the
elevated TSS concentrations, which have been decreasing gradually as the site stabilizes
(data not shown).

Figure 15a, b and c (left to right). Box and whisker plots of mean TN, TDP, and TSS concentrations
(mg/L) for all stormflow events sampled during pre- and post-construction at Dunkeld. Box and whisker
plots show the median, bounded by the 25th and 75th percentiles. Bars depict the minima and maxima, while
dots depict mild and extreme outliers associated with individual storm events.

North Branch of Cypress Creek
Stormflow Median concentrations of TN and TSS decreased in stormflow, whereas TDP
increased (Figure 16a, b and c). Median TSS concentrations were only slightly lower in
the post-construction period, and the increase in the median concentration of TDP was
accompanied by higher variability.
Dissolved N fractions constituted about 78% of TN in the pre-construction period, in
contrast to about 52% in the post-construction period (Table 3). Volume-weighted mean
TN concentrations in the post-construction period were lower than those of the preconstruction period, but the relative contributions of PN to TN were similar (47 and 42%,
respectively). Both TDP and PO4 were higher in the post-construction period compared
to the pre-construction period, with PO4 increasing proportionally more (Table 3).
Volume-weighted mean TSS concentrations decreased by about 33% from 64 to 43 mg/L
(Table 3). Concentrations of Cl and SO4 were lower by about half in the postconstruction compared to the pre-construction period (Table 3).
Although the proportional decrease in VWM NO3 concentrations from the pre- to the
post-construction periods was only slightly lower than for NH4 (44% vs 50%,
respectively), pre- and post-construction time series indicate that the decrease in NO3 had
the largest impact on the decrease in TN concentrations (Figure 17a and b). Higher
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variability was also observed for TSS and TDP concentrations after construction (not
shown).

Figure 16a, b and c (left to right). Box and whisker plots of VWM TN, TDP, and TSS concentrations
(mg/L) for all stormflow events sampled during pre- and post-construction at the North Branch of Cypress
Creek. The pre-construction concentrations include every storm collected since 2008. Box and whisker
plots show the median, bounded by the 25th and 75th percentiles. Bars depict the minima and maxima, while
dots depict mild and extreme outliers associated with individual storm events.

Figure 17a and b (top to bottom). Time series of the N fractions in the pre- and post-construction periods
for Cypress Creek stormflow.
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Baseflow –
Median concentrations of TN in baseflow during the post-construction period were
lower than in the pre-construction period, whereas those of TDP and TSS were higher
(Figure 18a, b and c). Extreme outliers observed in the post-construction period indicate
that there was higher variability with all the constituents that was likely a result of
residual disturbance effects from the construction.

Figure 18a, b and c (left to right). Box and whisker plots of TN, TDP, and TSS concentrations (mg/L)
observed in baseflow at the North Branch of Cypress Creek. The pre-construction concentrations include
every storm collected since 2008. Box and whisker plots show the median, bounded by the 25 th and 75th
percentiles. Bars depict the minima and maxima, while dots depict mild and extreme outliers.

Dissolved N fractions constituted about 93% of TN in the pre-construction period, in
contrast to 56% in the post-construction period (Table 3). During the pre-construction
monitoring period, FWM NO3 concentrations in baseflow were about half of TN,
whereas PN was about 7% (Table 3). Post-construction DON and PN concentrations
increased substantially to about 41% and 37% of TN, respectively. By contrast, FWM
NH4 concentrations decreased to 72% of its pre-construction values and NO3 decreased
from 0.41 mg/L to 0.06 mg/L (Table 3). Concentrations of TDP were higher in the postconstruction period compared to the pre-construction period, with most of the increase a
result of higher dissolved organic P (i.e., TDP minus PO4) concentrations (Table 3). The
FWM concentration of TSS was higher in the post- compared to the pre-construction
period by about 10 mg/L, whereas those of Cl and SO4 were higher and lower in the postcompared to the pre-construction period, respectively (Table 3).
In the time series for baseflow concentrations at Cypress Creek (Figure 19a), while
TN concentrations were similar in the pre- and post-construction periods, the form of N
exported changed dramatically. During the pre-construction period, most baseflow N
was in the form of NO3, in contrast to the post-construction period when the dominant
form changed to DON. The proportion of PN relative to TN also increased in the postconstruction period. The change observed in the predominant form from NO3 to organic
and PN suggest that the reconfiguration promoted the uptake of inorganic N by primary
producers, thus limiting nitrification and subsequent denitrification.
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Figure 19a – c (top to bottom). Time series of TN, TDP and TSS concentrations in the
baseflow of the north branch of Cypress Creek. Total N is partitioned in different forms
(NO3, NH4, dissolved organic and particulate), pre- and post-construction. Preconstruction concentrations include samples collected since 2008. The construction
period (July 2012 to March 2013) is indicated by the vertical red arrow.
Dividing Creek subwatershed
Stormflow and BaseflowHydrological data collected from Dividing Creek included a wide range of conditions
with discharges ranging between about 5 to 1800 L/s. The median of VWM
concentrations for TN in all stormflow events analyzed was about 1.4 mg/L (Figure 20a).
The median of VWM concentrations for TDP in all stormflow events analyzed was about
0.02 mg/L, compared to the median in baseflow of 0.004 mg/L (Figures 20b and 21b).
The median of VWM concentrations for TSS in all stormflow events analyzed was about
90 mg/L, which is about 30 times higher than that of baseflow (Figures 20c and 21c).
Nitrogen in baseflow commonly had higher concentrations than those in stormflow,
not including DON and PN (Table 3). For example, NO3 and NH4 concentrations were
about 5 and 2 times higher in baseflow compared to stormflow, respectively. With the
higher runoff velocities associated with stormflow, PN concentrations were about 5 times
higher compared to those of baseflow. Concentrations of TDP and PO4 were higher in
stormflow compared to baseflow, and the PO4 was over 50% of TDP in both forms of
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runoff (Table 3). The wide range of discharge conditions was reflected in the TSS
concentrations, which had a VWM in stormflow that was 31 times that measured in
baseflow (Table 3).
Chloride concentrations were very high in baseflow, likely a result of the high
number of residences on septic in this catchment (septic effluent is commonly high in
Cl). Chloride in stormflow was about 5 times lower than in baseflow because of dilution
by stormwater runoff which is much lower in Cl concentrations than in groundwater
influenced by septic effluent.

Figure 20a, b and c (left to right). Box and whisker plots of VWM TN, TDP, and TSS concentrations
(mg/L) for all stormflow events sampled during the pre-construction monitoring phase at Dividing Creek.
Box and whisker plots show the median, bounded by the 25th and 75th percentiles. Bars depict the minima
and maxima, while dots depict mild and extreme outliers associated with individual storm events.

Figure 21a, b and c (left to right). Box and whisker plots of TN, TDP, and TSS concentrations (mg/L) for
all baseflow events sampled during the pre-construction monitoring period at Dividing Creek. Box and
whisker plots show the median, bounded by the 25 th and 75th percentiles. Bars depict the minima and
maxima, while dots depict mild and extreme outliers associated with individual storm events.

25

Dissolved Oxygen, Stream Metabolism, and Conductivity
Dissolved oxygen (DO) and electrical conductance were monitored in the summers of
2013 and 2014 in Cypress and Dividing creeks. Data were used not only to make a
paired-catchment comparison between the re-engineered system of Cypress Creek and
reference, or control, system of Dividing Creek, but also to make some preliminary
measurements of aquatic metabolism.

Figure 22a and b (left to right). A) Average gross primary productivity with standard
error bars for several Coastal Plain creeks. Cypress, Howard’s and Parker’s are stream
wetland complexes. b) Dissolved oxygen and conductivity probes were deployed several
times in 2013 (Cypress Creek: 6/11-6/26, 7/23-8/13, 9/11-9/25; Dividing Creek: 5/55/16, 8/13-9/4, and 9/27-10/18). Deployment was done after a storm event to allow for
stable conditions needed to determine respiration. In Cypress Creek, post-storm DO
concentrations commonly became hypoxic after several days, and rebounded with
oxygenated stormflow inputs.
Estimates of stream primary
productivity and respiration are
indicators of stream health (Roberts
et al. 2007) and provide useful
information regarding changes in
the ecological condition of these
sites in the post-construction period.
The comparison in Figure 22a
shows that there were higher rates
of
gross primary production (GPP)
Figure 23. Time series of daily avg. DO in
in
Cypress
Creek compared to that
Cypress and Dividing creeks, June through
of Dividing Creek, as well as those
December 2014.
of Howard’s Branch (Coastal Plain
stream wetland complex constructed in 2001) and Parker’s Creek (natural Coastal plain
stream wetland complex) likely a consequence of the forest removal and increased light
availability in the post-construction period. Higher GPP in Cypress Creek is indicative of
disturbed stream environments (Bunn et al. 1999) and likely a result of higher rates of
primary production commonly observed in recovery zones of stream polluted with
organics wastes and nutrients. Increases in primary production can also produce hypoxia
in quiescent waters as the organic matter is mineralized and biological oxygen demand
(BOD) increases, as observed in Cypress Creek shortly after the deployment of DO
probes after storm events in 2013 (Figure 22b)
26

In 2014, DO probes were installed at both sites to collect a longer time series of data
throughout the summer and fall. Data expressed as daily averages show clearly the effect
of stormwater runoff from major storm events on DO concentrations in Cypress Creek
(Figure 23), which exhibited complete anoxia on occasion as the stormwater pulse
flushed anoxic bottom water out of the series of upstream step pools. By contrast, DO
concentrations during similar events at Dividing Creek tend to stay above the 5 mg/L
criteria threshold for freshwater systems.
Electrical conductance shows similar variability to that of DO driven by storm
activity (Figure 24). Precipitation from larger storms commonly resulted in a decrease in
conductivity in both catchments due to the low conductivity of rain water. The decrease
tended to be greater for larger
storms in Cypress Creek, likely a
result of the larger percentage of
impervious surface in this
watershed that is responsible for a
larger proportion of surface runoff
compared to that of Dividing Creek
watershed, which has less
impervious surface area. Indeed, in
one instance (i.e., August 12th,
2014), the conductivity of Cypress
Creek streamwater decreased
Figure 24. Time series of daily avg. conductivity briefly to 28 µS/cm, similar to the
in Cypress and Dividing creeks, June through
low concentrations that would be
August 2014.
expected in rainwater.
Stream Temperature - Cypress Creek
Stream temperature recorded simultaneously with stage using data loggers allowed us
to make interannual comparisons from 2008 to 2014. Average streamwater temperatures
were calculated using all available data for Cypress Creek above 20oC in each year. The
interannual comparison indicates that there was an abrupt increase in streamwater
temperatures, mostly in the summer,
after the construction period ended in
March 2013 (Figure 25). These
increases are in contrast to air
temperatures which showed a
consistent decrease from the summer
of 2012 (pre-construction) through
the subsequent summers (Figure 5).
Average annual streamwater
temperatures are higher than those in
the post-construction period by about
2oC (Figure 25) and are more than
likely a result of the increased
incidence of solar radiation in the
Figure 25. Average streamwater temperatures
post-construction period due to a
for all records above 20oC available from August
lack of shading from a fully
to September, 2008 to 2014.
developed forest canopy.
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Load Reductions
Ideally, accurate estimates of pollutant loads should be made using multiple years of
pre-and post-construction data to account for potentially confounding influences of
variable precipitation and other climatic factors on hydrology. For instance, as indicated
previously, total annual precipitation depth collected over the 3.4 years we have
continuous measurements for in the Cypress Creek area varied by a factor of 2. Having a
robust pre-construction data set of stormflow solute composition is also important.
Unfortunately, limited pre-construction data are available for the stormwater retrofit sites
(Figure 3), and accurate precipitation data for the Cypress Creek watershed are
unavailable for most of the pre-construction period. Accordingly, our estimates of
potential load reductions for the BMPs and re-engineered stream in this study were made
by standardizing the precipitation regime for the pre- and post-construction periods. The
methods for each of these estimates are provided below followed by the change in area
yields (kg ha-1 yr-1) from the pre- to the post-construction period for TN, TDP and TSS.
Increases in area yields are in bold and designated by asterisks.
Cypress Creek subwatershed
Park & Ride Bioretention
 The Park & Ride constitutes the upper catchment of the Leelyn Dr. BMP and
therefore pollutant reductions are incorporated into the Leelyn estimates.
 Total discharge in the pre- and post-construction scenarios was estimated using a
runoff coefficient based on the impervious surface (58%) in the sub-catchment.
 Stormwater flux in the pre-construction scenario was estimated by using the annual
average volume of precipitation for all storms >0.5” over the 3.4 years we collected
rain data (total of 19.1” precipitation depth). The product of this precipitation volume
and the runoff coefficient of 0.58 (which allows for additional percolation to
groundwater of the precipitation volume above) is assumed to approximate the net
flux of stormwater discharge.
 Post-construction estimates from on-site observations and comparisons with
precipitation data indicate that the holding capacity at this site was about 1” of
precipitation.
 The increase in water retention in the post-construction scenario was estimated as the
product of the precipitation volume from all storms >1” (next bullet) and a runoff
coefficient of 0.58.
 Total runoff values for the pre- and post-construction periods are 12.8(10)6 L yr-1 and
6.3(10)6 L yr-1, respectively.
 Loads for baseflow and stormflow were determined as the product of the flow
estimates above and the mean concentrations calculated in Table 3.
 The difference between the pre- and post-construction TN, TDP, TSS from storm
runoff changed the export of these pollutants from the Cypress Creek watershed by
the following approximate amounts (Table 4):
 TN decrease = 1.2 kg ha-1 yr-1
 TDP decrease = 0.03 kg ha-1 yr-1
 TSS decrease = 34.7 kg ha-1 yr-1
 Example calculation for TN, post-construction: a) Annual precipitation >1" holding
capacity = 241.3 mm, b) 241.3 mm * runoff coefficient of 0.58 = 140 mm, c) 140 mm
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* 26,305 m2 catchment size = 3,682,700 L/yr, d) 0.49 mg TN /L * 3,682,700 L/yr =
1.80 kg/yr, e) 1.8 kg/yr divided by 2.63 ha = 0.7 kg ha-1 yr-1 (Table 4).
Leelyn Dr. Dry Pond
 Runoff for the post-construction period was determined from direct measurements for
73% of the total number of runoff events (n = 15); runoff for the remaining 4 events
was determined using the precipitation / runoff relationship calculated for this site
(see above); total runoff was 10.8(10)6 L yr-1.
 In the pre-construction period, the threshold of precipitation volume responsible for
creating export from the sub-catchment was observed to be about 0.35”.
 Runoff for the pre-construction period was then estimated as the annual volume of
precipitation for all storms > 0.5” using our detailed precipitation records. This
threshold is slightly higher than what was observed to account for possible
underestimation due to the relatively short pre-construction period (Figure 3).
 The product of this precipitation volume and a runoff coefficient for the catchment of
0.5 (based on 43% impervious area) yielded a total runoff for the pre-construction
period of 36.3(10)6 L yr-1.
 Loads were determined as the product of the flow estimates above and the VWM
(post-construction) and mean concentrations (pre-construction) calculated in Table 3.
 The difference between the pre- and post-construction TN, TDP, TSS from storm
runoff changed the export of these pollutants from the Leelyn sub-catchment by the
following approximate amounts (Table 4):
 TN decrease = 2.7 kg ha-1 yr-1
 TDP decrease = 0.12 kg ha-1 yr-1
 TSS decrease = 36.5 kg ha-1 yr-1
 Example calculation for TN, pre-construction: a) Annual precipitation >0.5" holding
capacity = 485.5 mm, b) 485.5 mm * runoff coefficient of 0.5 = 242.7 mm, c) 242.7
mm * 149,700 m2 catchment size = 36,339,166 L/yr, d) 1.32 mg TN /L * 36,339,166
L/yr = 48 kg/yr, e) 48 kg/yr divided by 14.97 ha = 3.2 kg ha-1 yr-1 (Table 4).
Dunkeld Manor Stormwater Retrofit
 The method used to estimate potential load reductions for Dunkeld is similar to that
used for the Park & Ride site, with one important difference. The hydrology of
Dunkeld is particularly complex because there are two dry ponds that have very
different holding capacities. The dry pond on the south side of Cypress Rd has a
holding capacity of about 2” of precipitation. Thus, only storms larger than 2”
contribute runoff to the Dunkeld retrofit and only this volume of runoff was then
included in the estimates of solute export from this sub-catchment.
 Total discharge in the pre- and post-construction scenarios was estimated using a
runoff coefficient based on the impervious surface (44%) in the sub-catchment.
 For the area of the sub-catchment on the north side of Cypress Rd. that contributes
stormwater runoff directly to the retrofitted pond, the pre-construction scenario was
estimated by using the annual average volume of precipitation for all storms >0.2”
over the 3.4 years we collected rain data (total of 31” precipitation depth). The
product of this precipitation volume and the runoff coefficient of 0.44 (which allows
for additional percolation to groundwater of the precipitation volume above) is
assumed to approximate the net flux of stormwater discharge. The total net flux of
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stormwater discharge, including the contribution from storms >2” from the larger dry
pond on the south side of Cypress Rd., is 15.3(10)6 L yr-1.
Post-construction estimates from on-site observations and comparisons with
precipitation data indicate that the holding capacity at the retrofit site was about 0.67”
of precipitation.
The increase in water retention in the post-construction scenario was estimated as the
product of the precipitation volume from all storms >0.67” and a runoff coefficient of
0.44.
Total runoff for the post-construction period, including the contribution from storms
>2” from the larger dry pond on the south side of Cypress Rd., is 8.3(10)6 L yr-1.
Loads for baseflow and stormflow were determined as the product of the flow
estimates above and the mean concentrations calculated in Table 3.
The difference between the pre- and post-construction TN, TDP, TSS from storm
runoff changed the export of these pollutants from the Cypress Creek watershed by
the following approximate amounts (Table 4):
TN decrease = 0.30 kg ha-1 yr-1
TDP decrease = 0.003 kg ha-1 yr-1
*TSS increase = 2.9 kg ha-1 yr-1
Example calculation for TN, post-construction: a) for north side of Cypress Creek
Rd., the product of annual precipitation >0.67" holding capacity and 0.44 runoff
coefficient =166 mm, b) for south side of Cypress Creek Rd., the product of annual
precipitation >2" holding capacity and 0.44 runoff coefficient = 46.7 mm, c) for north
side, 166 mm * 38,445 m2 catchment size = 6,384,726 L/yr, d) for south side, 46.7
mm * 40,469 m2 catchment size = 1,890,899 L/yr, e) total for north and south sides =
8,275,625 L/yr, f) 1.19 mg TN /L * 8,275,625 L/yr = 9.9 kg/yr, g) 9.9 kg/yr divided
by 7.89 ha = 1.3 kg ha-1 yr-1 (Table 4).

North Branch of Cypress Creek
 Baseflow and stormflow represent 23 and 77% of the total flow at Cypress Creek
over the post-construction period. Total annual runoff = 921(10)6 L yr-1.
 The post-construction decrease in runoff retention from Leelyn is 26(10)6 L yr-1, and
that of Dunkeld is 7(10)6 L yr-1(see estimates above).
 The flow reductions from Leelyn and Dunkeld represent about 3.5% of the runoff
recorded during the post-construction period for Cypress. Thus, flow for the preconstruction period in Cypress Creek was increased by 3.5% to account for these
reductions in the post-construction period. Leelyn and Dunkeld represent 16% of
Cypress Creek watershed area, suggesting that the flow reduction estimates for each
BMP are representative.
 A further increase of 3% in the pre-construction flow total was included to account
for losses due to evapotranspiration resulting from the increase in water temperature,
retention time, water surface area and aquatic vegetation in ponding basins of the
step-pool conveyance system.
 Total runoff for the pre-construction period is 981(10)6 L yr-1.
 Loads for baseflow and stormflow were determined as the product of the flow
estimates above and the VWM and FWM concentrations calculated in Table 3.
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The difference between the pre- and post-construction TN, TDP, TSS from storm
runoff changed the export of these pollutants from the Cypress Creek watershed by
the following approximate amounts (Table 4):
TN decrease = 2.0 kg ha-1 yr-1
*TDP increase = 0.04 kg ha-1 yr-1
TSS decrease = 108 kg ha-1 yr-1
Example calculation for TN, pre-construction: a) total flow in the pre-construction
period =6,850,224 mm, b) baseflow is 23% of this total and stormflow accounts for
the remainder c) VWM TN in stormflow and baseflow are 1.2 and 0.8 mg/L,
respectively, d) stormflow and baseflow are 756(10)6 and 226(10)6 L/yr,
respectively, d) the products of VWM concentration and flow yield 872 and 184 kg
TN yr-1 for stormflow and baseflow, respectively, e) the sum of these loads (1056 kg)
divided by the catchment area (143.25 ha) = 7.4 kg ha-1 yr-1 (Table 4).

Dividing Creek subwatershed
 Baseflow and stormflow represent 66 and 34% of the total flow at Dividing Creek
over the pre-construction period. Total annual runoff = 342(10)6 L yr-1.
 Loads for baseflow and stormflow were determined (Table 4) as the product of the
flow estimates above and the VWM and FWM concentrations calculated in Table 3.

Table 4. Summary of runoff, catchment area, and area yields for all study sites. Changes between the preand post-construction periods for area yields indicate decreases as negative numbers, and increases as
positive numbers.
Dividing
Site
Cypress
Creek
Leelyn
Park & Ride
Dunkeld
Pre
Post
+/Pre
Pre Post + / - Pre Post + / - Pre Post + / Runoff (m3/yr) 981295 921066 60229 342353 36339 10823 25516 7407 3683 3724 15356 8276 7081
Area (ha)
143.3
88.6
15.0
2.6
7.9
Area Yields (kg ha-1 yr-1)
TN
7.4
TDN
5.9
NO3
2.7
NH4
DON
PN
TDP
PO4
TSS
Cl
SO4
PC
DOC

0.8
1.4
3.0
0.12
0.05
343.1
391.7
47.0
38.4
29.4

5.4
2.9
0.9

-2.0
-3.0
-1.8

0.4
-0.4
1.6
0.2
2.2
-0.8
0.16 0.04
0.07 0.03
235.0 -108.1
213.2 -178.5
27.5 -19.5
25.6 -12.9
45.2 15.7

6.6
5.5
4.2

3.2
2.4
0.9

0.5
0.4
0.1

-2.7
-2.0
-0.8

1.9
1.4
0.6

0.4
1.2
1.1
0.09
0.05
257.3
410.2
25.7
13.1
12.3

0.1
1.4
0.9
0.2
0.1
53.1
55.7
6.1
13.5
15.6

0.0
0.2
0.1
0.04
0.03
16.6
2.2
1.0
1.2
6.6

-0.1
-1.1
-0.8
-0.12
-0.05
-36.5
-53.5
-5.1
-12.4
-9.0

0.04
0.8
0.5
0.08
0.04
55.1
30.7
6.1
4.9
11.2
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0.7 -1.2
0.5 -0.9
0.2 -0.4
0.04
0.2
0.2
0.05
0.04
20.4
15.5
2.0
2.7
6.4

0.00
-0.6
-0.3
-0.03
0.00
-34.7
-15.2
-4.1
-2.2
-4.8

1.5
1.0
0.3
0.2
0.6
0.4
0.20
0.10
18.2
43.7
3.3
3.7
5.9

1.3
0.7
0.2

-0.3
-0.3
-0.1

0.2
0.0
0.3 -0.2
0.5
0.1
0.20 -0.003
0.10 -0.01
21.1
2.9
25.4 -18.4
2.2 -1.0
3.6 -0.1
48.1 42.2

Summary and Concluding Remarks
A thorough analysis of hydrochemical data for the pre- and post-construction periods
indicate that Park & Ride, Leelyn, Dunkeld and Cypress Creek retained considerably
more runoff after they were re-engineered. Enhanced water retention capacity has
resulted in solute load reductions in some instances, particularly for N at Leelyn. Other
constituents, such as TDP and TSS that are more susceptible to disturbance effects from
construction, have generally shown decreasing concentrations as the sites mature. This is
evident even with the periodic disturbances during the post-construction period at the
Park & Ride site. The Dunkeld retrofit, for example, continues to have several solute
concentrations that are higher than pre-construction values (viz. DOC). The higher
concentrations of DOC in particular suggest that the type of mulch and steep hillslopes of
loose soil/sand/woodchip matrix used in the construction are still relatively unstable. The
most important post-construction change to the Cypress Creek watershed from these
projects has been an increase in the holding capacity of stormwater runoff (Leelyn),
infiltration rates (presumably all the retrofits), and ability to handle very high flow events
without overflowing and flooding the residential community (Dunkeld).
Cypress Creek has exhibited an increase in retentive capacity thus far in large part
because of flow reductions associated with the catchment BMPs and increased
evapotranspiration in the modified floodplain. Although the post-construction period has
been relatively short (1.5 y), the combined effect of the smaller BMPs and modification
in the stream channel have decreased TN and TSS loads (Table 4).
Nevertheless, several other metrics indicate that the riverine system itself is currently
stressed. For example, higher summer water temperatures are likely contributing to
episodic hypoxia in the ponding basins, and structural modifications have affected
metabolic parameters such as higher GPP compared to Dividing Creek (slated to be
modified in the fall of 2015) and re-engineered and natural stream wetland complexes
(i.e., Howard’s Branch and Parker’s Creek, respectively) in the Coastal Plain. The higher
streamwater temperatures, rates of primary production and incidence of hypoxia may be
unintentional consequences of this type of structure, but will likely decrease in severity as
the system matures and the riparian forest provides more shading.
Baseflow of Cypress Creek is particularly interesting in that concentrations of TDP
and TSS increased after construction (Figure 19b and c). Higher post-construction TDP
and TSS concentrations may in part be due to nutrient uptake by primary producers and
the consequent transformation of inorganic to organic materials. Moreover, anoxic
conditions in the step pools during quiescent periods likely cause PO4 to desorb from
sediments thereby increasing P availability to primary producers.
It is clear from the data thus far that the stormwater dry pond retrofits have resulted in
tangible decreases in pollutant loads to Cypress Creek, and ultimately the Magothy River
estuary. However, one important caveat to consider regarding the estimates for Cypress
Creek is that the reductions realized thus far are partially attributed to the upland storm
pond retrofits rather than the stream conveyance system itself. Thus, a similar
conveyance built in a stream without the similarly effective headwater BMPs would
likely show lower reductions. For example, the total BMP stormflow load reductions for
Leelyn and Dunkeld are 43.3, 1.9 and 523 kg for TN, TDP and TSS, respectively, which
are about 13, 2.5 and 3.3% of the total reductions estimated at the Cypress Creek
mainstem, respectively. Converting the Cypress Creek estimates (not including BMP
reductions) into pollutant reductions per length of reconfigured stream reach (assuming a
length of 0.4734 miles), values are 1141 lbs TN mi-1 yr-1 and 34.7 tons TSS mi-1 yr-1.
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Compared to the AA Co. reduction goals for severely degraded streams provided in the
Anne Arundel Co. Government - Chesapeake Bay TMDL Phase II Watershed
Implementation Plan manual (pg. 36), these numbers represent 108% and 8% of the
values for TN and TSS, respectively. In terms of the cost of the construction per lb.
reduction, assuming that the re-engineering costs of the Cypress Creek construction was a
total of $1,000,000, a 1 lb. reduction in TN and TSS cost $1,851 and $30 for TN and
TSS, respectively. Nevertheless, we emphasize that the sites monitored in this study will
likely show improved retention as they stabilize and mature (viz., Cypress Creek), and
these costs will quickly decrease considering the cumulative reductions that are bound to
occur over the course of many years. Continued monitoring will be required over the
next several years to determine the full extent of potential pollutant reductions.

Matching funds
We contributed substantial unbudgeted resources to this project that we consider to be
matching funds. For example, the original SOW called for integrated sampling to reduce
the cost of analyzing water samples. Unfortunately, it was determined early in the study
that without calibrated flumes and duplicate pressure transducers at the monitoring sites
(which were not originally budgeted), integrated sample processing would lead to inflated
errors in our VWM and loading estimates. We therefore analyzed multiple samples from
each storm to ensure that errors remained low. The added expense of processing the
approximately 800 to 900 N, P and TSS samples collected on this project were
significant. For example, a total of $26k was allocated for analytical services on the
original grant, whereas a total of $42k was actually spent. Including analyses for
ancillary constituents (Cl, SO4, PC, and DOC) included in this report, the cost of
analytical services to process these was about $60k.
Separately, we committed a substantial amount of monitoring equipment to this
project, some of which was ancillary (i.e., DO and conductivity probes, rain gauges) and
some to replace older units. Tipping budget rain and plastic volume gauges were
installed at two sites, which provided the data necessary to accurately determine pre- and
post-construction changes in hydrology at several of our study sites. Moreover, we
invested in a new Isco automated sampler and fiberglass housing that was installed at
Cypress Creek (post- construction) to assist in our stormflow collection efforts. We also
suffered the loss of 4 of the original 8 pressure transducers budgeted in the original
proposal, most from being buried under enormous debris dams that occurred during the
construction period at Cypress Creek. Lost transducers needed to be replaced with
money from alternate funding sources. Unbudgeted equipment needed for this project
was approximately $10k.
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