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ABSTRACT PAGE

Urban development has degraded the natural hydrology, water quality, and biology of
stream ecosystems. Impervious surfaces associated with urban development prevent
rainwater infiltration and the resulting runoff is drained and channelized by stormwater
management infrastructure to the nearest receiving water body. Additionally, the runoff
collects contaminants along the way and is untreated when discharged into a natural water
body, such as a stream. Stream hydrology is altered by higher peak flows, greater runoff
volumes, and a shorter lag time of stormwater discharge following storm events. Water
quality is impaired by sediment, nutrients, and other pollutants in stormwater runoff. The
response by natural stream communities to higher quantity and poorer quality of urban
stormwater runoff is a reduced biotic richness.

Efforts to mitigate the impacts of urban stormwater runoff have been made throughout the
United States with the development of stormwater management regulations at the federal,
state, and local levels. The primary solution to managing stormwater runoff in James City
County, Virginia (and elsewhere in the United States) has been the implementation of
stormwater best management practices (BMPs), such as the wet retention pond. The wet
retention pond is designed to treat both the quantity and quality of stormwater runoff
through the collection and retention of runoff. However, no monitoring or performance
evaluations have been conducted on any of the more than 500 retention ponds located in
James City County, Virginia, and no complete performance review of retention ponds has
been conducted elsewhere in the country.

We conducted the first complete analysis of wet retention pond function by determining
hydraulic retention and flow performance, measuring water quality improvement, and
documenting downstream impacts to macroinvertebrate communities. Our results of
hydraulic performance indicate that wet retention ponds often exceed predicted peak flow
rates and fail to achieve the 24-hour extended detention required by regulations. Results
of the water quality analysis revealed that nutrient removal rates and effluent quality are
highly variable, frequently not meeting target removal rates. No relationship between
retention time and effluent water quality was observed. Macroinvertebrate biomonitoring
indicated significantly reduced abundance and diversity of indicator taxa in streams
receiving retention pond discharge. Given the underperformance of wet retention ponds
for treating the quantity and quality of stormwater runoff, degradation of stream habitat,
water quality, and macroinvertebrate communities can be expected.

The performance of stormwater BMPs, like the wet retention pond, has important
implications for the protection of natural headwater stream ecosystems. Headwater
streams comprise over half of the stream miles in the United States and provide a direct
link to higher-order streams, rivers, lakes, and estuaries. The Chesapeake Bay estuary is
one such system that remains degraded because of impacts from urban runoff. Thus, if
the goal is to protect the Bay estuary and its watershed, then starting at headwater streams
with functional BMPs is a logical solution.
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Chapter 1: General Introduction and Background
A Brief History of Stormwater Management

The traditional approach to stormwater management has been to drain runoff as
quickly as possible from urban areas to the nearest receiving water body. This philosophy was
the solution to the problem of flooding and standing water in urban areas where impervious
surfaces like concrete, asphalt, and rooftops prevented rainwater infiltration (Walesh 1989, Ellis
and Marsalek 1996). An extensive infrastructure of water conveyance systems was constructed
in urban areas with the goal of draining stormwater runoff away. These stormwater
management systems took the form of aboveground ditches and channels or belowground
pipes either connected to the sanitary sewer as a combined system or in a separate storm
sewer. However, overflows from combined sewers during storm events have been shown to
cause significant biological impairment to streams from bacteria, nutrients, and suspended
solids in the flow (Field and Oshea 1994, Rochfort et al. 2000). Additionally, the expense of
treating combined sanitary and storm sewer flows, along with the capacity issues of receiving
flow from multiple sources, has resulted in most urban areas moving to separate storm sewers
(Field and Oshea 1994). Therefore, new development is now constructed with municipal

separate storm sewer systems, or MS4s, that do not treat stormwater runoff.

Instead, stormwater runoff in MS4s is destined for direct discharge to nearby lakes,
rivers, streams, or the ocean as untreated wastewater. The MS4 collects and channels
stormwater flow from large areas in concrete lined channels or pipes, which provides little flow
resistance and does not allow for any groundwater infiltration. The traditional approach to

urban and suburban drainage, which produces channelized flows and direct discharge of



untreated stormwater, has led to several well documented environmental impacts: erosion,

altered hydrology, and water pollution.

Environmental Impacts of Stormwater Runoff

The first of the environmental impacts from stormwater runoff produced by MS4s are
the channelized flows capable of causing erosion. Impervious surfaces associated with
urbanization prevent the infiltration of rainwater into the soil. Runoff from these impervious
surfaces typically is then collected and channelized by MS4s to natural stream channels. In
addition, the travel time of stormwater runoff to reach natural stream channels is reduced by
impervious surfaces and MS4s, which have low hydraulic conductivity compared to soil. The
resulting higher peak flows, greater runoff volumes, and shorter lag times of stormwater
discharge from urbanized watersheds are well documented (Figure 1.1) (Leopold 1968, CWP
2003). The higher (or deeper) stormwater flows following urbanization have more stream
power and flow velocity capable of causing increased channel erosion compared to flows from

non-urbanized watersheds.

Stream channel size and morphology are tightly linked to the size of a watershed and its
drainage patterns. Streams are also dynamic, changing size and morphology to maintain
equilibrium with their flow regime. When urbanization alters the flow regime of a watershed,
the stream channels adapt to accommodate the increased peak flows (Hammer 1972, Hollis and
Luckett 1976). More specifically, high peak flows and extended flows of high magnitude can
cause stream banks to erode and widen the stream channel, while incision may cut a deeper
stream channel. A deeper stream channel also may produce a lower water table and a stream

that is disconnected from the floodplain (Groffman et al. 2002, Schilling et al. 2004). For Coastal



Plain river systems characterized by broad floodplains that frequently flood to produce unique
bottomland hardwood forests and wetlands, the impacts can be significant (Hupp 2000). When
unaltered, the hydrogeomorphology in these coastal plain systems plays an important role for
nutrient processing and sediment/contaminant retention (Hupp 2000). Sediment transport is
likely to increase and stream meanders may be lost following urbanization (Leopold 1968,
McCuen 1979). Thus, a consequence of urbanization and subsequent stream channel alteration
is the loss of important coastal floodplain functions such as sediment retention and nutrient
processing. These impacts are also observed in suburban watersheds where percent impervious

cover may not be as high, but stormwater runoff is managed in much the same manner.

Alteration of stream hydrology is an additional impact of urbanization and traditional
stormwater management with MS4s. The higher peak flows following storm events are
contrasted by lower base flows between storms (Klein 1979, Burns et al. 2005). A regime
dominated by surface water flow is the result of impervious surfaces that prevent rainwater
infiltration into the soil as groundwater. Groundwater supplies streams during dry periods by
slowly filtering through the soil and emerging as baseflow (Leopold 1968). Altered hydrology
and a lower water table following urbanization in turn influence the soil, vegetation and
pollutant removal functions of streams and riparian zones (Groffman et al. 2003). Stream
channel incision and a lowered water table have a further effect of reducing denitrification
potential in soils (Groffman et al. 2002). Thus, higher storm flows and lower base flows produce
a very different hydrologic flow regime in stream channels compared to unaltered natural

conditions, and this in turn affects other riparian zone functions.

The same forces that alter stream channel morphology and hydrology also change the

benthic habitat available in streams. Logs, branches, leaves, and other benthic organic matter
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provide habitat and food for many aquatic organisms. Benthic organic matter also plays a role
in nutrient cycling due, in part, to the standing crop of microbes that it supports (Mulholland et
al. 1985). However, benthic organic matter is frequently washed down stream, buried by
sedimentation, or deposited out-of-bank during high flows in urban streams (Klein 1979, Paul
and Meyer 2001). Inputs of benthic organic matter are also assumed to be reduced in urban
riparian zones because of clearing for land development (Booth et al. 2002). Clearing reduces

the potential sources of allochthonous organic matter to streams.

Mulholland et al. (1985) demonstrated that benthic organic matter is strongly
correlated with phosphorus uptake and removal. Experimental removal and exclusion of
benthic organic matter from a natural stream has been shown to decrease nutrient uptake rates
(Webster et al. 2000). Further, the amount of fine benthic organic matter and the uptake rates
of ammonium and phosphorus are reduced in urban streams (Meyer et al. 2005). Therefore,
the direct nutrient loading from urban stormwater runoff may not be the only contributor to
high levels of nutrients in urban streams because the loss of benthic organic matter and the
nutrient uptake that it provides can also lead to higher nutrient loading. In essence, many urban
streams become gutters that just funnel nutrients that promote eutrophication of downstream

aquatic environments.

An additional environmental impact associated with the traditional approach to
stormwater management is the water quality of untreated runoff, which can be polluted with
heavy metals, oil, grease, bacteria, excess nutrients and suspended solids (e.g., sediment).
These pollutants are deposited on impervious surfaces and accumulate between storm events
when they are then transported by runoff into receiving water bodies. Exposed soil from

construction sites and nutrients from fertilizer application, sewage and pet waste are common
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urban and suburban stormwater pollutants (Burton and Pitt 2002, CBP 2007). Sediment and
nutrients cause the most significant pollution problems in the Chesapeake Bay watershed (CBP
2007). Sediment pollution in urban and suburban streams comes from bank erosion, exposed
soil at construction sites, runoff from impervious surfaces, and overland flow (CWP 2003).
Sediment creates turbid water conditions that harm aquatic life, and excess fine sediment can
also clog the spaces between coarse substrate that provide habitat for aquatic organisms
(Schueler and Holland 2000). High levels of suspended sediment can also block light penetration
to aquatic plants, affect the ability of aquatic organisms to use their gills, and physically smother
living organisms (Schueler and Holland 2000). Additionally, sediment is capable of carrying
other pollutants such as nutrients or heavy metals that bind to the soil particles. Phosphorus,
for example, is well known for its capacity to sorb to soil particles as phosphate (Jenkins et al.
1971), demonstrating how there is a strong linkage between sediment and nutrient poliution in

stormwater runoff.

Excess nutrients promote nuisance algal blooms. Algal blooms are a water quality
concern because they lessen the aesthetic value of a water body, block light to submerged
aquatic vegetation, and lower dissolved oxygen leveis within a water body (CWP 2003).
Dissolved oxygen supports aquatic life and also plays an important role in nutrient cycling.
Dissolved oxygen levels are lowered as a result of the algal blooms dying and sinking to the
bottom where bacterial breakdown of the decaying organic matter robs oxygen from the water
that would be available to other organisms (CWP 2003). Elevated nutrient concentrations do
not generally stimulate nuisance algal blooms in the lotic waters of streams, but the lentic
waters in lakes and estuaries, to which streams flow, can be significantly affected (Meyer et al.

2005).



Excess nutrients can come from human sources such as fertilizers, septic systems, pet
wastes or from atmospheric deposition when the nitrogen from the burning of fossil fuels
settles back down to the surface (Burton and Pitt 2002, CWP 2003). Nutrients can also come
from natural sources such as the soil, plant material, and animal waste. However, human
activities such as development can increase the potential for nutrient runoff from natural
sources by exposing soil and releasing organic inputs from plants. Excess nutrient loading and
the eutrophication of natural waters occur because of increased input by human activity, but
the impact is exacerbated by impervious cover and MS4s that rapidly convey these pollutants to
water bodies. The uptake of nitrogen and phosphorus is typically rapid in both terrestrial and
aquatic environments because the availability of these two nutrients is limiting to plant growth.
However, the removal of most terrestrial vegetation for urbanization and the rapid conveyance
of stormwater runoff to natural stream channels leave little to no time for uptake and removal
of nutrients before they enter aquatic ecosystems (CWP 2003). Thus, nutrient loading from
urban runoff is significant and can provide the stimulus for nuisance algal blooms and lead to

poor water quality.

Thermal pollution from urban runoff is another water quality concern. Urban stream
temperatures are generally higher than forested streams with shaded riparian zones (Klein
1979, CWP 2003). The heat energy, which stormwater runoff can pick up from impervious
surfaces, has also been observed to raise stream temperatures following storm events (Lieb and
Carline 2000, CWP 2003). Furthermore, sediment laden water exposed to sunlight will absorb
more heat energy and have higher temperatures. Temperature is correlated with how much
oxygen gas can be dissolved into water. Colder water can dissolve more oxygen gas, whereas

warmer water holds less. Warmer urban stream waters may therefore lower dissolved oxygen



levels, which in turn cannot support as many oxygen consuming organisms. Thus, thermal
pollution is a further environmental impact of stormwater runoff with important water quality

implications.

The Urban Stream Syndrome and Biomonitoring

Environmental impacts caused by stormwater runoff impair the hydrology, water
quality, and ecology in receiving water bodies. The degree of urbanization and the
environmental impact to streams varies, but these impacts can be observed from classic urban
to suburban areas. Meyer et al. (2005) coined the term for this suite of impacts, known as the
“urban stream syndrome,” and it is a well documented effect of urban pollution and stormwater
runoff (Klein 1979, Paul and Meyer 2001, Roy et al. 2003, Meyer et al. 2005, Walsh et al. 2005).
The consistently observed features in an urban stream are a “flashier” hydrograph, altered
channel morphology and stability, elevated nutrients and contaminants, and a reduced biotic
richness with an increase in dominance of tolerant species (Roy et al. 2003, Meyer et al. 2005,
and Walsh et al. 2005). The impacts of urbanization have been studied on a variety of aquatic
organisms including fish (Klein 1979, Wang et al. 2000, Morgan and Cushman 2005),
macroinvertebrates (Klein 1979, Jones and Clark 1987, Roy et al. 2003) and birds (Mattsson and
Cooper 2006). In general, urbanization reduces overall species diversity and reduces the

abundance of sensitive species.

Biomonitoring has increased in use as an approach to document the urban stream
syndrome and other environmental disturbances. Biological organisms can act as indicators of
environmental condition based on changes in their composition and abundance, and benthic

macroinvertebrates are a traditional bioindicator of aquatic ecosystem health. The



macroinvertebrate community has been shown to be diverse and abundant when water quality
is unimpaired, but many macroinvertebrates are intolerant of poor water quality (Metcalfe
1989, Rosenburg and Resh 1993). This sensitivity to pollution and environmental disturbance,
along with the relative ease of collecting macroinvertebrates, makes them an ideal bioindicator
of water quality. A variety of metrics are used in macroinvertebrate monitoring to determine
whether communities are impaired in relation to the reference condition. Rosenburg and Rash
(1993) and Merritt and Cummins (1996) provide extensive reviews devoted to the field of
macroinvertebrate monitoring that compare techniques, metrics, and regional differences.
Refinements to biomonitoring are likely to continue based on its successful use as a tool for

demonstrating the impacts of the urban stream syndrome.

Response by Government Agencies to Water Pollution and StormwaterRunoff

The physical, chemical, and biological impacts of stormwater runoff to natural streams
and their associated environments are well documented, but the political response has taken
over 30 years to develop and evolve into a mandated effort. A landmark decision came in 1972
with the passage of the Federal Water Pollution Control Act, which was later amended and
renamed in 1977 as the Clean Water Act to enforce more specific criteria for water quality
protection. Moreover, the Clean Water Act implemented the National Pollution Discharge
Elimination System (NPDES), which was initially designed to address and eliminate point source
discharges of contaminants that affect water quality. A point source discharge comes from a
single source, like the end of a pipe and can therefore be defined as coming from a distinct and
single point from which discharge can be regulated effectively. Nonpoint source discharges do
not have a single source; they originate from many sources of contaminants in an environment.

Stormwater runoff is an example of nonpoint source pollution because it comes from the runoff
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of an entire area, which can contain a number of pollutants (e.g., excess nutrients, sediment,
heavy metals, or oil). The original NPDES was largely successful in reducing water quality
pollution from point sources, although these point source discharges still exist and continue to
release reduced amounts of pollution (Ice 2004). The original NPDES program did not regulate

nonpoint sources like stormwater runoff.

Stormwater runoff was not addressed as a management concern until 1987 when
NPDES was amended to include a stormwater program. Phase | of the NPDES stormwater
program was enacted in 1990 and required medium and large urban areas serving more than
100,000 people to develop a stormwater management permit program. The medium and large
urban areas are generally the regions that have more impervious cover and an already-extensive
network of MS4s. States were relegated authority to administer the NPDES stormwater
program. The states in turn relegated authority to local municipalities to develop and run their
own stormwater management programs so long as they met the minimum requirements of the

NPDES stormwater permit program.

Phase Il of the NPDES program was enacted in 1999 and required stormwater
management programs in smaller urban areas as designated by the US Census Bureau. The US
Census defines “urbanized areas” to be census block groups with a population density of at least
1,000 people per square mile that are surrounded by census block groups with an overall
population density of at least 500 people per square mile (USDOC 2002). A significant portion of
James City County, Virginia was classified as urbanized area in the 2000 U.S. Census, and the
population of James City County has grown by over 40% between 1990 and 2007 (US Census
Bureau 2007). The Commonwealth of Virginia, under the Virginia Department of Environmental

Quality (VDEQ), managed and enforced the state stormwater regulations in James City County
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until 2003, when the county was relegated authority after creating its own stormwater

management ordinance.

The Virginia Stormwater Management (VSMP) regulations, now under the
administration of the Virginia Department of Conservation and Recreation (VA DCR), are
designed with specific criteria to address both the quantity and quality impacts associated with
stormwater runoff. Many local governments have their own stormwater management
programs so that they can better manage the development projects in their area and modify the
ordinance with additional, specific requirements. James City County (JCC) has one such
program, which was enacted in 2003. A key component of stormwater management programs
mandated by Phase Il of the NPDES stormwater program for the Commonwealth of Virginia and
James City County is the requirement for post-construction runoff control. This is typically
accomplished by the construction of structural stormwater best management practices (BMPs)

including infiltration ditches, bioretention areas, dry detention ponds, and wet retention ponds.

Best Management Practices and the Wet Retention Pond

The term BMP and the first practices themselves began during the Dust Bowl era when
the Soil Conservation Service began to develop practices to control erosion as part of the Soil
Conservation Act of 1935 (Ice 2004). The stormwater BMPs arose from agricultural and forestry
BMPs designed and constructed with the goal of preventing sediment runoff from agricultural
fields and timbered stands of trees (Ilce 2004). Waste lagoons (one form of agricultural BMP)
and sediment traps (an agricultural and forestry BMP) are basins that resemble the stormwater

retention ponds used in urban areas today.
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The wet retention pond (or wet pond) is a basin usually constructed at the lowest or
most downstream point of a development site to collect all the stormwater runoff from that
site. The wet retention pond is so named because it maintains a permanent poo! of water
during dry conditions, whereas a detention pond {(or dry pond) does not. The permanent pool of
water is maintained by an outlet control structure, such as a metal or concrete riser, that
regulates the volume of water that flows out of the pond (Figure 1.2). Research suggests that a
permanent pool of water supports additional biological activity, which can remove or neutralize
more pollutants compared to a dry pond that does not support marsh plants, algae, and
bacteria that thrive on the shallow organic sediments of a wet pond (Schueler 1997, USEPA
1999, VSMP 1999, CASQA 2003). The storm sewers or other conveyance structures route all (or
as much as possible) of the site runoff into the wet retention pond, where it is detained in the
basin for a period of time. The water either infiltrates into the ground or is allowed to flow out
of the pond through the outlet control structure. The predominant method of dewatering a
pond is through the outlet structure since wet retention ponds are not generally considered to
be groundwater recharge BMPs (USEPA 1999, VSMP 1999, CASQA 2003). The size of the wet
retention pond basin and the outlet control structure are specifically designed and sized for the

drainage area and predicted runoff at each site.
Predicting Runoff

The predicted runoff for a given drainage basin is measured as a peak flow rate. The
peak flow rate (Q) from a site is calculated by engineers in one of two ways. First is the rational

method, which is described by the equation:
Q=CIA,
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Where Q = the peak flow in cubic feet per second (cfs), C = the runoff coefficient, | = the average
rainfall intensity in inches per hour, and A = the drainage area in acres. The runoff coefficient
(C), which is selected by professional judgment of the engineer, is a dimensionless value based
on the soils, slope, and land use type (e.g. residential, commercial or forested) in the drainage
area. Forested land has a low runoff coefficient whereas commercial land with a high amount of
impervious cover has a high runoff coefficient. The average rainfall intensity (I) is determined
from an intensity-duration-frequency (IDF) curve established for the specific region of interest.
IDF curves are based on a storm frequency such as the 1, 2, 10, or 100 year storm event, and the
duration is calculated as the travel time of water along the longest possible flow path in the
watershed (or time of concentration). The drainage area (A) can be determined simply by

outlining the area on a topographic map.

The second method of calculating the peak flow is defined in the USDA Natural
Resources Conservation Service (formerly the Soil Conservation Service) Technical Release 55

(TR-55) (USDA 1986). The TR-55 method is described by the equation:

Q = (P-1,)?/P-1,4S,

Where Q = the peak flow in inches, P = the amount of rainfall in inches, I, = the initial abstraction
of rainwater by evaporation, infiltration or interception by vegetation in inches, and S = the
potential maximum soil moisture retention after runoff begins in inches. 1, and S are linked so

that:

l,=0.2S
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S is then described by the equation:

S = 1000/CN-10,

Where CN = the runoff curve number. The runoff curve number (CN) is much fike the runoff
coefficient (C) from the rational method in that it based on soils and land use. The CN is also
selected by the professional judgment of the engineer. Therefore, both methods of predicting
runoff have the potential for subjective error based on choices made by the design engineer.
The calculated prediction of peak runoff and total volume is used to determine the design and

size of stormwater BMPs constructed for every site.

Stormwater Quantity Control Regulations

Using one of the two methods above, the peak flow from a site is calculated for both the
pre-developed and post-developed conditions of the landscape associated with the BMP’s
watershed. Typically, the post-developed conditions have more impervious cover, yielding more
runoff and higher peak flows. The increase in total stormwater runoff volume from higher post-
development peak flow rates are managed by retention in BMPs, like the wet retention pond, so
that, ideally, peak flows are not altered by urbanization. Stormwater ponds are designed to
accommodate the additional runoff volume and typically reduce the peak outflow to a specified
rate (e.g., pre-developed peak flows). The retention of runoff in a pond reduces the peak flows
from a site to the pre-development condition by slowly releasing the water and presumably
mimicking natural runoff patterns. The primary water quantity regulation of the VSMP requires
that the 2-year post-development peak flow not exceed the 2-year pre-development peak flow
(VSMP 1999). This requirement is adopted from minimum standard 19 (MS-19) of the Virginia

sediment and erosion control regulations and is designed to protect downstream natural
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channels from erosion (VESC 1992). Leopold (1968) and Hammer (1972) determined that most
stream channels adjust their size to handle the discharge of the 1.5 - 2 year flow. Therefore,

maintaining the pre-developed 1- or 2-year peak flow should protect stream channel integrity.

The VSMP regulations provide for an alternative channel protection criterion in pristine,
sensitive areas or in areas where stream channel erosion is already evident (VSMP 1999). This
alternative water quantity regulation is 24-hour extended detention of the 1-year, 24-hour
storm event (VSMP 1999). The 1-year, 24-hour storm event is the amount of rainfall that can be
expected to occur on average once every year during a 24 hour period. Twenty four hour
extended detention refers to the lag time between the centroid of the inflow hydrograph and
the centroid of the outflow hydrograph (Figure 1.3). Therefore, BMPs under this alternative
standard are required to detain the runoff generated from 1-year storm event for a minimum of

24 hours.

James City County has adopted the more stringent 24-hour extended detention of the 1-
year, 24-hour storm as its channel protection design criterion. James City County cites studies
by McCuen and Moglen (1988) and MacRae (1993, 1996) that show 2-year control is not
adequate protection for channels because reduction in peak flow by slowing the discharge rate
increases the duration of erosive flows, which may actually worsen erosion (JCC 1999).
Therefore, James City County also chose this alternative criterion for their local stormwater
ordinance with the intent of providing extra protection for their remaining pristine stream
channels and the existing degraded stream channels (JCC 1999). The James City County
stormwater management program is considered to be progressive with regulations at the most

stringent level in the Commonwealth of Virginia.
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Stormwater Water Quality Control Regulations

With aggressive management for stormwater quantity, stormwater quality benefits are
expected to be achieved. Water quality improvements occur as a result of decreasing the water
velocity from MS4s through detention of runoff, which allows particulates to settle out of
solution. Studies have shown that the majority of urban pollutants, such as sediment and
nutrients, settle out within the 6 to 12 hours of retention {(Schueler 1987). Additional biological
uptake of nutrients by emergent aquatic plants, algae, and microbes can also occur in wet ponds
(USEPA 1999, VSMP 1999, CASQA 2003). Sediment and nutrients are the primary pollutants of
concern in the Chesapeake Bay and its watershed due to inhibition of seagrass growth and
stimulation of nuisance algal blooms (CBP 2007). Nitrogen and phosphorus are the two chief
nutrients limiting aquatic plant productivity so most studies and investigations of water quality

measure these two nutrients.

Current VSMP and JCC regulations only list phosphorus nutrient removal criteria for
stormwater BMPs because phosphorus was identified by the Chesapeake Bay Local Assistance
Department of the VA DCR identified as a target or keystone pollutant (VSMP 1999).
Additionally, studies suggest that nitrogen and phosphorus are generally both removed by BMPs
(Schueler 1987, 1997), so regulating phosphorus removal should presumably encompass
nitrogen removal. Both a performance-based approach and a technoiogy-based approach are
used to assess water quality and to select stormwater BMPs. The performance-based water
quality criterion is the traditional approach originally required by the Chesapeake Bay
Preservation Act (CBPA) for reducing pollutant loads that uses phosphorus as the keystone
pollutant (VSMP 1999). The newer technology-based method involves selecting the most

appropriate BMP, or technology, based on the specific site conditions (e.g., impervious cover,
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drainage area, environmental constraints) (VSMP 1999). The two options for water quality
criteria are intended to provide flexibility for achieving compliance with the CBPA and

opportunity for innovation (VSMP 1999).

Both VSMP water quality criteria for phosphorus removal are based on the percent
impervious cover in the drainage area and the type of BMP selected (e.g., dry pond, wet pond,
bioretention). Both methods make the assumption that the amount of runoff, and
corresponding pollutant loads, are directly proportional to the impervious cover (VSMP 1999).
For a given range of impervious cover, then, a target phosphorus removal rate is specified for
each BMP type. For example, the target phosphorus removal efficiency is 40% for a
development with 22-37% impervious cover using a retention pond-type BMP (VSMP 1999). If
the impervious cover is 38-66% of the site, then the target removal efficiency of phosphorus
goes up to 50% for a retention pond (VSMP 1999). A development with 67-100% impervious
cover in the catchment area should target a removal efficiency of 65% of the phosphorus in the
retention pond (VSMP 1999). Removal efficiency can be calculated either as a percent removal
in pollutant concentration from inflow to outflow or the percent removal in pollutant mass from
inflow to outflow. The mass-based technique is generally regarded as the preferred method for
calculating pollutant removal efficiency because it accounts for the reduction in water volume
between inflow versus outflow (USEPA 2002, BMPDB 2007). VSMP target phosphorus removal

efficiency standards refer to reduction in mass loads.

James City County regulations do not have performance-based nutrient removal criteria,
instead opting for a technology-based approach. However, the more stringent design criteria
for water quantity retention, i.e., extended detention of the 1-year, 24-hour storm event, would

suggest that at least as much nutrient pollution should be removed. James City County has
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instead developed a unique point system to ensure BMP compliance with the Chesapeake Bay
Preservation Ordinance (JCC 1999). Each site must achieve a score of at least 10 points through
a combination of both structural and non-structural practices relying on this technology-based
approach rather a performance-based approach through removal efficiency. For example, a wet
pond with extended retention that treats all runoff from a site scores 10 points and would
satisfy the point requirement (JCC 1999). Yet, despite not requiring a performance criterion, an
average total phosphorus removal efficiency of 60% is listed in the BMP handbook for a wet
pond with extended detention (JCC 1999). This difference in regulations provides another
example of local stormwater program modifications to the state ordinance to promote local

control and enhancement of stormwater BMPs.

Wet Retention Pond Monitoring and Maintenance

The wet retention pond is the most frequently constructed stormwater BMP in James
City County, Virginia, with over 500 installed since 1980 (Thomas, pers. comm., 2008).
Measurable design criteria and performance goals for BMPs like retention ponds exist, but very
few ponds are actually monitored to determine if these criteria are met. Because of logistical
and cost considerations, adequate monitoring programs by the regulatory authorities at federal,
state, and local levels are virtually non-existent. Instead, the going assumption is that if a pond
is engineered to meet the prescribed water quantity and quality criteria, then it will perform as
expected in the field. In this regard, the general procedure for approving stormwater BMP
installations in James City County is a post-construction check to ensure that the BMP has been
constructed to meet plan specifications (Thomas, pers. comm., 2008). Then, an annual
maintenance inspection is conducted to visually assess that pond banks are mowed and stable,

that sediments have not filled the forebay, and that outflow structures are not blocked by
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garbage or debris (Thomas, pers. comm., 2008). With this limited extent of BMP monitoring,
none of the more than 500 retention ponds in James City County have been examined to

determine if actual design and performance criteria are being met.

Wet retention ponds are common stormwater BMPs used throughout Virginia and the
United States for many years. They are applicable to a wide range of areas generally
characterized by adequate precipitation to maintain a permanent pool of water, soils that are
not highly permeable, and areas where no significant land constraints exist for installation and
where warm water discharge will not affect a cold water fishery (USEPA 1999). The cost of
construction for a wet retention pond ranges from $0.50-$1.00 per cubic foot of water storage
volume, and the annual maintenance costs are estimated at three to five percent of the
construction cost (CWP 1998, USEPA 1999). The affordability and ease of construction have
made wet retention ponds one of the staple stormwater BMPs used by developers and
recommended by regulators. Accordingly, the interest in the performance of these ubiquitous
BMPs has been substantial. The International Stormwater BMP Database, a free access online
data repository, includes over 300 total BMP studies (ISBMPDB 2007). However, most of these
studies represent unpublished data and many non-structural management practices are also

included.

Water Quality Performance Studies of BMPs

Although many studies across the United States have looked at various BMPs, including
wet retention ponds, the methods used to document performance are inconsistent. For
example, Wu (1989) determined wet retention pond removal efficiencies of total suspended

solids and nutrients by comparing mean inflow to mean outflow concentrations. In contrast,
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McCuen (1979) and Holler (1989) determined removal efficiencies by comparing load reductions
in total mass from the inflow to the outflow. Other techniques also used in BMP monitoring
studies for comparing pollutant removal efficiencies include an efficiency ratio (Strecker et al.
2001), regression of loads/concentrations (Martin and Smoot 1986, Barrett 2005), and efficiency
of individual storm load reductions (Wu 1989). The outcome of different assessment methods is
that the same data can produce very different pollutant removal efficiencies. Moreover, a
number of studies have found that pollutant removal efficiency is a function of the influent
pollutant concentration (Strecker et al. 2001, USEPA 2002, and Barrett 2005). The percent
removal efficiency is not an ideal stand-alone performance measure because a BMP that
receives less polluted influent may appear “less efficient” even though the effluent produced is
just as low if not lower in pollutant content than another BMP that receives a higher level of
polluted influent. Effluent quality in fact may be a better indicator of BMP efficiency (Urbonas
2000, Strecker et al. 2001, Barrett 2005). A consistent approach to water quality performance
has yet to be established, making standardized assessment of BMP performance difficult, if not

impossible.

Water Quantity Performance Studies of BMPs

Typically, as demonstrated by the above studies, only water quality is measured when
examining BMP performance even though water quantity plays an equally important role and is
the primary regulatory driver. Very few studies have examined the water quantity performance
of BMPs. Booth et al. (2002} documented the failure of detention ponds to prevent channel
erosion and return stream flows to pre-development conditions, but made no direct
measurements of detention ponds themselves, instead using modeling techniques. Fennessey

et al. (2001) conducted a similar study of stormwater detention ponds and found that the design

19



standards could not attenuate the peak flows from development in Pennsylvania streams.
Again, however, the study was a modeling effort and made no direct measurements of any
detention ponds in the field. Emerson et al. (2005) modeled the performance of a system of
BMPs on a watershed and found that together the BMPs only slightly reduced peak flows (0.3%)
and could potentially produce higher peak flows under certain conditions. The findings in all
these studies found detention pond underperformance, but none made any direct
measurements of the ponds in the field during storm events. Therefore, our understanding of
stormwater BMP function still relies on modeling and predictions rather than actual field-

measured performance.

Biomonitoring Performance Studies of BMPs

The regulations for BMP construction and performance are based on water quantity and
water quality, but biological assessments are also made in many water quality studies.
Biological monitoring of macroinvertebrate communities typically includes the collection of both
physical and water quality data from a stream to characterize the habitat, as well as
observations about the macroinvertebrates. Biological data provide support to water quality
and water quantity data because organisms living in the stream are continually under the impact
of any changes produced by environmental perturbations (e.g., urbanization). Though storm
event monitoring provides only a brief snapshot of the impacts to a downstream water body,
biological monitoring can describe the long-term impacts that urbanization has on an
environment. Therefore, the value of biological monitoring in concert with water quality
monitoring studies is clear because of the relationship between organisms and their

environment.
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Various studies of macroinvertebrate response to stormwater runoff and more
specifically to discharge from retention ponds have been conducted. A study of caged
amphipods in a Pennsylvania stream found no significant difference in survival downstream of a
retention pond outlet compared to upstream (Lieb and Carline 2000). Several other studies
comparing macroinvertebrates in enclosures receiving urban runoff with those from reference
streams showed decreased survival rates of the organisms in urban streams (Bascombe et al.
1990, Mulliss et al. 1996, Pesacreta 1997). However, few studies have determined the
generalized impacts on macroinvertebrate communities caused by retention pond discharge.
Aside from work by Lieb and Carline (1999) that documented a less abundant and less diverse
macroinvertebrate community downstream of a Pennsylvania retention pond, the impact of
BMP discharge on macroinvertebrate communities has not been well documented or

considered in refation to BMP performance.

Current Research Gaps and Importance

Strecker et al. (2001) reviewed studies in the International Stormwater BMP Database
and recommended that much more data are needed to assess BMP effectiveness. Urbonas
(2000) has also suggested the need for a consistent approach to BMP study, and that
scientifically untested policies like those established for BMPs have little chance of success,

despite their good intentions.

The goal of this thesis is to take that first step in documenting the complete
performance of a common structural BMP, the wet retention pond. In order to fully

characterize wet retention pond performance and its impact to receiving headwater streams,
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the combined hydraulic performance, water quality performance, and downstream

macroinvertebrate community were investigated.

Many wet retention ponds are located and installed along streams, frequently at the
headwaters, where they are the last line of defense for a site producing urban stormwater
runoff. Therefore, the significance of understanding pond performance in the landscape is
critical for headwater stream protection. Headwater streams make up over 50% of the total
stream mileage in the United States (Nadeau and Rains 2007) and supply the water, nutrients,
and sediment to larger-order streams and water bodies, like the Chesapeake Bay. The
Chesapeake Bay is an ecosystem that has suffered significant damage from anthropogenic
pressures like pollution and overfishing. The most recent Health and Restoration Assessment by
the Chesapeake Bay Program finds that the health of the Bay is still degraded with excess
nutrients and sediment, which are the primary pollutants causing harm (CBP 2007). Efforts to
clean up sources of nutrient and sediment pollution from agriculture and wastewater sources
have had some success; urban runoff, however, is the only area where negative progress is
being made (CBP 2007). With the increased pressure that urban stormwater runoff is having on
the Bay, we must have a better understanding of how stormwater BMPs like retention ponds
perform. If the ultimate function of BMPs is protection of the Chesapeake Bay and its

watershed, then starting at headwater streams is the logical solution.

Research Objectives

The research objectives for this study were to determine the performance of wet
retention ponds as a best management practice for treating urban stormwater runoff in James

City County, Virginia.
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1. Water Quantity:

e Do the observed rates of inflow and outflow to retention ponds match what is predicted

in their plans?
e Do observed retention times by ponds match what is required by regulations?

e Do the observed runoff coefficients exceed the predicted runoff coefficients for the

current land-use type?
2. Water Quality:
e Do retention ponds achieve the targeted total phosphorus removal rate of 60%?
e s the pond influent and effluent water quality significantly different?

e Is there a relationship between the observed retention time of stormwater runoff in

ponds and the effluent water quality?
3. Downstream Biological Impacts:

e How does the discharge from stormwater wet retention ponds affect the abundance

and diversity of macroinvertebrate communities?

e (Can the observed macroinvertebrate community response to retention ponds be

related to observed water quality or habitat?
Study Sites

James City County, Virginia is located in the coastal plain of Virginia on the Lower

Peninsula, entirely within the Chesapeake Bay watershed (Figure 1.4). Three wet retention
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ponds in James City County, Virginia were selected for this study, and each is located at the
headwaters of perennial streams surrounded by residential housing projects. The three sites
are Kensington Woods Subdivision, Pointe at Jamestown Subdivision, and Longhill Grove
Apartments (Table 1.1) (Figure 1.5). The land use of all three sites is high-density residential,
and the approximate drainage area to each of these three retention ponds is 11.0, 34.0, and
17.0 acres, respectively. Kensington Woods has the highest amount of impervious cover at 39%,
followed by Longhill Grove at 38%, and finally Pointe at Jamestown at 30%. Longhill Grove is the
only site where construction is completely finished, whereas new home construction is active at
Kensington Woods. Pointe at Jamestown is finished with the first phase of new home
construction, with a second phase of construction still to be completed, but the site is currently
stabilized with vegetative ground cover. The retention pond at Pointe at Jamestown was
constructed in 2001, the pond at Kensington Woods was constructed in 2003, and the pond at
Longhill Grove was constructed in 2003. All three of these ponds were built under the James
City County stormwater regulations that require 24 hour retention of the 1-year, 24-hour storm

event. The study period ran from January 2007 through March 2008.

Each site was equipped with a monitoring station to measure changes in water quantity.
Teledyne Isco® portable automatic water samplers were deployed at the inlet and outlet of each
pond during storm events to collect stormwater samples for water quality comparison. Three
reference stream sites (located in undeveloped watersheds) were selected for
macroinvertebrate community comparison to the pond site streams. Macroinvertebrate
communities in pond and reference streams were sampled in the spring of 2007, fall of 2007,

and spring of 2008. Pond sites and reference headwater stream sites were located in James City
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County, Virginia (Table 1.1) (Figure 1.5). A detailed description of the methods and analyses

used can be found in the following chapters:

Chapter 2: Field-measured Performance of Stormwater Quantity Control for Wet Retention

Ponds on the Virginia Coastal Plain.

Chapter 3: Water Quality Performance of Stormwater Wet Retention Ponds on the Virginia

Coastal Plain.

Chapter 4: Macroinvertebrate Community Response to Stormwater Retention Pond Discharge in

Headwater Streams of the Virginia Coastal Plain.

| hypothesized that retention ponds would not meet their water quantity performance
criteria for retention time and peak flow abatement. This prediction was based first on previous
research modeling retention pond underperformance in various watersheds (Fennessey et al.
2001, Booth et al. 2002, and Emerson et al. 2005). Additionally, initial studies of pond
performance and design have identified deficiencies in performance and design that prevent
ponds from achieving design regulations (Bonnette 2008, Burgess 2008, Flanigan 2008, Grenz
2006, Jacobsen 2006, Wachter 2006, and Popkin 2005). | also hypothesized that observed
runoff coefficients and peak inflow rates would be higher than predicted and would account for

the underperformance of retention ponds.

| hypothesized that water quality performance would be variable by basin and storm
event due to the nature of influent quality driving the relationship of removal efficiency
(Urbonas 2000, Strecker et al. 2001, and Barrett 2005). Additionally, the water quality

improvement from inflow to outflow was predicted to be closely related to retention time since
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most removal is accomplished by settling. Therefore, underperforming ponds with respect to

retention time should produce a lower quality effluent.

Finally, | hypothesized that macroinvertebrate abundance and diversity would be lower
in streams receiving retention pond discharge compared to reference streams. This prediction
was based on the expectation that the ponds would underperform with respect to water
quantity and water quality. Macroinvertebrate communities are known to be sensitive to the
impacts of urban runoff with lower abundance and lower diversity (Jones and Clark 1987 Roy et
al. 2003). Therefore, underperforming retention ponds were predicted to impact the

macroinvertebrate community in much the same way as untreated urban runoff.

The ultimate goal of this research is to determine the influence of stormwater wet
retention ponds on the quantity of water retained, the quality of water released, and the
impacts of that discharge on macroinvertebrate communities in headwater streams. None of
the wet retention ponds in James City County, Virginia have been monitored for performance
and the existing studies in other regions of the United States have not linked water quantity,
water quality, and biological impacts. Establishing the connection between stormwater
retention pond hydraulic performance, water quality improvement, and their downstream
biological impacts will help to gage the success of these best management practices and guide

future management decisions.
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Figure 1.3. Diagram of the cumulative inflow (black circles) and outflow hydrographs (white
circles) into a stormwater wet retention pond. The requirement for extended detention is a 24
hours between the centroids of the inflow and outflow hydrographs.
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Chapter 2

Field-measured Performance of Stormwater Quantity Control for Wet Retention Ponds on the
Virginia Coastal Plain

Jonathan W. Holley and Gregory S. Hancock

Abstract:

The negative impacts of stormwater runoff on natural stream systems are increased
peak flows, greater runoff volumes, and shortened lag times of discharge. Best management
practices (BMPs), like the wet retention pond, are designed to manage the higher peak flows,
volumes, and shortened lag time of discharge. However, previous studies have only modeled
the performance of these BMPs (Fennessey et al. 2001, Booth et al. 2002, and Emerson et al.
2005). We conducted the first field-measured study of retention pond performance by making
detailed measurements of water volumes, flow rates, detention time, and runoff coefficients.
Our study of three wet retention ponds in suburban watersheds on the Virginia coastal plain
demonstrated that ponds frequently exceed the predicted rates of inflow and outflow, fail to
achieve the regulation of 24-hour extended detention of the 1-year storm event, and calculated
runoff coefficients into the pond that are often at or above the upper limit for residential
suburban areas. Furthermore, a fundamental contradiction between the required regulation of
24-hour extended detention and the currently permitted design practices prevent any pond
designed under this method from achieving 24-hour extended detention. Our work
demonstrates that retention pond BMPs do not always perform in the field as intended, and
that regulations must be thoughtfully implemented if they are to achieve the desired outcome

for quantity control.
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Introduction:

The negative effects of urban stormwater runoff on natural stream systems are well
documented (Leopold 1968, Klein 1979, CWP 2003). Impervious surfaces associated with urban
and suburban development prevent the infiltration of rainwater into the soil. The resulting
runoff from these impervious surfaces yield higher peak flows, greater runoff volumes, and
shorter lag times of stormwater discharge to natural stream channels. The higher peak flows
during storm events are contrasted by lower baseflows (Klein 1979, Burns et al. 2005). The
hydrology of urban streams is therefore essentially dominated by surface flow as a result of

impervious cover preventing infiltration of rainwater into the soil as groundwater.

These new hydrologic regimes, in turn, alter stream morphology with channel
enlargement being a frequent response to urbanization (Hammer 1972, Hollis and Luckett
1976). More specifically, high peak flows and extended duration of high flows can cause erosion
of stream banks and incision of stream channels. An incised stream channel may also lead to a
lower water table and a stream that is disconnected from the floodplain (Groffman et al. 2002,
Schilling et al. 2004). For Coastal Plain river systems characterized by broad floodplains that
frequently flood to produce unique bottomland hardwood forests and wetlands, the impacts
can be significant (Hupp 2000). When unaltered, the hydrogeomorphology in these coastal
plain systems plays an important role for nutrient processing and sediment/contaminant
retention (Hupp 2000). Sediment transport is likely to increase and stream meanders lost
following urbanization (Leopold 1968, McCuen 1979). Thus, a consequence of urbanization and
natural stream channel alteration is the loss of important coastal floodplain functions such as

sediment retention and nutrient processing.
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Steps to mitigate the impacts of urban and suburban runoff have been federally
mandated by the stormwater program of the National Pollution Discharge and Elimination
System (NPDES). Local and state governments have developed their own stormwater
management regulations through the authority regulated to them by the federal and state
governments. The implementation of stormwater best management practices (BMPs), such as
the wet retention pond, has been central in the response to stormwater management. The
retention pond serves as a basin to collect and store runoff from an urban area. Runoff is held
in the pond but allowed to slowly release at a rate that does not exceed the peak flow for pre-
developed conditions. Wet retention ponds then maintain a shallow, but permanent, pool of
water following drawdown, whereas a dry detention pond completely drains. The detention of
runoff by pond-type BMPs provide water quality benefits by allowing suspended solids to settle
out of solution while simultaneously reducing peak flows and lengthening the lag time of
stormwater discharge. However, while a small amount of evaporation and infiltration of runoff
is likely to occur from ponds, they are not considered to be groundwater recharge BMPs (USEPA
1999, VSMP 1999, CASQA 2003). Therefore, ponds do little, if anything, to mitigate the higher

runoff volumes observed from urban areas.

Retention ponds are applicable to a wide range of regions throughout the United States.
They are limited mostly by inadequate precipitation, highly permeable soils, space, and where
warm water discharge may affect a cold water fishery (USEPA 1999). Retention ponds are
designed to meet both quantity and quality criteria, which mitigate urban and suburban runoff,
and attempt to mimic pre-developed conditions. James City County, Virginia, has over 500
ponds installed for stormwater management. The affordability and ease of construction have

made ponds a staple BMP used by developers and recommended by regulators. Accordingly,
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the interest in the performance of these ubiquitous BMPs has been considerable. However,
many studies focus on water quality and go unpublished due to the difficulty in making regular
measurements and the lack of standard protocols for measuring performance. None of the
more than 500 ponds in James City County, Virginia have been monitored or evaluated for
guantity or quality performance. A simple post-construction check and an annual maintenance
inspection are performed on each pond, but no work has measured the actual performance of

ponds.

Several studies elsewhere in the United States have examined the performance of
stormwater BMPs for water quantity. Booth et al. (2002) documented the failure of detention
ponds to prevent channel erosion and return stream flows to pre-development conditions.
However, they made no direct measurements of retention ponds themselves, instead using
modeling techniques. Fennessey et al. (2001) conducted a similar study of stormwater
detention ponds and found that the design standards could not attenuate the peak flows from
development in Pennsylvania streams. Again, however, the study was a modeling effort and
made no direct measurements of any detention ponds in the field. Emerson et al. (2005)
modeled the performance of a system of BMPs on a watershed and found that together, BMPs
only slightly reduced peak flows (0.3%) and could potentially produce higher peak flows under
certain conditions. These findings from other detention pond studies all found evidence of
underperformance, but none made any direct measurements of the ponds in the field during
storm events. Thus, our understanding of stormwater BMP function still relies on modeling

predictions rather than actual field-measured performance.

For natural channel protection, regulations in the Commonwealth of Virginia require

that post-developed runoff rates not exceed the pre-developed runoff rates for the 2-year, 24-
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hour storm event (VESC 1992, VSMP 1999). Most stream channels adjust their size to handle
the discharge of the 1.5 - 2 year flow (Leopold 1968, Hammer 1972). Therefore, the goal of peak
flow reduction to the 2-year event is to maintain stream channel integrity and prevent erosion.
An alternative and more stringent standard for managing runoff in the Virginia Stormwater
Management Program is 24-hour extended detention of the 1-year, 24-hour storm event (VSMP
1999, JCC 1999). The 1-year, 24-hour storm event is the amount of rainfall that can be expected
to occur on average once every year during a 24 hour period. In James City County, Virginia the
1-year, 24-hour storm amounts to about 2.8 inches of rainfall. Therefore, BMPs under this
standard are required to detain the runoff generated from this storm event for a minimum of 24
hours. Detention is measured by the lag time between the centroid of the inflow hydrograph to
the centroid of the outflow hydrograph. The lag time is typically referred to as the centroid lag
or retention time. The intent of this regulation is primarily for water quality improvement as
many pollutants should settle out and remain in the pond during this period of retention.

However, peak flows are also reduced during this retention period.

James City County, Virginia, has opted for the alternative VSMP regulation, which
requires 24 hour extended detention of the 1-year, 24-hour storm event (JCC 1999). Their
reasoning for this choice is that reduction of the 2-year peak flow does not adequately protect
stream channels and may exacerbate erosion by increasing the duration of erosive flows (JCC
1999). Control of the 1-year, 24-hour event also takes the place of channel protection criterion
because managing the more frequent 1-year storm event should exceed the 2-year peak flow
regulation for preventing erosion. James City County has thus taken a more stringent and
progressive approach to stormwater management. Initial studies on the performance of these

retention ponds and their construction suggest inadequate performance and design to achieve
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the JCC regulations for retention (Bonnette 2008, Burgess 2008, Flanigan 2008, Grenz 2006,
Jacobsen 2006, Wachter 2006, and Popkin 2005). However, no other assessment of
performance has been conducted on these more stringently designed ponds, and no field-

measured performance studies have been conducted elsewhere in the United States.

Our objectives were 1) to establish if observed rates of inflow and outflow to ponds
exceeded the predicted rates, 2) to determine if actual retention times approached 24 hours for
the 1-year, 24-hour storm event, and 3) to determine if observed runoff coefficients exceeded
predictions for the land use type. We made observations of actual retention pond performance
by continuously measuring pond elevation with a pressure transducer. These pressure
transducer readings were converted to pond elevation values from the as-built pond plans, and
then changes in volume along with rates of inflow and outflow were calculated. Runoff

coefficients were back-calculated from the flow rates and rainfall data at each site.

The aim of this study was to make field-based measurements of retention pond
hydraulic performance. Current understanding of retention pond function is based on modeling
efforts. However, there are important implications for determining if retention ponds (e.g.
channel protection, flood prevention, water quality) actually perform in practice the way they
are designed on paper. Retention ponds that do not perform as designed demonstrate
significant flaws in the design process that must be addressed before design criteria can truly be
tested for effectiveness. Therefore, establishing the relationship between design and function is
crucial before making future analyses of performance and design recommendations for

improvement.
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Methods:

Three residential developments with wet retention pond BMPs were selected for study
in James City County, Virginia (Table 2.1) (Figure 2.1). James City County, Virginia is located on
the Lower Peninsula of the Virginia coastal plain, entirely within the Chesapeake Bay watershed.
Each retention pond discharges to a headwater stream channel that becomes perennial just
above or just below (<20m) where pond discharge enters the stream channel. The drainage
area characteristics for the three sites are summarized in Table 2.1. All three sites were
constructed under the James City County stormwater regulations with the primary water
quantity control criteria being 24 hour extended detention of the 1-year, 24-hour storm event.
This is the most stringent standard for detention of stormwater in Virginia, and it also takes the

place of the 2-year pre-developed peak flow channel protection criterion required by the VSMP.

A monitoring station was installed at each pond site, which consisted of a tipping bucket
rain gage with HOBO® event data logger, a Campbell Scientific® pressure transducer with data
logger, and a metric staff gage placed in the pond (Figure 2.2). The rain gage recorded rainfall at
each site in 0.01 inch increments, and these data were used to calculate the intensity and
duration of individual storm events. The pressure transducer was maintained at a fixed
elevation and programmed to record pressure readings in the pond every 10 minutes (every 5
minutes during high flow rates). Pressure readings were converted to pond elevation by means
of a rating curve, which related simultaneous pressure transducer readings to staff gage
readings regularly taken at each site (Figure 2.3). The staff gage elevation was determined using
a total station to survey the height of the gage relative to a known elevation determined from
the as-built plans for each site. Thus, a continuous record of pressure readings converted to

pond elevation was maintained at each site to measure water level in the pond. Pond elevation
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was subsequently converted to water volume through the stage-storage relationship in the as-
built pond plans, which gives a volume stored at every elevation (Figure 2.4). Outflow rates
were determined from an orifice flow equation in each pond plan, which relates the pipe
discharge to pond elevation. Inflow rates were determined by the mass conservation approach

since the change in volume and outflow rate was known (Inflow = AVolume — Outflow).

The regulations for 24-hour retention of the 1-year storm are measured from centroid
to centroid of the cumulative inflow and outflow hydrc;graphs (hereafter referred to as centroid
lag) (JCC 1999). Hydrographs of cumulative pond inflow and outflow were plotted from the
measurements of volume made above. Centroid lag times were then analyzed from these
hydrographs. Peak inflow and outflow rates were determined as described above. Lastly, the
rainfall totals (), peak inflow rate (Q), and the drainage area (A) were used in the calculation of
runoff coefficients (C) from the rational method (Q=CIA). Thus, for each storm event a peak

inflow rate, peak outflow rate, centroid lag, and runoff coefficient was determined.

Observed centroid lag times and peak flow rates were then compared to the predicted
centroid lag time and peak flow rates in each pond design. Centroid lag time was examined to
determine if actual retention times approached 24 hours for the 1-year, 24-hour storm event.
Observed runoff coefficients to the ponds were compared to published runoff coefficients for
the suburban residential land use type, which are 0.25 — 0.40 (VESC 1992). Only storm events

greater than 0.2 inches of total rainfall were analyzed.

Individual storm events were analyzed for centroid lag, peak inflow, peak outflow, and
runoff coefficients using a script written in MATLAB® to ensure consistency in measurements.

Longhill Grove was monitored from November 2007 through May 2008, Pointe at Jamestown
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was monitored from January 2007 through December 2007, and Kensington Woods was

monitored from January 2007 through March 2008.

The error in our pressure transducer readings was +0.5 cm. Using this error and the
linear relationship between pressure transducer readings and elevation (y=0.9943x + 3.446) at
Longhill Grove (Figure 2.3), the resulting error in elevation is £0.03 ft. The orifice flow equation
is then used to find the error in outflow (+0.02 cfs), and the error in inflow is subsequently
determined by mass conservation (+0.05 cfs). Thus, an inflow measurement of 1 cfs (+0.05 cfs)
has a potential error rate of 5%. However at 10 cfs (£0.05), the error rate falls to 0.5%, which
suggests that the higher peak flow rates observed (210 cfs) are accurate. Similar error rates

were observed at Pointe at Jamestown and Kensington Woods.

Results:

Peak Flow Performance

The study period from November 2007 through May 2008 at Longhill Grove did not
produce any storm events greater than the 1-year, 24-hour storm event. Analysis of peak inflow
rates to the pond did not yield any flow rates that exceeded the 1-year predicted peak inflow
rate of 31.0 cfs (Figure 2.5). The peak inflow rates trended upward for progressively larger
storms with the highest peak inflow rate (20.4 cfs) corresponding to the largest storm event
(2.34 in.). However, even though no storms exceeded the rainfall total for a 1-year, 24-hour
storm, two storm events (March 7" and May 12™) generated peak outflow rates (8.35 cfs and
3.57 cfs, respectively) that exceeded the 2-year predicted peak outflow rate (3.35 cfs) (Figure
2.6). Both of these storms followed previous storm events by less than 72 hours, essentially

piggybacking on the unfinished discharge of the preceding storm event. However, the
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piggybacking influence for the March 7" storm event was minimal since the pond elevation was

less than half an inch above normal pool elevation at the start of inflow.

The Pointe at Jamestown study period was cut short by the low water levels in the pond.
Low rainfall totals during the summer of 2007 were the likely cause of below normal pool
elevations, which limited the number of outflows produced. Nevertheless, one storm event on
July 29" exceeded the 1-year, 24-hour storm with 2.85 inches of rainfall. Peak inflow analysis
revealed that this storm event exceeded the 2-year peak inflow rate (27.1 cfs) with a rate of
37.0 cfs (Figure 2.7). The peak outflow of this storm event was 2.51 cfs, which also exceeded
the 2-year peak outflow rate (0.96 cfs) (Figure 2.8). The July 29" storm was not piggybacking on

a previous event.

The study period at Kensington Woods did not record any storm events greater than the
1-year, 24-hour storm event. Nonetheless, peak inflow analysis yielded an event on July 15"
that exceeded the 1-year peak inflow rate (10.34 cfs) with an inflow rate of 14.41 cfs, and
another event on June 29" that exceeded the 2-year peak inflow rate (15.5 cfs) with an inflow
rate of 25.34 cfs (Figure 2.9, Figure 2.18). Peak outflow analysis also revealed the June 29"
storm event exceeded the 1-year peak outflow rate (0.67 cfs) with a rate of 1.85 cfs (Figure 2.10,
Figure 2.19). None of the storms exceeding the peak inflow or outflow rates for the 1-year and

2-year storms were piggybacking on previous event discharges.
Retention Performance

The centroid lag did not approach 24-hour detention for any storm events at Longhill
Grove (Figure 2.11). The longest centroid lag was 14.1 hours for a 0.97 inch rainfall. The

centroid lags did not achieve 24-hours in the Pointe at Jamestown pond either, but one storm
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event approached 24-hour detention with a centroid lag of 21.7 hours (Figure 2.12). All other
storms analyzed at Pointe at Jamestown had centroid lags less than 12 hours. The storm which
exceeded the 1-year, 24-hour event produced a centroid lag of approximately seven hours. All
centroid lag times were less than 24 hours at Kensington Woods with the longest being 10.8

hours (Figure 2.13).

Analysis of the pond plans for the predicted centroid lag time determined that two of
the ponds did not meet the 24-hour detention time regulation. The Longhill Grove pond plan
predicted a 13.7 hour centroid lag for the 1-year storm. The Kensington Woods pond plan
predicted a centroid lag of 8.8 hours for the 1-year storm event. Engineering calculations for the
1-year storm event were not included in the Pointe at Jamestown pond plan so the predicted

centroid lag could not be determined.
Runoff Coefficient

Runoff coefficients at Longhill Grove ranged from 0.18 to 0.81 (Figure 2.14). Pointe at
Jamestown runoff coefficients ranged from 0.01 to 0.35 (Figure 2.15). The Kensington Woods

runoff coefficients ranged from 0.17 to 0.65 (Figure 2.16).
Discussion:
Peak Flow Performance

The peak flows into and out of ponds were sometimes much greater than predicted
based on rainfall totals. The Longhill Grove pond did not receive any storm events greater than
the 1-year, 24-hour storm; however, two events produced peak outflow rates that exceeded the

2-year peak outflow rate (March 7™ and May 12"). Further examination of these storms
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revealed that both followed previous storm events by less than three days (<72 hrs.). A second
storm that closely follows another storm is referred to as piggybacking since the second storm
begins re-filling the pond before the previous storm has finished discharging from the pond. The
result of piggybacking storms is that the volume of water in a pond is greater than expected for
a single storm. The greater water volume will result in more hydraulic head in the pond, which
in turn causes water to be discharged at a higher rate. Additionally, storm outflows can be
discharged at a higher rate if piggybacking results in the water elevation reaching another orifice

or weir that is designed to discharge under higher flows.

The May 12" storm event at Longhill Grove demonstrates a typical piggybacking event
with successive storm events raising pond volume and discharge rate higher than either event
alone (Figure 2.17). The May 12" storm exceeded the 2-year peak outflow with an outflow rate
of 3.6 cfs despite a rainfall total of only 0.73 inches. Intermittent rain showers on May 10" and
11" raised the water level in the pond to be 2.21 ft. above normal pool elevation. The May 12"
storm runoff added to already partly filled pond and caused water to be discharged from the
weir on to of the riser. This weir is intended to discharge water only under high flow events,
such as the 1-year, 24-hour storm event (2.80 in.) or greater. Thus, the higher than predicted

outflow rate from this storm can be explained at least in part by piggybacking.

The March 7™ storm event at Longhill Grove, which had the highest discharge rate
observed (8.3 cfs), did not have a significant piggybacking influence since the water elevation in
the pond at the start of the event was <0.5 in. above normal pool elevation. However, this
March 7™ storm did attain a maximum elevation >0.25 ft. above the top of the outflow riser.
The water level should not reach that elevation unless a 1-year storm event occurs, yet the

March 7" storm produced only 2.34 inches of total rainfall (0.46 in. less than the 1-year storm).
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Therefore, a much higher volume of water than predicted entered the pond, but piggybacking

storm events did not contribute to the majority of this water volume.

The July 29" storm event at Pointe at Jamestown just exceeded the 1-year storm (2.80
in.) with rainfall total of 2.85 inches; however, it exceeded the peak inflow rate of a 2-year storm
and also exceeded the 2-year peak outflow rate by two and a half times the predicted rate. This
storm did not piggyback on a previous event, yet once again a much higher than expected pond

volume was attained (1.37 ft. above the maximum elevation for a 2-year storm).

Lastly at Kensington Woods, the July 15" storm event exceeded the 1-year peak inflow
rate despite only 1.47 inches of total rainfall (Figure 2.18). That storm, despite being a relatively
small event, filled the pond with more than 90% of the volume that would be anticipated for a
1-year storm event. Additionally, a storm on June 29" exceeded the 2-year peak inflow rate
with only 1.69 inches of total rainfall. The June 29" storm followed a small storm event on June
26" (0.27 in.), but the pond had returned to a normal pool elevation and was therefore not
piggybacking. The June 29" storm attained a pond elevation 0.44 ft. above the expected
elevation for a 1l-year storm even though it was also considerably less than a 1-year event
(1.69”). The June 29" storm also exceeded the 1-year peak outflow rate (Figure 2.19).
Therefore, higher than predicted peak flow rates and pond volumes were also attained at

Kensington Woods without influence from piggybacking storm events.

The piggybacking phenomenon is not an occurrence that can be easily accommodated
in pond designs, and high outflow rate as a result of piggybacking should not be counted as a
sign of poor performance or design. However, piggybacking was not a regular occurrence with

most storms, yet higher than expected peak flow rates and water volumes were often attained
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at all three sites. These observations suggest that runoff volumes are greater than anticipated.
Short duration and high intensity storms may explain some of these higher than expected
volumes and flow rates, but the regular pattern of high runoff volumes indicates that runoff

predictions may have been underestimated.
Retention Performance

None of the centroid lag times achieved 24 hours at any site, the longest being 21.7
hours at Pointe at Jamestown on October 26™. This event was not an unusually large or small
storm (1.18 in.), but it did follow another storm event on October 24™ (1.85 in.). As previously
mentioned, the water levels in the Pointe at Jamestown pond were unusually low in 2007 due to
low rainfall for the year. Thus, the October 24™ event did not even produce an outflow because
the water level was so low in the pond. The October 26" event produced a peak outflow of
0.003 cfs. One possible explanation for the untypically long centroid lag time on October 26"
was that excessive debris in the form of organic matter (algae and aquatic weeds) or trash may
have accumulated in the pond and clogged the outflow riser. This would reduce the discharge
rate and increase retention time. Debris clogged risers and outflow pipes were observed on

several occasions at each site.

The more typical centroid lag times observed in all three ponds was < 12 hours. The
predicted centroid lag time in pond plans was approximately 12 hours. The disconnect between
the required 24 hour centroid lag time and the approximate 12 hour centroid lag times observed
in approved plans is the result of a small caveat in regulations intended to simplify design.
James City County regulations permit a simpler “kerplunk method” for designing retention

ponds, which assumes that runoff fills the pond instantaneously {(JCC 1999). The outlet pipes
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from the pond can then be sized for a 24-hour drawdown time (JCC 1999). The intended effect
of 24-hour detention is that the cumulative inflow and outflow hydrographs have a lag time of
24 hours between their centroids (Figure 2.20A). However, an instantaneous (or “kerplunk”)
filling of the pond followed by drawdown over 24 hours cannot possibly have a 24-hour lag time
between centroids (Figure 2.20B). Instead, lag times of approximately 12 hours are generally
expected using this design method. Furthermore, runoff rarely, if ever, fills a pond in this
“kerplunk” manner. Instead, runoff fills the pond steadily over several to many hours, which
only further reduces the actual lag time between the centroids (Figure 2.20C). Thus, retention
ponds designed with the kerplunk method and 24-hour drawdown cannot possibly achieve the

required regulation of 24-hour extended detention.

Runoff Coefficients

Published runoff coefficients in the Virginia Erosion and Sediment Control Handbook for
suburban residential areas are 0.25 — 0.40 (VESC 1992). Engineers select runoff coefficients
within the recommended range based on their best professional judgment or using whatever
value the regulatory agencies permit them to use. However, runoff coefficients are chosen only
when using the rational method for estimating runoff, generally from small watersheds (<20
acres). Engineers have instead used the SCS TR-55 method to predict runoff from the ponds we
studied, which uses a different dimensionless value, called a curve number, to estimate runoff
from a land use type. Nevertheless, runoff coefficients still provide a simple and useful

reference to gage runoff from a site.

The observed runoff coefficients at Longhill Grove were generally less than 0.50.

However, three storm events on March 7", May 10", May 12" had runoff coefficients greater
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than 0.65. The March 7" storm event was the largest rainfall event at Longhill Grove (2.34”),
but the other two storms on May 10" and 12" were not exceptionally large storms (1.35” and
0.73”, respectively). As previously mentioned, the March 7" and May 12" storms were both
piggybacking on previous storm events by less than 72 hours, so partly saturated soils could
have limited infiltration and increased runoff. Additionally, because discharge was still occurring
from a previous storm event, the outflow gets added into the calculation for runoff and may

partly account for the high runoff coefficients for these two storms.

AII of the observed runoff coefficients at Pointe at Jamestown were less than 0.40.
However, construction is only half completed at this site and more impervious cover from future
construction will likely increase the observed runoff coefficients. The Kensington Woods runoff
coefficients were also generally below 0.50, except for one storm on June 29" that was 0.65.
The June 29" storm followed a small event on June 26" (0.27 in.), which may have affected
antecedent conditions, but it was not piggybacking on the flow of this storm. There were seven
storms with a runoff coefficient near 0.40 (+0.03) at Kensington Woods. This development is
also only half complete, and more impervious cover is expected to raise observed runoff

coefficient values.
Interpretation of Observations

Regular instances of higher than expected pond volumes and peak flow rates were
observed at all three pond sites. Different storm events produced the higher than expected
values at each site, which suggests that there is variation in runoff patterns at each site and that

rainfall intensity does not affect all locations within equally.
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A possible explanation for these high volumes and peak flow rates is that more runoff
than predicted occurs. Runoff coefficients at or above the upper limit for a typical suburban
residential area (0.40) were regularly observed at Longhill Grove and Kensington Woods. Higher
than predicted runoff coefficients support the idea that more runoff is entering the ponds and
at higher peak flow rates. Engineers use their professional judgment to select from a range of
runoff coefficients (or curve numbers) when estimating runoff from a site, and this prediction
determines the size of a pond. An undersized pond due to conservative runoff estimates could

explain the higher than anticipated volumes and flow rates.

Predicted runoff coefficients for each site cannot be compared to our observed values
since engineers did not use the rational method of estimating runoff. However, an important
consideration regarding retention ponds is that they take away space that a developer could use
for additional lots. Thus, engineers may seek to minimize the size of stormwater BMPs, making

it reasonable to suspect that conservative estimates for runoff are often used.

Small lot size and high impervious cover could be another reason for the higher than
anticipated runoff. The small amount of pervious cover left in developed subdivisions may not
be able to infiltrate much runoff as anticipated. Additionally, extensive grading by bulldozers at
these sites may have compacted the soil and reduced infiltration potential. The combination of
conservative runoff estimates and runoff that was higher than anticipated from suburban

drainage areas strongly suggests that these ponds may be undersized.

The inconsistent performance by retention ponds is of further concern at two of the
sites (Kensington Woods and Pointe at Jamestown) because they are only half completed with

construction of homes. Additional impervious cover will be added to the pond drainage areas at
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each site when the homes, driveways, and remaining construction activities are finished. This
additional impervious cover is likely to exacerbate the problems of high water volumes and peak

flows.

The only regulation of stormwater quantity for ponds in James City County is 24-hour
extended detention of the 1-year storm event. Technically, the requirement of 24-hour
detention applies only to events that are exactly of the 1-year magnitude. However, storm
events at or approaching this 1-year event did not come near 24-hour extended detention.
Furthermore, it was demonstrated that ponds designed with the kerplunk method and 24-hour
drawdown cannot possibly achieve a centroid lag of 24 hours (Figure 2.20). In general, ponds
detained water at or below the predicted lag times in their designs of approximately 12 hours.
In order for ponds to achieve the actual regulation of 24-hour detention, realistic models of
inflow and outflow hydrographs must be required in pond designs. Alternatively, the kerplunk
method with a 48-hour drawdown time could be permitted. The clear contradiction in the
regulations where 24-hour extended detention is required, but kerplunk inflow with 24-hour
drawdown is permitted must be changed before an effective appraisal of pond performance and

regulations can be conducted.

Conclusions

We can conclude that retention ponds in James City County 1) often exceed predicted
rates for peak inflow and outflow, sometimes by two or three times the predicted rate 2) Ponds
do not approach 24-hour extended detention and cannot possibly attain that regulation under
currently permitted design practices. Finally, 3) observed runoff coefficients are frequently at or

above the predicted upper limit for residential suburban areas. These findings suggest that
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retention ponds in James City County are not performing as effectively as we might hope. The
design and actual performance of retention pond BMPs must be in unison in order for
regulations to be tested for effectiveness at protecting headwater streams. Careful evaluation
and implementation of stormwater regulations are needed to achieve effective stormwater
quantity control. The implications of our study are that the regulations, design, and field-
measured performance of one the most widely used stormwater BMPs, the retention pond,
have been thoroughly evaluated. Future steps would be to address the shortfalls in regulations

and designs to improve stormwater quantity control.
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Longhill Grove Pond Inflow Rates
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Figure 2.5. Longhill Grove peak inflow rates to pond. Black dots represent the peak inflow rate
for individual storm events from November 2007 through May 2008.
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Longhill Grove Pond Outflow Rates
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Figure 2.6. Longhill Grove peak outflow rates to pond. Black dots represent the peak outflow
rate for individual storm events from November 2007 through May 2008.
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Pointe at Jamestown Pond Inflow Rates
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Figure 2.7. Pointe at Jamestown peak inflow rates to pond. Black dots represent the peak
inflow rate for individual storm events from January 2007 through December 2007.
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Pointe at Jamestown Pond Outflow Rates
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Figure 2.8. Pointe at Jamestown peak outflow rates to pond. Black dots represent the peak
outflow rate for individual storm events from January 2007 through December 2007.
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Kensington Woods Pond Inflow Rates
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Figure 2.9. Kensington Woods peak inflow rates to pond. Black dots represent the peak inflow
rate for individual storm events from January 2007 through December 2007.
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Kensington Woods Pond Outflow Rates
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Figure 2.10. Kensington Woods peak outflow rates to pond. Black dots represent the peak
outflow rate for individual storm events from January 2007 through December 2007.
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Longhill Grove Pond Centroid Lag
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Figure 2.11. Longhill Grove pond centroid lag times. Black dots represent lag time between
inflow and outflow hydrographs for individual storm events from November 2007 through May

2008.
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Pointe at Jamestown Pond Centroid Lag
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Figure 2.12. Pointe at Jamestown pond centroid lag times. Black dots represent lag time
between inflow and outflow hydrographs for individual storm events from January 2007
through December 2007.
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Kensington Woods Pond Centroid Lag
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Figure 2.13. Kensington Woods pond centroid lag times. Black dots represent lag time between
inflow and outflow hydrographs for individual storm events from January 2007 through
December 2007.
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Longhill Grove Storm Runoff Coefficients
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Figure 2.14. Longhill Grove runoff coefficients. Black dots represent runoff coefficients for
individual storm events from November 2007 through May 2008.
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Pointe at Jamestown Storm Runoff Coefficients
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Figure 2.15. Pointe at Jamestown runoff coefficients. Black dots represent runoff coefficients
for individual storm events from January 2007 through December 2007.
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Kensington Woods Storm Runoff Coefficients
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Figure 2.16. Kensington Woods runoff coefficients. Black dots represent runoff coefficients for
individual storm events from January 2007 through December 2007.
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Pond Elevation and QOutflow Rate for Successive Storm Events
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Figure 2.17. The pond elevation and outflow rate at Longhill Grove retention pond for
successive storm events. The May 12" storm event (Day 132) is an example of a “piggybacking”
event on the May 10" and May 11" storm events (Day 130 and Day 131).
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Predicted versus Observed Inflow Rates at Kensington Woods
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Figure 2.18. The predicted inflow rate for the 1-year, 24-hour storm event versus the observed
inflow of two selected storm events at Kensington Woods.
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Predicted versus Observed Outflow Rates at Kensington Woods
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Figure 2.19. The predicted outflow rate for the 1-year, 24-hour storm event versus the
observed outflow for a selected storm event at Kensington Woods.
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Figure 2.20. A. Conceptual diagram of 24-hour extended detention regulation between inflow
and outflow hydrographs, which is measured by lag time between centroids. B. Conceptual
diagram of detention using “kerplunk method” for inflow with 24-hour drawdown time. C.
Modeled detention from Longhill Grove plan with “kerplunk” inflow and 24-hour drawdown
time. Actual pond performance with reduced lag time based on storm inflow and outflow from

May 9, 2008.
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Chapter 3
Water Quality Performance of Stormwater Wet Retention Ponds on the Virginia Coastal Plain
Jonathan W. Holley, Gregory S. Hancock, and Randolph M. Chambers

Abstract:

Water quality in urban and suburban streams is impaired by altered hydrology and
pollutant loading from stormwater runoff. Stormwater best management practices (BMPs), like
the wet retention pond, are designed and constructed to abate channel altering flows and
remove pollutants from runoff. We conducted the first study documenting water quality
performance of wet retention ponds on the Virginia Coastal Plain and related the effluent water
quality to retention performance. Three performance comparisons were analyzed to assess
pond performance for nutrients and total suspended solids (TSS), including removal efficiency,
event mean concentrations of inflow versus outflow, and the relationship between retention
time and effluent water quality. Our study revealed that retention ponds do not regularly
achieve the 60% targeted removal rate of total phosphorus, instead ranging from 77% to -88%.
Event mean outflow concentrations of phosphate (p<0.001) and nitrate+nitrite (p=0.001) were
significantly less than inflow concentrations, but no difference existed between the inflow and
outflow concentrations of ammonium, total phosphorus, or TSS. Additionally, our findings
demonstrated that longer retention times of stormwater runoff did not result in significantly
improved effluent water quality, suggesting that further improvement in water quality is not
attainable by lengthening retention time. Improving and protecting water quality in the
Chesapeake Bay watershed must be addressed through additional measures with separate

attention given to each pollutant.
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Introduction:

Streams draining urban and suburban watersheds typically have poorer water quality as
a result of polluted runoff and impervious surfaces (Leopold 1968, Klein 1979, CWP 2003).
Impervious surfaces associated with urban and suburban development prevent rainwater
infiltration and generate greater runoff volumes, higher peak flow rates, and a shorter lag time
for stormwater discharge following storm events (Leopold 1968, CWP 2003). This change in
hydrologic regime is responsible for enlarging and eroding natural stream channels (Hammer
1972, Hollis and Luckett 1976). Sediment pollution and transport from eroded stream channels
can be substantial, having significant impacts on water quality and ecology (Klein 1979, CWP
2003). Additionally, altered hydrology and channel incision will lower the water table and
disconnect streams from their floodplain {(Groffman et al. 2002, Schilling et al. 2004). The
impacts of channel incision and a lower water table can be significant for coastal plain riparian
systems, which are characterized by broad floodplains that frequently flood. These zones are
important areas for nutrient processing and sediment/contaminant processing (Hupp 2000).
Streams cutoff from their floodplain and with a lower water table show an increase in sediment
transport (Leopold 1968, McCuen 1979) and a decrease in soil denitrification (Groffman et al.
2002). Urban stormwater runoff alters hydrology and morphology of stream channels and has

negative consequences for water quality.

Moreover, impervious surfaces collect and accumulate pollutants from automobiles,
construction activity, and spills. The untreated runoff is then conveyed by gutters, storm
sewers, and man-made channels into natural stream channels or other water bodies. Nutrients,
sediment, heavy metals, bacteria, and hydrocarbons like motor oil and grease are some of the

more common pollutants in urban and suburban stormwater runoff. Excess nutrients and
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sediment have been identified as the primary pollutants in the Chesapeake Bay (CBP 2007).
Excess nutrients promote nuisance algal blooms, which are a water quality concern because
they lessen the aesthetic value of a water body, block light penetration to submerged aquatic
vegetation, and lower dissolved oxygen levels (CWP 2003). Sediment creates turbid water
conditions that can also block light penetration to aquatic plants, affect the ability of aquatic
organisms to use their gills, and physically smother organisms and their habitat (Schueler and
Holland 2000). Thus, nutrient and sediment loading from stormwater runoff is an additional

detriment to water quality in urban and suburban streams.

Efforts to mitigate urban stormwater runoff and impaired water quality have been
implemented through the development of stormwater management regulations. One of the
most important measures used for managing stormwater runoff has been the application of
stormwater best management practices (BMPs), such as the wet retention pond. Retention
ponds collect and detain urban or suburban stormwater runoff for a pre-determined period of
time (e.g., 24 hours), and then slowly discharge that runoff into a receiving water course, such
as a stream. Detention first treats the higher rate of runoff by reducing peak flow rates.
Secondly, detention lengthens the lag time of stormwater discharge. Lastly, runoff quality is
treated through the detention process, allowing for particulates to settle out of solution and
remain in the pond basin. Wet retention ponds provide additional water quality treatment by
maintaining a permanent pool of water after the discharge of stormwater. The permanent
retention of water supports additional biological activity, such as wetland plants, algae, and
microbes, which can remove or neutralize more pollutants than a dry detention pond (Schueler
1997, USEPA 1999, VSMP 1999, CASQA 2003). These performance advantages of wet retention

ponds, along with their wide applicability to many areas of the country, their ease of
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construction, and affordability have made them a staple BMP. James City County, Virginia, for

example, with a land area of 370 km® has more than 500 retention ponds.

None of the more than 500 retention ponds in James City County, however, has been
monitored to assess performance. A post-construction check is conducted to ensure that the
pond is constructed to plan specifications. An annual maintenance inspection is also performed
to check for sedimentation, pond bank stability, and outlet blockage. Even though retention
ponds and other BMPs are not typically monitored, water quality criteria for their performance
do exist. The Virginia Stormwater Management Program (VSMP) has a performance scale for
BMP removal of total phosphorus, which was identified as the keystone pollutant in the
Chesapeake Bay Preservation Ordinance (CPBO) (VSMP 1999). A retention pond located in a
watershed with 22-37% impervious cover has a total phosphorus target removal rate of 40%.
The target removal rate climbs to 50% in watersheds with 38-66% impervious cover, and to 65%

in watershed with 67-100% impervious cover.

James City County opted for a more stringent stormwater quantity control regulation
than the minimum standards for Virginia, which makes them exempt from the above regulations
for quality. Instead, their stormwater quality management criterion is based on a point system
where BMPs, like retention ponds, must achieve a minimum score of 10 points for various
practices like buffers, natural space protection, or an aquatic bench for emergent plants in
ponds. Even though no specific criterion for pollutant removal is required, the county BMP
manual states that a wet retention pond providing extended detention should achieve a 60%
removal of phosphorus (JCC 1999). However, no monitoring or enforcement of this standard

has been implemented.
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Elsewhere in the United States, previous studies of water quality performance by
retention ponds have demonstrated a wide range in pollutant removal efficiency. Wu (1987),
for example, documented total suspended solid (TSS) removal efficiencies of 93%, 62%, and 41%
for three separate retention ponds in North Carolina. Wide ranges in nutrient removal rates are
documented throughout the literature (Wu 1987, Holler 1989, Borden et al. 1997). A number of
studies have demonstrated that pollutant removal efficiency is a function of the influent
pollutant concentration and is therefore not an ideal stand-alone performance measure for
BMPs (Strecker et al. 2001, USEPA 2002, Barrett 2005). Percent removal efficiency often fails as
a performance measure because a BMP that receives less polluted influent may appear “less
efficient” even though the effluent produced is just as low if not lower in pollutant content than
another BMP that receives a higher level of polluted influent. Other techniques for determining
pond efficiency include an efficiency ratio (Strecker et al. 2001), regression of loads (Barrett
2005), and efficiency of individual storms (Wu 1989). The outcome of these different
assessment methods is that the same data can produce very different measures of BMP

efficiency.

Effluent quality, in fact, may be a better indicator of BMP efficiency (Urbonas 2000,
Strecker et al. 2001, Barrett 2005). A consistent effluent quality from BMPs would be ideal for
making management decisions, and it would also provide a reference point for making
improvements. However, this concept and the level of expected effluent quality are not well
established by any research. Strecker and Quigley (1999) and Burton and Pitt (2002)
recommend probability plots to visually assess influent and effluent quality, followed by an
ANOVA to determine if a significant difference exists between the two. For the current

research, | also wanted to determine if there was a relationship between retention time and
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effluent water quality because detention should provide for physical settling and biological
uptake of pollutants. Therefore, | predicted that longer retention would result in a higher
effluent quality {or lower pollutant concentrations). In order to establish this relationship, |
simultaneously monitored the same retention ponds for water quality that Holley and Hancock
(2008) monitored for performance of stormwater quantity. Despite the potential shortcomings
of each of the above methods, all three were measured in this study to document water quality

performance by wet retention ponds.

My objectives were 1) to determine if total phosphorus removal efficiency by a
retention pond achieved the targeted 60% removal rate in local regulations, 2) to determine if
pond effluent quality was significantly different from pond influent quality with respect to the
concentration of nutrients and total suspended solids, and 3) to relate the observed changes in
water quality to field-measured retention performance. In addition to total phosphorus, we
also examined several other inorganic nutrients (phosphate, nitrate+nitrite, and ammonium)
and total suspended solids (TSS) to ascertain if total phosphorus is an adequate keystone

indicator for other stormwater runoff pollutants.

Many wet retention ponds are located and installed along streams, frequently at the
headwaters, where they are the last line of defense against stormwater runoff. Therefore, the
significance of understanding retention pond performance in the landscape is critical for
headwater stream protection. Moreover, headwater streams make up over 50% of the total
streams in the United States (Nadeau and Rains 2007) and supply the water, nutrients, and
sediment to higher-order streams and water bodies, like the Chesapeake Bay. The Chesapeake
Bay is an ecosystem that has suffered significant damage from anthropogenic pressures like

pollution and overfishing. The most recent Health and Restoration Assessment by the
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Chesapeake Bay Program finds that the health of the Bay is still degraded with excess nutrients
and sediment (CBP 2007). Successful management strategies are being applied to reduce
sources of nutrient and sediment pollution from agriculture and wastewater sources. Urban
runoff, however, is the only area where negative progress is being made with additional inputs
from new development exceeding current treatment and removal rates (CBP 2007). With the
increased pressure that urban stormwater runoff is having on the Bay, it is important to
understand how stormwater BMPs, like retention ponds, perform. If the ultimate goal of BMP
implementation is protection of the Chesapeake Bay and its watershed, then beginning with

headwater stream BMP performance is a logical starting point.

Methods:

Study Sites

Three residential developments with wet retention pond BMPs were selected for study
in James City County, Virginia (Figure 3.1). James City County, Virginia is located on the Lower
Peninsula of the Virginia coastal plain, entirely within the Chesapeake Bay watershed. Each
retention pond receives all the runoff from its respective site and discharges into a headwater
stream. The detailed drainage area characteristics for the three sites are summarized in Table
3.1. All three ponds were constructed under the James City County stormwater management
regulations with the primary water quantity control criterion being 24-hour extended detention
of the 1-year storm event. The stormwater management criterion for water quality is based on
a point system of practices, but wet retention ponds are expected to remove 60% of total

phosphorus.
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Stormwater Sampling and Analysis

Ponds were sampled for stormwater inflow and outflow quality using Teledyne ISCO©
automated water samplers. An automated water sampler was set up at the inlet and outlet of
each pond and programmed to collect water samples at regular intervals throughout the inflow
and outflow period. The sampling interval varied depending on the anticipated duration of the
storm event, but ranged from every 10 minutes to every 90 minutes. Following a storm event,
water samples were immediately returned to the laboratory and stored below 5°C to prevent
the sample from degrading before analysis. A separate monitoring station was also maintained
at the outlet of each pond to determine flow rates, retention time, and runoff rates (Holley and

Hancock, 2008).

Water samples were analyzed for phosphate, nitrate+nitrite, ammonium, total
phosphorus, total suspended solids (TSS), pH, and specific conductivity. Nutrients and TSS
concentrations were standardized to drainage area (mg/L/acre). Each sample was analyzed
individually and averaged for an event mean. All samples were treated identically. Conductivity
and pH were measured with calibrated water quality meters. Total suspended solids were
derived by weighing the fiitered particulates, and nutrient concentrations in the water samples
were determined using standard colorimetric analysis. First, each sample was passed through a
pre-ashed, pre-weighed, 0.45 um glass fiber filter to remove suspended sediment. The filter
was then dried in a 60°C oven and re-weighed for determination of total suspended sediment,
then ashed at 450°C for three hours and resuspended in 1N HCI for determination of total
particulate phosphorus (Chambers and Fourqurean 1991). The filtrate was analyzed for
dissolved inorganic phosphate, nitrate+nitrite, and ammonium using standard methods (Parsons

et al. 1984).
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Removal Efficiency Comparison

For logistical reasons, only one site (Kensington Woods) had a sufficient number of
storm events to be analyzed for removal efficiency of nutrients and TSS. An accurate removal
efficiency of pollutants by mass was made possible by detailed measurements of inflow and
outflow volume from Holley and Hancock (2008). The total mass of a pollutant in the inflow and
outflow was determined by summing the mass for each sample interval, which was based on the
concentration for that sample and the volume of water that flowed in or out. Percent removal
is calculated by subtracting the cumulative mass out from the cumulative mass in and then
dividing by the cumulative mass in. We determined percent removal efficiency for individual

events and the total load for the entire sampling period of May 2007 through February 2008.

Event Mean Concentration Comparison

Pollutant inflow and outflow event means were compared using probability plots and
analyzed for statistical significance using a one-way ANOVA. Probability plots display the range
of values, their predicted probability, and the variation (Burton and Pitt, 2002). All the event
mean concentrations for each site were standardized to the drainage area (mg/L/acre) and
ranked in ascending order. Data were log-transformed in order to produce a normal
distribution. A one-way ANOVA was used to compare inflow and outflow concentrations with a

significance level at a=0.05.

Retention Time Comparison

Lastly, the event mean outflow concentration of nutrients and TSS was related to the
centroid lag (or retention time) to determine if there was a significant relationship between the

outflow water quality and the length of water retention. A linear regression was used to relate
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outflow water quality and retention time. Regression coefficients (R?) and an ANOVA were used
to evaluate the goodness of fit and the significance of the relationship between outflow water

quality and retention.
Results:
Removal Efficiency Comparison

A total of nine storm events between May 16, 2007 and February 12, 2008 were A
analyzed for percent removal efficiency of mass loads. These nine storms accounted for 10.78
inches of the 29.46 inches of rainfall that occurred during that period, or 37%. The removal
efficiencies of phosphate, nitrate+nitrite, ammonium, total phosphorus, and TSS for selected
storm events are displayed in Figure 3.2. A positive percent removal indicates that less of a
pollutant came out of the pond than went in, and a negative percent removal indicates that
more pollutant exited the pond than came in. All of the pollutants analyzed demonstrated both
positive and negative removal rates for various storm events. Total phosphorus removal rates
ranged from 77% to -88% with only one storm event on May 16, 2006 attaining the 60%
targeted phosphorus removal rate at 77%. Ammonium was the only nutrient to show an
increase in total load from 520 g to 588 g. The total (or cumulative) mass load reductions for the
nine storms are presented in Figure 3.3. The total load reduction in total phosphorus for the

entire sampling period was 23%, which is again less than the 60% target removal rate.
Event Mean Concentration Comparison

The event mean concentrations from all three sites were combined to yield 37 inflows
and 29 outflows. Logistical issues and drought conditions prevented analysis of an equal

number of inflow and outflow samples. The outflow concentrations of phosphate were
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significantly less than inflow concentrations (F(;64=15.891, p<0.001) (Figure 3.4). Nitrate+nitrite
outflow concentrations were also significantly less than inflow concentrations (F64=11.189,
p=0.001) (Figure 3.5). However, the inflow and outflow concentrations were not statistically
different (a=0.05) for ammonium (F;¢4=2.906, p=0.093) (Figure 3.6), total phosphorus
(Fi1,64=3.123, p=0.082) (Figure 3.7), TSS (F(164=3.081, p=0.084) (Figure 3.8), pH (F(164=2.153,
p=0.147) (Figure 3.9), and specific conductivity (F(;64=3.747, p=0.0573) (Figure 3.10). However,
the differences may be considered marginally significant (p<0.10) for ammonium, total

phosphorus, TSS, and specific conductivity.
Retention Time Comparison

The relationship between centroid lag (retention time) to outflow quality was analyzed
for 13 total storm events using combined data from all three sites. Logistical issues and drought
conditions prevented more storms from being analyzed. The regression coefficients for all
analyses of centroid lag and outflow concentration were low (-0.01<R’<0.09), suggesting a very
weak association. Only TSS demonstrated a negative regression coefficient (R?=-0.01), which is
the inverse relationship that was expected between centroid lag and outflow concentration.
Additionally, the ANOVA analysis indicated that there was not a significant relationship between
centroid lag and outflow concentration for phosphate (F;6,=0.355, p=0.563) (Figure 3.11),
nitrate+nitrite (F(164<0.001, p=0.984) (Figure 3.12), ammonium (F;=1.125, p=0.312) (Figure
3.13), total phosphorus (F(164=0.041, p=0.843) (Figure 3.14), or TSS (F164=0.138, p=0.718)

(Figure 3.15).
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Discussion:

Three comparisons of water quality performance were analyzed to assess retention
pond performance and each suggested poor or inconsistent performance for nutrient and TSS
removal. Removal efficiency irregularly achieved the targeted removal efficiency for total
phosphorus, event mean pollutant concentrations in pond outflows were only significantly
reduced for phosphate and nitrate+nitrite, and there was no relationship between retention

time and effluent water quality.

Removal Efficiency Comparison

The nine storm events measured and analyzed for percent removal of pollutants at
Kensington Woods represented a substantial portion of the rainfall (37%) during the sampling
period. Five of the nine storms analyzed occurred during summer (June — August), but there
were still storms measured and analyzed in all four seasons. The general trend suggests positive
removal efficiency for most pollutants in the spring, fall, and winter, with mixed or mostly

negative removal efficiencies in the summer (Figure 3.2).

The more commonly observed negative removal efficiencies during the summer could
be explained by increased biological activity in the pond. Algal and microbial growth when
temperatures are warm would be likely to increase rates of nutrient cycling. Negative removal
efficiencies in ammonium, total phosphorus, and TSS could be tied to this biological activity.
Ammonium production (ammonification) occurs when bacteria convert organic nitrogen to
ammonia, and available organic nitrogen may be high in summer from decaying algae and
emergent plants. Total phosphorus includes particulate organic phosphorus that occurs in

plants such as aigae, which was also more abundant during the summer. TSS can also include
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algae in addition to sediment. Algae may therefore be growing and flourishing in the pond
between storm events, but then it is flushed out to produce higher outflow concentrations of
suspended solids than what entered the ponds. Thus, increased biological activity during the
summer in the pond by algae, microbes, and emergent plants may be responsible for increased

outflow of TSS and nutrients, specifically ammonium and total phosphorus.

An alternative or additional explanation for negative removal efficiencies during
summer is that intense summer storms cause more turbulence in the pond as runoff from these
storms rushes in and stirs up the water. This process may re-suspend deposited sediment and
nutrients, particularly phosphate which is often sorbed onto sediment particles (Jenkins et al.
1971), allowing them to be flushed out. The highest observed maximum inflow rates occurred
during summer storm events (Holley and Hancock 2008), which supports the idea that intense

summer storms stir up the pond.

The total load reduction in nutrients and TSS from the nine analyzed storm events
indicated that the Kensington Woods pond acted as a net source for ammonium. These
observations suggest that summer ammonification outweighs ammonia removal during the
other seasons. The load reduction for total phosphorus was 23%, which is well short of the
target phosphorus removal rate of 60% that James City County expects wet retention ponds to
achieve. It is also important to note that the other pollutants (phosphate, nitrate+nitrite,
ammonium, and TSS) analyzed in addition to total phosphorus, the keystone pollutant, have
different load reductions, ranging from +13% to -62%. Therefore, removal efficiency is variable

by storm event, by season, and among the pollutants analyzed.
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Event Mean Concentration Comparison

There were significant differences that existed between the inflow and outflow
concentrations of phosphate and nitrate+nitrite. However, none of the other pollutants
analyzed, including total phosphorus, were significant. Strecker and Quigley (1999) Burton and
Pitt (2002), and the International BMP monitoring guidance (2002) suggest that BMP studies
first determine if event mean concentrations between inflow and outflow are statistically
different. Removal efficiency of pollutants either by individual storms or as a summation of
loads is limited as a useful technique because it requires that the storms monitored be
representative of all storm events. However, as demonstrated in my data, it cannot be assumed
that different sized storms occurring in different seasons produce equivalent pollutant loads and
removal efficiencies. The statistical comparison of event mean concentrations allowed me to
expand my data set to include more storms, yielding a clearer picture of effluent water quality in

comparison to influent water quality.

The probability plots (Figures 3.4-3.10) provide an additional useful tool for visualizing
differences since inflow and outflow separate when significantly different. Our results indicate
that the keystone pollutant, total phosphorus, is not significantly improved in the outflow from
the inflow of ponds. Furthermore, differences between inflow and outflow concentrations vary

among other pollutants.

Retention Time Comparison

The final examination of BMP performance evaluated the relationship between centroid
lag (retention time) and outflow water quality. Previous research suggests that increasing

retention time results in lower pollutant concentrations in BMP outflow, with the majority of
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pollutants settling out within 12 hours (Schueler 1987, 1997). Our findings demonstrate no
significant relationship between centroid lag and effluent quality. TSS was the only pollutant
with the expected inverse relationship between retention time and effluent concentration,
however it was a weak association (R* = -0.01) and not significant (p=0.718) (Figure 3.15). More

variation in retention times are needed to help confirm these trends.

These ponds were also found to underperform with respect to the retention regulations
(Holley and Hancock 2008). However, based on the non-significant relationships between
retention time and effluent quality, we cannot be certain if increased retention times would

have an effect on improving effluent quality from ponds.

Conclusions

Our study of wet retention pond performance indicated that 1) ponds do not regularly
achieve the 60% target removal rate for total phosphorus, 2) that there are significant
differences between the inflow and outflow concentrations of phosphate and nitrate+nitrite,
but none of the other pollutants, including total phosphorus, and 3) that no relationship exists
between centroid lag and effluent water quality. Furthermore, the removal of and change in
total phosphorus does not represent the changes in other important pollutants, suggesting that
total phosphorus is not an adequate keystone pollutant. Our findings indicate that retention
ponds in James City County, Virginia do not perform as intended in regards to nutrient and TSS
removal, and lengthening retention time is not likely to result in improved water quality.
Phosphorus, nitrogen, and sediment are all significant pollutants in the Chesapeake Bay

watershed (CBP 2007), yet each has different impacts to the aquatic ecosystem. Therefore,
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each pollutant must be addressed separately with additional measures to achieve water quality

improvement and protection in headwater streams of the Chesapeake Bay.
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Probability Plot of Event Mean Concentrations for Phosphate
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Figure 3.4. Probability plot of storm event mean concentrations for phosphate (mg/L/acre)
from retention pond inflow (black circles) and outflow (empty circles). The repeated measures
ANOVA model indicated that significant differences between inflow and outflow phosphate
concentrations existed (F(;¢4=15.891, p<0.001).
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Probability Plot of Event Mean Concentrations for Nitrate + Nitrite
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Figure 3.5. Probability plot of storm event mean concentrations for nitrate+nitrite (mg/L/acre)
from retention pond inflow (black circles) and outflow (empty circles). The repeated measures
ANOVA model indicated that significant differences between inflow and outflow nitrate+nitrite
concentrations existed (F(;64=11.189, p=0.001).
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Probability Plot of Event Mean Concentrations for Ammonium
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Figure 3.6. Probability plot of storm event mean concentrations for ammonium (mg/L/acre)
from retention pond inflow (black circles) and outflow (empty circles). The repeated measures
ANOVA model indicated that no significant differences between inflow and outflow ammonium

concentrations existed (F; 64=2.906, p=0.093).
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Probability Plot of Event Mean Concentrations for Total Phosphorus
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Figure 3.7. Probability plot of storm event mean concentrations for total phosphorus
(mg/L/acre) from retention pond inflow (black circles) and outflow (empty circles). The
repeated measures ANOVA model indicated that no significant differences between inflow and
outflow total phosphorus concentrations existed (F;64=3.123, p=0.082).
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Probability Plot of Event Mean Concentrations for Total Suspended Solids (TSS)
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Figure 3.8. Probability plot of storm event mean concentrations for TSS (mg/L/acre) from
retention pond inflow (black circles) and outflow (empty circles). The repeated measures
ANOVA model indicated that no significant differences between inflow and outflow TSS
concentrations existed (F(; 64=3.081, p=0.084).
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Probability Plot of Event Mean pH
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Figure 3.9. Probability plot of storm event mean pH from retention pond inflow (black circles)
and outflow (empty circles). The repeated measures ANOVA model indicated that no significant
differences between inflow and outflow pH existed (F(; 62=2.153, p=0.147).
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Probability Plot of Event Mean Specific Conductivity
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Figure 3.10. Probability plot of storm event mean specific conductivity (puS) from retention pond
inflow (black circles) and outflow (empty circles). The repeated measures ANOVA model
indicated that marginal significant differences between inflow and outflow specific conductivity
existed (F(164=3.747, p=0.0573).
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Centroid Lag Time and Outflow Concentration of Phosphate
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Figure 3.11. Regression analysis of centroid lag time (hrs.) and phosphate outflow
concentration {mg/L/acre). The ANOVA model did not indicate a significant relationship
between centroid lags and phosphate outflow (F(;¢4=0.355, p=0.563).
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Centroid Lag Time and Outflow Concentration of Nitrate + Nitrite
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Figure 3.12. Regression analysis of centroid lag time (hrs.) and nitrate+nitrite outflow
concentration (mg/L/acre). The ANOVA model did not indicate a significant relationship
between centroid lags and nitrate+nitrite outflow (F; ¢4<0.001, p=0.984).
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Centroid Lag Time and Outflow Concentration of Ammonium
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Figure 3.13. Regression analysis of centroid lag time (hrs.) and ammonium outflow
concentration (mg/L/acre). The ANOVA model did not indicate a significant relationship
between centroid lags and ammonium outflow (F(;64=1.125, p=0.312).
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Centroid Lag Time and Outflow Concentration of Total Phosphorus

09
2.
. . R?=0.004

0.8 - A
— °
@ ®
8 07 ¢
ge
™
=
‘;; 0.6 - R
2 : ‘ -
¢ ﬂ//ﬂ_ﬂ__’_____,_,__
o 054
8 .
o e
:@ 0.4 -
Q

0.3 - °

02 T T T H 1 F

2 4 6 8 10 12 14 16

Centroid Lag (Hrs.)

Figure 3.14. Regression analysis of centroid lag time (hrs.) and total phosphorus outflow
concentration (mg/L/acre). The ANOVA model did not indicate a significant relationship
between centroid lags and total phosphorus outflow (F;6,)=0.041, p=0.843).
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Centroid Lag Time and Outflow Concentration of Total Suspended Solids
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Figure 3.15. Regression analysis of centroid lag time (hrs.) and TSS outflow concentration
(mg/L/acre). The ANOVA model did not indicate a significant relationship between centroid lags

and TSS outflow (F14)=0.138, p=0.718).
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Chapter 4

Macroinvertebrate Community Response to Stormwater Retention Pond Discharge in
Headwater Streams of the Virginia Coastal Plain

Jonathan W. Holley, Randolph M. Chambers, and Gregory M. Capelli

Abstract:

Urban and suburban development and its associated stormwater runoff from
impervious surfaces consistently have been shown to alter the natural hydrology, water quality,
and biology of stream ecosystems. Best management practices (BMPs), like the wet retention
pond, are designed to manage the higher quantity and improve the poorer quality of urban and
suburban stormwater runoff. Typically, however, these BMPs have not been fully monitored
and examined for performance. We conducted the first complete analysis of wet retention
pond function in southeastern Virginia by relating previous hydraulic and water quality
performance to downstream macroinvertebrate community response. Headwater streams
receiving retention pond discharge had significantly lower Coastal Plain Macroinvertebrate
Index (CPMI) scores (p=0.038) and total macroinvertebrate abundance (p=0.019) compared to
reference headwater streams. Two of the metrics used in the CPMI were significantly lower in
pond streams, number of EPT taxa (p=0.002) and % Ephemeroptera (p<0.001), but the other
three metrics: taxa richness (p=0.554), % clingers (p=0.696), and the modified HBI (p=0.083) did
not yield significant differences. We also performed principal components analyses to
determine which families were most important to the observed variance in community
composition in the stream systems. From PCA, Gammaridae amphipod abundance is a strong
predictor of the reference headwater stream condition for the Virginia coastal plain. Beginning

to establish the connection between field-measured BMP performance for quantity and quality
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and the degradation in downstream community richness and habitat quality has important

implications for the protection of headwater stream ecosystems.

Introduction:

Negative impacts of urban stormwater runoff on stream ecosystems are well
documented (Leopold 1968, Klein 1979, Paul and Meyer 2001, Meyer et al. 2005, Walsh et al.
2005). Components of what is labeled the “urban stream syndrome” includes a “flashier”
hydrograph, altered channel morphology and stability, elevated nutrients and contaminants,
and reduced biotic richness with an increase in dominance by tolerant species {Meyer et al.
2005 Walsh et al. 2005). Variation in the severity of these impacts exists among watersheds
(Paul and Meyer 2001, CWP 2003); however stream hydrology, water quality, and biology may

all be substantially impaired by urban and suburban runoff.

Relative to streams in undeveloped watersheds, urban stream hydrology is
characterized by lower base flows and higher peak flows, greater runoff volumes, and shorter
lag times for discharge following storms (Leopold 1968, Klein 1979, Burns et al. 2005). New
hydrologic regimes lead to altered stream morphology, with channel enlargement being a
frequent response to urbanization (Hammer 1972, Hollis and Luckett 1976). Water quality
suffers as a result of increased contaminants, nutrients, and sediment loading (Schueler and
Holland 2000, CWP 2003). Normal riparian zone functions (e.g. nutrient processing and
sediment retention) are diminished as a result of being disconnected from the floodplain
(Groffman et al. 2002, Groffman et al. 2003) and from the loss of benthic organic matter in
streams (Mulholland et al. 1985, Webster et al. 2000). Alterations to hydrology and water

quality result in significantly reduced taxa richness for both fish (Klein 1979, Wang et al. 2000,

123



Morgan and Cushman 2005) and macroinvertebrates (Klein 1979, Jones and Clark 1987, Roy et

al. 2003).

Recognizing the value of land and water resources, federal, state, and local governments
have established stormwater management programs to protect these natural resources and
prevent further degradation. Federally mandated efforts were the first require mitigation for
the impacts of urban and suburban stormwater runoff under the Clean Water Act {CWA) and
then under stormwater program of the National Pollution Discharge Elimination System
(NPDES). Local governments under their own more stringent regulations or under relegated
authority by federal and state laws have also responded to stormwater problems. Stormwater
management programs, along with best management practices (BMPs) designed to collect and

treat runoff, have been central in mitigation efforts.

BMPs are generally perceived as an effective method for mitigating the impacts of
stormwater runoff and are required as a minimum measure on all new development. The
criteria for selecting one BMP over another are based on considerations of space, local
conditions, jurisdictional preference, and ease of installation. Wet retention ponds are a
commonly employed BMP in Virginia (and elsewhere) that collect and treat both the quantity
and quality of urban stormwater runoff. Stormwater quantity is managed by retaining runoff for
a specified period of time. The ordinance in James City County, Virginia is 24-hour extended
detention of the 1-year, 24-hour storm event. Stormwater quality is improved by removal and
retention of pollutants in the pond, predominantly by settling, but also through biological

uptake.
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Performance of wet retention ponds and other BMPs is based solely on quantity and
quality criteria. In James City County, Virginia the water quantity criteria for retention of the 1-
year, 24-hour storm is intended to reduce stream channel erosion by abating peak flows. Ponds
also reduce flooding by Iengthening the time that the higher runoff volumes enter streams. The
water quality criterion takes the approach of anticipating that BMPs reduce a certain percentage
of total phosphorus, a “keystone” pollutant (VSMP 1999). For example, a wet retention pond
that provides extended detention is anticipated to have an average total phosphorus removal
efficiency of 60% (JCC 1999). There are no regulations for the protecting the habitat or diversity
of organisms in receiving waters. Instead, the hope is that by mitigating the impacts of higher

flows and improving water quality that aquatic communities would also be preserved.

Presently, for reasons of logistics, cost, and difficulty in interpreting the data, no
established monitoring program exists to determine the actual performance of wet retention
ponds. However, biomonitoring programs of streams using macroinvertebrate communities is a
proven and well-developed tool for rapidly documenting stream impairment in response to
environmental disturbance (Rosenburg and Resh 1993). Because of their relative ease of
collection and sensitivity to environmental disturbances, macroinvertebrates are ideal

bioindicators of stream health.

Most biomonitoring is done in higher-order streams and watersheds. Only one study
has used this method on a smaller scale as a measure of performance for detention ponds.
Detention ponds differ from retention ponds in that they do not maintain a permanent pool of
water between storm events. Lieb and Carline (1999) documented a macroinvertebrate
community below a stormwater detention pond in Pennsylvania that was lower in abundance

and diversity compared to a nearby reference site. However, in a related study of the same
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detention pond and stream they found no significant difference in survival of caged amphipods

that were upstream versus downstream of the pond discharge (Lieb and Carline 2000).

Our objective was to 1) document the effect of wet retention pond discharge on
macroinvertebrate communities in the Virginia coastal plain, and 2) to relate the community
response to water quantity and quality performance of those BMPs discharging into the stream.
Previous work determined that wet retention ponds in James City County, Virginia frequently
underperform regarding water retention and peak flow abatement (Holley and Hancock 2008).
Additionally, these same ponds often failed to meet nutrient removal criteria, and effluent

quality was not always significantly improved compared to influent quality (Holley et al. 2008).

The purpose of this study was to characterize the impact of wet retention ponds on
headwater stream macroinvertebrate communities. Prior studies of retention pond
performance have merely modeled water quantity performance (Fennessey et al. 2001, Booth
et al. 2002, and Emerson et al. 2005) or separately determined pollutant removal efficiencies
(McCuen 1979, Holler 1989) and effluent quality (Barrett 2005). No biological performance
criteria exist for the protection of aquatic communities downstream of these ubiquitous BMPs,
constructed with good intentions but with undocumented consequences. It is either assumed
or hoped that mitigation of high storm flows and poorer water quality will preserve aquatic
communities. Our work relating field-measured water quantity and quality performance data to
biomonitoring will begin to establish the much needed connection between wet retention pond
discharge and downstream aquatic community response. The significance of making this
connection is to fill the knowledge gap between the predicted and actual impact of BMPs on

benthic communities.
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Study Sites:

Three headwater wet retention pond sites and three headwater reference sites were
selected in James City County, Virginia (Figure 4.1). James City County is located on the Lower
Peninsula of the Virginia coastal plain, entirely within the Chesapeake Bay watershed. The
streams receiving retention pond discharge (hereafter referred to as pond streams) become
perennial flows just above or just below (<20m} where pond discharge enters the stream
channel. A similar upper reach of each reference stream was chosen for study. The drainage
area characteristics for the catchments of the three retention ponds, Kensington Woods, Pointe
at Jamestown, and Longhill Grove, is high density suburban (30-39% impervious cover) with
drainage areas ranging from 10.8 to 34.0 acres (Table 4.1). The catchment area of the three
reference streams ranged from 12.0 to 19.0 acres: Pogonia (19 acres), York River State Park (12
acres), and Waller Mill (15 acres). The reference stream watersheds are predominantly

forested with no urban runoff.

The baseflow discharge rate from pond and reference streams was not significantly
different (F 1,11=0.001, p=0.91) averaging 0.71 cfs and 0.74 cfs, respectively. All stream sites
were located in mixed hardwood forests. Three sites (Waller Mill, Pogonia, and Kensington
Woods) lie on the Sedley formation. The other sites are located on the Bacons Castle formation
(Longhill Grove), the Yorktown-Eastover formation (York River State Park), and the Shirley
formation (Pointe at Jamestown). These geologic units are common to the Virginia coastal plain

and are characterized by silt, clay, and sand.
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Methods:

A sample of macroinvertebrates was taken from each of the three pond streams and
each of the three reference streams in the spring of 2007, the fall of 2007, and the spring of
2008 (N=9 from each stream type). We used the mid-Atiantic coastal stream methodology to
collect samples because the coastal plain is characterized by low gradient and low velocity
streams with little or no coarse substrate (Maxted et al. 2000). Each stream sampling site
consisted of a 100m reach sampled with 20 sweeps of a metal D-frame dip net (0.3m wide at the
base with 500um mesh), yielding a total sample area of ~6m” for each stream sample. The
numbers of sweeps from available habitats (e.g. leaf packs, woody snags, and bank margins)
were taken in proportion to their abundance at each site. A single sweep consisted of making
an aggressive meter long pass of the net through the habitat followed by three to four cleaning
sweeps to collect dislodged organisms (Maxted et al. 2000). Sweeps were then composited and
returned to the lab to sort macroinvertebrates from detritus and to identify them to family
taxonomic level. Samples were preserved in 70% ethanol. Samples were always collected
during a dry period with a minimum of at least five days since the last rainfall so that high flows

did not influence macroinvertebrate distribution.

Two procedural deviations from Maxted et al. (2000) were made: all
macroinvertebrates were counted from each sample, and organisms were identified to the
family level. We chose not to subsample our collections to minimize possible sampling bias and
to use the family taxonomic level of resolution, which is used by the Virginia Department of

Environmental Quality (VDEQ) for monitoring macroinvertebrates.
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We applied the Coastal Plain Macroinvertebrate Index (CPMI), used in a prior study by
Maxted et al. (2000) to distinguish reference sites from impaired sites in the mid-Atlantic coastal
plain. For further comparison, we analyzed individual CPMI metrics: total number of taxa,
number of Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa, percent Ephemeroptera, the
modified Hilsenhoff Biotic Index (HBI), and percent clinger mode of existence. The family level
tolerance scores used in the modified HBI and the mode of existence classifications were

obtained from VDEQ. We also compared total abundance among samples.

Nine reference site samples (N=9) and nine pond site samples (N=9) were compared.
Differences between the CPMI, the associated metrics, and total macroinvertebrate abundance
were evaluated for significance using a repeated measures ANOVA model using site as the
repeated measures factor. Additionally, a principal components analysis (PCA) was performed
based on abundance data to determine which families contributed most to explaining the
variance between reference and pond sites. For this analysis, family abundance data were

square root transformed and compared using both absolute and relative abundance.

Results:

A total of 8620 macroinvertebrates were identified to family level or higher. Total
macroinvertebrate abundance +SD was higher in reference streams (853.3 + 643.7) relative to
pond streams (104.9 + 49.4) (F14=14.472, p=0.019) (Figure 2). Likewise, CPMI scores were
significantly higher in reference streams (10.7 + 1.0) relative to pond streams (6.0 £ 3.2) (F
1,4=9.187, p=0.038) (Figure 4.3). For composition, the number of EPT taxa was significantly
higher in reference streams (4.7 + 1.0) relative to pond streams (0.9 * 0.9) (F4=52.545,

p=0.002) (Figure 4.4). Similarly, percent composition of samples by Ephemeroptera averaged
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1.6% * 1.5% in reference streams, whereas no Ephemeroptera were found in any pond streams

(F1,4=137.2, p<0.001) (Figure 4.5).

Taxa richness, however, did not differ significantly between reference and pond streams
(13.2 £ 1.7 and 10.0 = 1.9, respectively) (F(;4=0.415, p=0.554) (Figure 4.6). With respect to
habit, no difference in the percent composition of samples by organisms with a clinger mode of
existence was observed for reference streams (6.0% + 4.8%) and pond streams (4.6% * 6.3%)
(F11,4=0.1764, p=0.696) (Figure 4.7). Finally, macroinvertebrate tolerance measured by the
modified HBI score average was on average lower in reference streams (3.8 = 0.5) versus pond
streams (5.8 + 1.4), but the difference was not significant (F(;4=5.251, p=0.083) (Figure 4.8).

Tolerance scores range from 0-10 with 10 being the most tolerant and O the least tolerant.

The PCA analysis of absolute macroinvertebrate abundance produced a first principal
component (PC1) that explained 75% of the variance in the data. Principal components two
(PC2) and three (PC3) explained only 8% and 5% of the variance in the data, respectively, and
were not considered any further. The macroinvertebrate families with significant component
loadings (>SD+0.065) for PC1 were Gammaridae (-0.93), Lepidostomatidae (-0.23), Physidae (-

0.20), Heptageniidae (-0.11), Limnephilidae (-0.08), and Ptychopteridae (0.08) (Figure 4.9).

The second PCA using the relative abundance of macroinvertebrates yielded a first
principal component (PC1) that explained 22% of the variance in the data. All
macroinvertebrate families had significant component loadings (>SD+0.065) for PC1 except for
rare taxa in our samples, which include Dipseudopsidae, Carabidae, Leptophlebidae, Dytiscidae,
Asellidae, Perlidae, Psychomyiidae, and Simuliidae (Figure 4.10). Taxa with significant positive

loadings (>SD+0.065) for PC1 included Corixidae, Ptychopteridae, Hirundinidae, Haliplidae,
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Hyalellidae, Aeshnidae, Belostomatidae, Oligocheata, Corduliidae, Calopterygidae, Gerridae,
Sphaeriidae, Culicidae, Isotomidae, and Chironomidae. Finally, taxa with significant negative
loadings (>SD+0.065) for PC1 included Cordulegastridae, Planariidae, Elmidae, Physidae,
Phryganeidae, Corydalidae, Hydropsychidae, Lepidostomatidae, Athericidae, Cambaridae,

Tipulidae, Perlodidae, Heptageniidae, Limnephilidae, and Gammaridae.

Baseflow water samples were taken at the time of macroinvertebrate sampling and
revealed that the range of pH, specific conductivity (uS), total suspended solids (TSS) {mg/L),
dissolved oxygen (mg/L), and dissolved oxygen saturation (%) was higher in reference streams
and did not overlap with pond streams (Table 4.2). The range of water temperatures was lower
in reference streams during spring macroinvertebrate collections (F(;11=9.301, p=0.01), but

temperatures did not differ significantly during the fall (F;4=0.0762, p=0.8).

Discussion:

Difference in total macroinvertebrate abundance demonstrates that streams receiving
retention pond discharge do not support the same ecological condition as reference streams
(Figure 4.8). Lower total abundance is an observed impact to macroinvertebrates exposed to
urban runoff (Garie and MclIntosh 1986). However, the absolute total abundance is often not

reported in such studies since most collections are subsampled to speed processing time.

Discharge from stormwater wet retention ponds is associated with significant
differences in the macroinvertebrate communities from reference streams versus pond streams,
as measured by the CPMI. The CPMI incorporates richness, composition, tolerance, and habit
metrics into its index giving it a broad measure of community diversity and function. Maxted et

al. (2000) found that the CPMI accurately identified impaired sites 86% of the time. Comparison
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of our data set to Maxted et al. (2000) is not possible based on the differences in sample
processing. Furthermore, Maxted et al. (2000) developed their CPMI metric on higher-order
streams that were on average four times larger. These higher-order streams would certainly
support more organisms, but it is not clear if the CPMI is still applicable to smaller headwater
streams. Nevertheless, the CPMI proved a useful tool for demonstrating that streams receiving
retention pond discharge do not support the same coastal plain community as reference

streams.

Among the CPMI metrics, the number of EPT taxa and % Ephemeroptera were
significantly reduced in streams receiving retention pond discharge. These two metrics are
frequently applied to macroinvertebrate biomonitoring because of the sensitivity that the EPT
orders exhibit to water pollution and environmental disturbances (Rosenburg and Resh 1993).
Therefore, a reduction in the number of organisms from EPT orders is a frequent observation of
urban runoff (Garie and McIntosh 1986, Jones and Clark 1987, Roy et al. 2003). Yet even though
these two metrics demonstrated differences between stream types, the abundance of EPT
organisms is generally low in coastal plain waters and may not be a suitable for comparison

(Wallace et al. 1996, Davis et al. 2003).

The other metrics used in the CPMI: taxa richness, % clingers, and the modified HBI, did
not indicate significant differences between streams. Taxa richness (or total number of taxa) is
generally expected to be higher in reference conditions (Rosenburg and Resh 1993, Barbour et
al. 1996, Fore et al. 1996). However, it was included in the CPMI because of ecological and
societal importance for biological diversity and because it approximated 50% success for other

ecoregions (Maxted et al. 2000). Maxted et al. (2000) determined that taxa richness correctly
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assigned impaired sites only 17% of the time in the coastal plain ecoregion of Virginia. Thus, the

value of this metric alone is questionable.

The modified HBI metric, a measure of tolerance, should be lower in reference
conditions because these organisms have lower tolerance for poor water quality (Barbour et al.
1996, Fore et al. 1996). While the reference stream HBI scores were not lower at the traditional
level of significance (a«=0.05), they were marginally significant at p=0.08. The % clinger metric is
expected be higher in reference conditions, because the clinger habit is associated with oxygen-
rich, fast-flowing waters (Rosenburg and Resh 1993, Barbour et al. 1996, Fore et al. 1996).
However, the caddisfly family, Hydropyschidae (Trichoptera), is both a clinger and a tolerant
family (HBI=6) that was frequently found in both reference and pond streams. Even though
Hydropyschidae is a Trichoptera (an EPT) and a clinger, which are generally indicators of good
water quality, it is also considered to be tolerant {HBI=6). Therefore, this problem family could
potentially explain the habit (% clinger) and tolerance (modified HBI) metrics not exhibiting clear
differences between reference and pond streams. Moreover, some EPT metrics remove
Hydropyschidae from consideration for this very reason that they are a tolerant Trichoptera

family. They were not, however, removed from this analysis.

Analysis of the macroinvertebrate data using PCA revealed other interesting groupings
of families whose contrasting abundances can also be used to explain differences between
reference and pond streams. In the first PCA of absolute abundance, we used the standard
deviation of component loadings (+0.065) as a reference point to determine which families
contributed most to explaining the variation. The amphipod family, Gammaridae, was
unmistakably the most dominant taxon in PC1, followed by Lepidostomatidae, Physidae,

Heptageniidae, and Limnephilidae (Figure 4.9).
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The phantom crane fly larvae, Ptychopteridae, loaded in the opposite direction from the
above families suggesting that they would not be likely to occur in the presence of Gammaridae,
Lepidostomatidae, Physidae, etc. This is a logical observation considering Ptychopteridae are a
tolerant family (HBI=9), and they also make use of a siphon as an important adaptation for living
in water with low dissolved oxygen. Dissolved oxygen is crucial for macrobenthos, and it is often
lower in urban and suburban streams where stream canopy cover is reduced to allow more
sunlight and higher temperatures (CWP 2003). The heat energy, which stormwater runoff can
pick up from impervious surfaces, has also been observed to raise stream temperatures
following storm events (Lieb and Carline 2000, CWP 2003), and thus reduce dissolved oxygen.
Ptychopteridae were found in only one of the pond streams (Longhill Grove), which had the
lowest dissolved oxygen levels of any pond stream (4.4 mg/L, 44.4% saturation). It also occurred
in large numbers (>100 individuals) making up a majority of the community (>90%) in the

Longhill Grove pond stream.

However the amphipod family, Gammaridae, was abundant in all reference streams
with absolute abundances as high as 1800 organisms per sample (~6m?). Gammaridae loaded
four times higher than any other macroinvertebrate family in PC1 making them the key indicator
for our headwater stream systems and potentially for other headwater streams of the Virginia
coastal plain. Further, Gammerid amphipods were significantly more abundant in reference
streams than pond streams (F;4=11.415, p=0.028). Additionally, Gammarid amphipods
constitute ~70% of all macroinvertebrate organisms in reference streams, but only 20% of the
macroinvertebrates in pond stream samples. A subsample of Gammarids collected at each site
was identified to the species level. Gammarus pseudolimnaeus occurred in all reference stream

samples and only in reference stream samples. Conversely, Gammarus fasciatus occurred only
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in pond stream samples and only at two of the sites (Kensington Woods and Pointe at

Jamestown).

Moreover, G. pseudolimnaeus is assigned a low tolerance value of 4 by Hilsenhoff (1987)
in Wisconsin and Bode et al. (1996) in New York. However, G. fasciatus is given a higher
tolerance value of 6 by Maxted et al. (2000) in the mid-Atlantic and Bode et al. (1996) in New
York. Lenat (1993), working in North Carolina, assigns G. fasciatus an even higher tolerance of
6.9. While some regional variation in tolerance values can be expected, the general trend is a
lower tolerance value for G. pseudolimnaeus. This lower tolerance is consistent with its
presence only in reference stream samples. The finer resolution in tolerance values between G.
pseudolimnaeus and G. fasciatus is also important because it would help distinguish HBI scores
in the coastal plain of Virginia where significant differences were not observed using a tolerance
value of 6 for all Gammaridae. Furthermore, personal observations by G.M. Capelli suggest that
G. pseudolimnaeus frequently dominates small pristine streams of the Virginia coastal plain, and
G. fasciatus occurs in the more disturbed streams and in less abundance (Capelli, pers. comm.,
2008). Zehmer et al. (2002) also observed G. pseudolimnaeus to be the dominant
macroinvertebrate (both numerically and by weight) in these streams. Therefore, the results of
the first PCA indicate that Gammaridae abundance offers a similarly useful biomonitoring tool in

our headwater streams of coastal plain Virginia.

The second PCA of relative macroinvertebrate abundance revealed many more families
are important for describing the observed differences between communities (Figure 4.10). A
square root transformation placed PC1 component loadings on a relative scale, thereby
eliminating the effect of Gammaridae’s super-abundance. However, like in the first PCA, the

families loading negatively are not expected to occur when the families loading positively do
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occur (and vice versa). The first interesting pattern was that none of the positively loading taxa
were clingers, but 5 of the 15 negatively loading taxa were clingers. Next, there were no EPT
taxa among the positively loading families, but 6 among the negatively loading families. There
were also no Ephemeroptera among the positively loading families, but one of the two
Ephemeroptera (Heptageniidae) that occur in our samples loaded negatively. Lastly, the
tolerance values for the negatively loading families (X=3.87) were significantly lower than the
tolerance values of the positively loading families (X=6.40) (F(;25=13.04, p=0.001). In this
example, the negatively loading families could be considered indicators of good water quality
and the reference condition, and the positively loading families could be indicators of poor
water quality and the disturbed condition. PC1 from this PCA of relative abundance could only
explain 22% of the variance in the data, while PC1 from the absolute abundance PCA explained
75% of the variance. Still, another metric could potentially be developed using the taxa

identified from this second analysis to compare headwater streams of the Virginia coastal plain.

We therefore suggest that care be taken in selecting metrics and indices for comparing
coastal plain stream samples and headwater stream communities. For example, selecting only
taxa richness, the HBI, or % clingers would have failed to reveal important differences. In our
headwater stream systems, the application of standard metrics to potentially non-standard
communities was a validated concern. We found PCA to be a useful guide in determining which
families provide the best explanation for the variance in data, thus meriting further
examination. PCA allows the data to reveal differences rather than pre-selecting metrics, and it
has been previously applied to macroinvertebrate abundance data to characterize their

response to urbanization gradients (Jones and Clark 1987). Our study demonstrated Gammarid
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amphipod abundance, and specifically G. pseudolimnaeus abundance, was a significant

predictor of the reference condition for headwater streams of the Virginia coastal plain.

Most importantly, our biomonitoring study demonstrated that retention ponds have not
preserved the macroinvertebrate community structure compared to reference streams: a lower
CPMI score, fewer EPT taxa, less Ephemeroptera, and a lower total abundance. This is an
important finding since the purpose of wet retention ponds (and other similar BMPs) is to
protect stream habitat by reducing erosive stormflows and improving poor water quality by
settling and removal. These mitigation efforts should also protect aquatic ecosystems, but our
work clearly demonstrates a failure to accomplish this mission in regards preserving the natural
reference stream communities. Reasons for the observed differences in community structure
are mostly speculative, but both poor water quality and habitat degradation by retention pond

underperformance are evident.

The water quality data showed clear evidence of impairment when comparing pond
stream and reference stream baseflows (Table 4.2). The pH, specific conductivity, dissolved
oxygen, and percent saturation of oxygen all range lower in the pond streams. The temperature
also ranged higher during the spring in pond streams. High temperature and low dissolved
oxygen are chronic stressors in urban streams (Klein 1979, CWP 2003), and both can be related
to observed reductions in macroinvertebrate communities (Jones and Clark 1987). While ponds
do not contribute water to baseflows, clearing canopy cover to install these ponds may allow
more sunlight to raise temperatures and lower dissolved oxygen levels in nearby streams.

Therefore, the placement of BMPs near streams should be considered carefully.
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The pond streams also show visible signs of channel incision, reduced benthic organic
matter, and sediment deposition not present in the reference streams (Figures 4.11 and 4.12).
These stream channel alterations and the loss of benthic organic matter may reduce habitat
quality for macroinvertebrates. Many macroinvertebrates feed on detritus and find shelter
among the leaves, sticks, and benthic organic matter. Urban streams which have lost this source
of food and habitat cannot support as many macroinvertebrates. Furthermore, channel incision
and widening to accommodate higher peak flows cause bank erosion, which will increase the
amount of sediment in the stream. Suspended solids from pond stormflow (TSS) then add an
even greater concentration of sediment and suspended solids to pond streams (Table 4.2).
Sediment can wash away or bury the food and habitat for macroinvertebrates, but it can also
physically smother the organisms. These habitat impairments have already begun to manifest

themselves at the pond streams in comparison to reference streams (Figures 4.11 and 4.12).

While the exact mechanism for macroinvertebrate community degradation in pond
streams is not clear, retention ponds have clearly reduced the physical habitat quality and water
quality. The failure to preserve macrobenthos may have been anticipated based on previous
work that documented the underperformance of these retention ponds with regards to
retention and peak flow abatement (Holley and Hancock 2008) and water quality improvement
(Holley et al. 2008). All three ponds produced outflow rates that exceeded the predicted
discharge rate, and no ponds achieved the regulation of 24-hour retention for the 1-year storm
event (Holley and Hancock 2008). Furthermore, these ponds often failed to produce effluent
that was significantly improved compared to the influent, and removal efficiencies were highly
variable (Holley et al. 2008). Reducing peak flows to pre-developed conditions will maintain

stream channel integrity (Hammer 1972, Hollis and Luckett 1976) and longer retention times can
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remove more pollutants (Schueler 1987). Yet these retention ponds failed to achieve their
performance requirements and documented differences in macroinvertebrate community

structure are associated with the streams receiving their discharge.

Lieb and Carline (1999) did not relate detention pond performance to observed
differences in the macroinvertebrate community in their study. However, they did suspect that
high heavy metal concentrations could be contributors to differences between the reference
and treatment sites (Lieb and Carline 1999). Their reference stream site in Pennsylvania was
dominated by Ephemeroptera, Trichoptera, Coleoptera, and Amphipoda (Lieb and Carline 1999).
Amphipoda were also dominant in our reference streams, but in far greater abundances than
their Piedmont stream, and few Ephemeroptera, Trichoptera, and Coleoptera were found in our
reference streams. Additionally, Gammarus minus was the amphipod species occurring in their
streams (Lieb and Carline 1999). Thus, because their study used a detention pond rather than a
retention pond, did not examine its performance, and their streams have a different

community, we cannot make many comparisons.

To sum, underperformance of wet retention ponds with respect to water quantity
control and water quality improvement is correlated with negative impacts to the
macroinvertebrate community in headwater streams. Moreover, the underperformance of
retention ponds has led to measureable differences in water quality habitat and observable
differences in physical habitat of Virginia coastal plain headwater streams. Making this direct
connection between BMP performance and its impact on the downstream community is
essential for determining the full consequences of BMPs. For example, current land use
planning policies provide development buffers around waterways, with one result that

development tends to be more concentrated near the headwaters of perennial stream systems.
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Headwater streams comprise a majority of the total stream length in the conterminous U.S.
(Nadeau and Rains 2007), and the water quality in higher-order streams is a direct outcome of
water quality in first-order and intermittent streams (Alexander et al. 2007). Since the
downstream trajectory of aquatic ecosystem structure and function is largely determined by
conditions in headwater streams, effective management of water flow should serve to sustain

aquatic and ecological integrity in developing watersheds (Freeman et al. 2007).
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Figure 4.2. Total macroinvertebrate abundance in reference and pond streams. The repeated
measures ANOVA model indicated that significant differences between reference and pond
streams existed (F(;4=14.472, p=0.019).
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Figure 4.3. Coastal Plain Macroinvertebrate Index (CMPI) scores for reference and pond
streams. The repeated measures ANOVA model indicated that significant differences between

reference and pond streams existed (F (1,4=9.187, p=0.038).
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Figure 4.4. Number of pollution sensitive EPT taxa in reference and pond streams. The
repeated measures ANOVA model indicated that significant differences between reference and
pond streams existed (F(y,4=52.545, p=0.0019).
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Figure 4.5. Percent composition of samples by Ephemeroptera (mayflies) order of insects in
reference and pond streams. The repeated measures ANOVA model indicated that significant
differences between reference and pond streams existed (F(;4=137.2, p<0.001).
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Figure 4.6. Taxa richness in reference and pond streams. The repeated measures ANOVA
model indicated that significant differences between reference and pond streams did not exist
(F(1,4=0.415, p=0.554).
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Figure 4.7. Percent composition of samples by organisms with a clinger mode of existence in
reference and pond streams. The repeated measures ANOVA model indicated that significant
differences between reference and pond streams did not exist (F(,4=0.1764, p=0.696).
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Figure 4.8. Macroinvertebrate tolerance using modified Hilsenhoff Biotic Index (HBI) score to
family level in reference and pond streams. The repeated measures ANOVA model indicated
that significant differences between reference and pond streams did not exist (F(;4=5.251,
p=0.083).
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Figure 4.9. Dot chart of component loadings for PC1 using the absolute total abundance of
macroinvertebrate families. Component loadings are on the x-axis and insect families are listed
on y-axis. The dashed vertical lines represent the square root transformed standard deviation
(£0.065) of PC1.
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Figure 4.10. Dot chart of component loadings for PC1 using the relative total abundance of
macroinvertebrate families. Component loadings are on the x-axis and insect families are listed
on y-axis. The dashed vertical lines represent the square root transformed standard deviation
(+0.065) of PC1.
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