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ABSTRACT

THE PRESENCE OF DENITRIFIERS IN BACTERIAL COMMUNITIES OF URBAN
STORMWATER BEST MANAGEMENT PRACTICES (BMPS)

Natalie C. Hall, Ph.D.
George Mason University, 2020

Dissertation Director; Dr. R. Christian Jones

Stormwater best management practices (BMPs) are engineered structures that attempt to
mitigate the impacts of stormwater, including nitrogen inputs from the surrounding
drainage area. The goal of this study was to assess bacterial communities in different
types of stormwater BMP in Clarksburg, MD to establish whether a particular BMP type
could potentially harbor more denitrification potential. Sampling took place over the
summer of 2015 following precipitation events. Four bioretention facilities, four dry
ponds, and four surface sand filters were sampled. An additional single core was taken
from one dry swale. Primers for the 16S rRNA gene as well as nirK, nirS, and nosZ
denitrification genes were used for PCR amplification of DNA extracts prior to next-
generation sequencing. RNA was also extracted to identify viable bacterial communities
and was subjected to RT-PCR amplification using 16S rRNA primers. High bacterial

diversity was evident in all BMP types sampled, including an abundance of denitrifiers.



Based on the identification of a viable community of denitrifiers, denitrification could
potentially occur under appropriate conditions in all types of BMP sampled, including
surface sand filters that have tended to be ignored in these types of study. While surface
sand filter media is predominantly inorganic material, the carbon content of incoming
stormwater could be providing bacterial communities with conditions for denitrification.
Overall, the BMPs sampled had a robust, diverse, bacterial community capable of

denitrification.



CHAPTER I: A HISTORY OF LAND USE CHANGE AND ENVIRONMENTAL
IMPACTS IN THE CHESAPEAKE BAY

Urban areas have continued to grow in the United States (U.S.) in the past several
decades and now host over 80 percent (%) of the U.S. population (U.S. Census Bureau,
2010). Bettez & Groffman (2012) indicated that urban land (> 1 housing unit per acre)
and exurban land (between 1 unit per acre and 1 unit per 40 acres) increased five-fold
between 1950 and 2000. One result of this trend is an increase in urban land
development, which impacts the surrounding ecosystem, including watersheds and the
water they hold and transport.

Urban population growth and impervious surface cover

Urbanization is associated with an increase in impervious cover as land use
changes from forest, agriculture, and other forms of vegetated land to residential and
commercial development. Impervious surface cover is defined as any material that
prevents water infiltration into the soil (Arnold & Gibbons, 1996) and leads to an
increase in runoff velocity, runoff volume, and peak discharge rate when precipitation
cannot fully infiltrate (Figure I-1). It is evidenced by “flashy hydrographs” (Livingston &
McCarron, 1992; U.S. Environmental Protection Agency (EPA), 1997; Paul & Meyer,
2001) and has become a quantifiable land use indicator that correlates with the adverse

impacts of polluted runoff (Scheuler, 1994; Arnold & Gibbons, 1996).
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Figure I-1 Changes in runoff flows resulting from paved surfaces

Source: Livingston & McCarron, 1992

Groundwater recharge is impacted by this reduced infiltration, which lowers the
water table and impacts stream flow (Bettez & Groffman 2012). Ecological changes
follow, and studies have shown that enhanced surface runoff contributes to the erosion of
surface soils, changes to stream channels, erosion of stream banks, a loss of riparian
habitat, a change in stream biota, and greater water temperature fluctuations (Leopold,
1968; Arnold & Gibbons, 1996; Walsh et al., 2005). In addition, there is an increase in
the transport of pollutants such as heavy metals, nutrients, and road salts into waterways

(Arnold & Gibbons, 1996; Walsh et al., 2005; Bettez & Groffman, 2012). These



pollutants not only have more sources in urban areas but are also less likely to be
removed biologically by plants before reaching local streams (Bettez & Groffman, 2012).
Suspended sediments in stormwater runoff can have negative consequences, including
increased turbidity and a decrease in submerged vegetation, for receiving surface waters.
Excessive nutrient loading (e.g. nitrogen (N) and phosphorus (P)) can cause
eutrophication and a decrease in dissolved oxygen levels (Walsh et al., 2005).

Continued urban development serves to exacerbate these conditions by removing
vegetation and increasing impervious surface cover. Watersheds ultimately become less
and less capable of retaining rainfall and are more vulnerable to flooding (Leopold, 1968;
Paul & Meyer, 2001; Bettez & Groffman, 2012). These conditions have collectively been
termed “the urban stream syndrome” (Walsh et al., 2005). According to the EPA, there
are over 3.5 million miles of rivers and streams in the U.S. and different land use
activities can significantly impact the quality of these waters (EPA, n.d.?). Impervious
cover has become synonymous with human presence and population density has been
correlated with percentage impervious cover (Stankowski, 1972). Thresholds of stream
degradation have been associated with an impervious surface cover of as low as 10%
(Booth & Jackson, 1997). The percentage of impervious cover can thus be used to predict
impacts on stream hydrology, geomorphology, and biology.

As stormwater runoff increases, the type of sewer system can play a role in what
is discharged to nearby water bodies. In the U.S., storm sewers in older cities were often
combined with sanitary sewers to send waters to wastewater treatment plants. While this

type of system could manage treatment of small storm events, large rain events would



ultimately overwhelm this combined system. This resulted in the discharge of both runoff
and untreated sewage into streams and rivers. Available stormwater management
regulations were focused on the control of peak flow rates to limit downstream flooding
and stream ecosystem health was generally not considered (Roy et al., 2008). It was
reported in the 2002 National Water Quality Inventory: Report to Congress (EPA, 2007)
that urban-related runoff had impaired almost 30% of assessed estuarine miles. Leading
causes of impairment of the nation’s rivers and streams were noted as sediments,
pathogens, and habitat alterations, and 45% of these assessed waterbodies were
considered impaired.

Federal stormwater legislation

The Clean Water Act, (33 U.S.C §1251) of 1972 (formerly the Federal Water
Pollution Control Act of 1948) sets quality standards for surface waters with a goal "to
restore and maintain the chemical, physical, and biological integrity of the Nation's
waters". Additional goals were the elimination of pollutant discharges into navigable
waters by 1985, the protection of fish/shellfish and wildlife, and that recreation in-and-on
the water be possible by 1983.

The Act provides for the regulation of pollutant discharges from point sources
such as industrial wastewater and municipal sewage to water bodies within the U.S. This
is managed by the EPA’s National Pollutant Discharge Elimination System (NPDES).
The NPDES stormwater program fell within the scope of the Clean Water Act and
required permits for certain industrial stormwater discharges, as well as for municipal

sewer systems in areas with populations of 100,000 or more (EPA, 1996). The industrial



discharges were defined as stormwater discharges relating to “manufacturing, processing
or raw materials storage areas at an industrial plant” (EPA, 1996). Phase II of the
NPDES stormwater program was initiated in 1999 and focused on smaller municipalities.
New development and redevelopment were now mandated to include stormwater best
management practices (BMPs) (EPA, 2000). In a 2008 report, the National Research
Council (NRC) recommended changes to the prevailing approach of stormwater pollutant
discharge regulation, viz. a focus on flow volume as a metric or the use of impervious
cover extent as a proxy for stormwater pollutants. The traditional approach revolved
around individual chemical pollutant discharges, which is expensive to administer and
relies on self-reporting.

Nonpoint pollution sources (as opposed to the point sources noted above), such as
stormwater runoff, are now also considered a major cause of water quality impairment in
the U.S. (EPA, 1993; Carpenter et al., 1998). As urbanization continues to increase,
effective stormwater management has become integral to healthy rivers and the
availability of clean water resources. Stormwater runoff ultimately transports sediment
and pollutants from smaller watersheds to larger ones, such as that of the Chesapeake
Bay, where the study sites for this project are located.

The Chesapeake Bay watershed — impacts of changing land use on water quality

Approximately 320 km in length, the Chesapeake Bay (CB) (Figure I-2) is the
largest estuary in the U.S. and holds both commercial and recreational value. The
Chesapeake Bay Watershed (CBW) covers approximately 166,000 square kilometers

(64,000 square miles) and includes parts of Delaware, Maryland, New York,



Pennsylvania, Virginia, and West Virginia, as well as the entire District of Columbia

(Chesapeake Bay Program, n.d.).
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Figure I-2 The Chesapeake Bay and its watershed

Source: Chesapeake Bay Foundation (2008)
Retrieved from https://www.cbf.org/about-the-bay/maps/geography/chesapeake-bay-watershed.html

Deforestation in the Bay followed the initial arrival of European settlers in the

18™ century and continued population expansion in the area. By the end of the 18"



century approximately 50% of the land was already under cultivation (Brush, 1984).
Population growth and urbanization intensified after the second World War and by the
early 1980s it was estimated that the percentage of land under urban and residential use
had almost doubled since 1950 (EPA, 1983). Across the CBW, 23% of the land is used
for agriculture, approximately 12% is developed/urbanized, and the remaining land is
forested (Chesapeake Bay Foundation, 2020).

Extensive deforestation and mechanized agriculture methods led to increased
river discharge and sediment loss which accumulated in CBW tributaries (Cooper, 1995;
Langland & Cronin, 2003). Water quality declined from point sources of pollution, such
as sewage and industrial discharges, and was further exacerbated by non-point sources of
nutrients such as fertilizer application, increasing inputs of human and animal wastes, as
well as atmospheric inputs of N and P (Cooper, 1995; Harding & Perry, 1997). This
resulted in nutrient-rich stormwater runoff.

Excess sediment in stormwater runoff can reduce water clarity in receiving water
bodies. Submerged aquatic vegetation, as well as important biological resources such as
fish and shellfish, are negatively impacted by reduced light attenuation (Langland &
Cronin, 2003). In addition, toxic contaminants and nutrients such as P have an affinity to
adsorb to sediment particles. Sediment thus becomes another source of pollution.

High levels of nutrients in runoff entering the Bay enhance the growth of algal
communities (Kemp et al., 2005). Eutrophication is an increase in the rate of supply of
organic matter following nutrient loading (Breitburg et al., 2009). While algal blooms can

be both toxic and aesthetically unappealing, they can also result in a loss of oxygen to



bottom waters as organic matter sinks and is decomposed by bacteria. The situation is
compounded by the clouding out of photosynthetic light by the blooms themselves, as
well as suspended sediment concentrations, which prevent replenishment of oxygen
levels to shallow “bottom” waters (Boesch et al., 2001).

Freshwater inputs into the Bay also result in strong seasonal stratification which
limits oxygenation of bottom waters (Kemp et al., 2005). Benthic sediment core analysis
has indicated a long history of periodic hypoxic conditions in the Bay (Cooper & Brush,
1993). Environmental variables that increase stratification in the water column, such as
rainfall and snowmelt, can play a role in hypoxic (< 2 mg oxygen per liter) and anoxic
(zero mg of oxygen per liter) conditions (Cooper & Brush, 1993), but it is excess
nutrients that encourage growth in phytoplankton (Cooper & Brush, 1993; Harding &
Perry, 1997; Kemp et al., 2005). Declining oyster levels (filter feeders) in the CB have
also negatively impacted the ecosystem’s ability to combat eutrophication naturally
(Baird & Ulanowicz, 1989) and by the last quarter of the 20" century, much of the Bay’s
ecosystem had been degraded (Boesch et al., 2001).

Water quality in the CBW had thus been declining for decades. Much of the
research in the CBW during most of the 20th century was directed towards aspects such
as fisheries overharvesting, industrial pollution, and toxins entering the water, with less
emphasis on the effects of eutrophication. Tropical Storm Agnes in 1972 resulted in
record flooding across the entire watershed and a large influx of fresh water to the Bay.
This brought attention to the fact that the CB was an estuary. As such, land use in the

watershed would have a strong influence on water quality (Boesch et al., 2001). A



congressionally-funded study in the late 1970s analyzed the Bay’s increasing loss of
wildlife and aquatic resources, and identified excess nutrient pollution as the primary
source of degradation. The Chesapeake Bay Program (CBP) was started in 1983 to
restore the Bay (CBP, n.d.).

Stormwater legislation in the Chesapeake Bay watershed

The CBP involves a co-operative partnership between the EPA and the Bay
watershed states of Pennsylvania, Virginia, Maryland, the District of Columbia,
Delaware, New York, and West Virginia (the last three joined in 2002). Its aim is to
address water quality issues in the Bay (NRC, 2011), including a focus on significant
reductions of nutrient (N and P) and sediment inputs. By the late 1980s stormwater
pollutant loads became a critical threat to coastal bays (Powledge, 2005) particularly
from increased annual loads of nutrients that were being transported into the Bay. In
1987, signatories agreed to an overall goal of a 40 percent reduction in their nutrient
inputs (Harding & Perry, 1997), although the approach to achieve this was not clarified at
the time. Per a 1992 amendment, nutrients entering the water system would also be
addressed in upstream tributaries (CBP, n.d.). The Chesapeake 2000 agreement
established goals to restore the Bay, including land conservation, forest buffer restoration,
and a reduction in nutrient pollution. Shorter-term, two-year deadlines, called milestones,
were also created (CBP, n.d.). A major goal was to have the Bay and its tributaries
removed from the Clean Water Act’s list of impaired water bodies (Boesch et al., 2001).
It had been listed as such in the year 2000 due to excess levels of nutrients and sediment

(Langland & Cronin, 2003).



Executive Order 13508 of 2009 declared the CB a “National Treasure” and urged
ongoing commitment to the improvement of its water quality and overall ecosystem
health. A Total Daily Maximum Load (TMDL) was established by the EPA in 2010 to
limit the maximum annual amount of N, P, and sediment from nonpoint and point sources
in order to achieve water quality standards that would fully support aquatic life. The goal
is to have the necessary pollution control measures to fully restore the Bay and its tidal
rivers in place by the year 2025. These reductions would require a 25% reduction in N
loading, a 24% reduction in P loading, and a 20% reduction in sediment loading per
annum (EPA, 2010). Watershed Implementation Plans were created by each of the seven
Bay jurisdictions and coordinated among federal, state, and local governments. More
recent cooperation includes the June 16, 2014 Chesapeake Bay Watershed Agreement,
which aims to accelerate restoration and includes suggestions from citizens, academic
institutions, and other stakeholders (CBP, n.d).

While controlling suburban development could potentially reduce nutrient inputs
into the Bay, human population continues to grow in the watershed, along with an
accompanying increase in urbanized land cover. Forested and agricultural lands have
been developed at a rate two to three times that of population growth. The result is an
increase in raw sewage output, as well as overall pollution in the form of vehicle
emissions, power generation, and fertilizer use (Boesch et al., 2001). These all contribute
to additional nutrient inputs into the CB. In 2017, pollution loads into the Bay were

120,000 tons of nitrogen, 6,350 tons of phosphorus, and 2,165,130 tons of sediment

10



(Chesapeake Progress, 2020). Engineered stormwater control structures can be used to
address runoff concerns and the technology is discussed in the following sections.

Engineered solutions to manage stormwater runoff

Conventional urban stormwater drainage systems typically route runoff directly to
water bodies such as streams and rivers, which can lead to the changes in hydrology and
nutrient inputs noted above (Roy et al., 2008). Another term that is sometimes used is
“grey infrastructure”. This can be considered the traditional way of managing
stormwater, where infrastructure is primarily designed to collect and move stormwater
away from urban and residential environments as quickly as possible for flood protection.
It includes gutters, storm drains, and pipe delivery systems that ultimately discharge the
untreated water into a body of water. Centralized detention ponds, for example, became
standard in the 1970s as a way to reduce peak stormflow (Bhaskar et al., 2016). In
traditional stormwater management, there is little concern for erosion damage caused off-
site due to accelerated flow, sediment deposition, or water quality (Livingston &
McCarron, 1992).

An alternative stormwater management approach is to treat the water where it
falls. This approach can slow discharge to the stream and potentially reduce changes to
downstream water quality and stream geomorphology (Burns et al., 2011). There are
three basic mechanisms to treat urban runoff: infiltration, filtration, and detention.
Infiltration practices allow water to percolate through soils in an effort to remove
pollutants by filtration and biological action (Nieber et al., 2014; EPA,1993).

Bioretention cells have been found to offer good volume control with an average mean
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retention of 65% (Driscoll et al., 2015). These practices also include grassy swales and
sand filters, which use vegetation or sand to filter pollutants and protect groundwater.
After passing through the filtration media, the treated water can be routed to streams and
other waterbodies or percolated into the groundwater. Detention practices such as dry
ponds control runoff temporarily, while allowing suspended solids and pollutants to
settle. These practices can also control discharge velocities, while their vegetation
provides wildlife habitat (EPA, 1993).
Stormwater management terminology

There are various ways to implement this type of stormwater runoff reduction, but
different terms are often used to describe the same process or terms may be used
interchangeably. As an example, the concept of managing urban stormwater runoff is also
known as “urban drainage management” (Fletcher et al., 2015). Low impact
development (LID) is an ecological engineering approach that attempts to limit the
negative impacts of urbanization on water quality and hydrology. The EPA describes LID
as “systems and practices that use or mimic natural processes that result in the
infiltration, evapotranspiration or use of stormwater in order to protect water quality and
associated aquatic habitat” (EPA, n.d.). One aspect of LID involves the use of small-
scale (site-specific) hydrologic controls, integrated with onsite pollutant treatment. The
ultimate goal is to mimic or maintain the pre-development hydrologic regime by
encouraging infiltration, using designs that encourage a more nature-based approach (Liu
et al., 2014). LID treatment devices are located at or near the source of the runoff and

include stormwater (SW) BMPs such as bioretention systems and grassed swales
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(Rushton, 2001). The original interpretation of LID has expanded to include many
practices that treat stormwater and have a specific purpose and benefit associated with
them.

The term Green Infrastructure (GI) is, however, often used interchangeably with
the terms BMP or LID (Fletcher et al., 2015). BMP has been used to describe an
approach to prevent pollution and can include non-structural practices such as
minimizing the use of chemical fertilizers, as well as structural approaches such as the
engineered stormwater detention devices noted above (Fletcher et al., 2015). The EPA
refers to sustainable solutions to stormwater management and includes the terms GI and
LID (EPA, 2015).

These terms generally indicate practices whose goal is to reduce runoff and
improve water quality in order to maintain natural hydrologic cycles and prevent
downstream water pollution, as well as flooding and erosion. The terms stormwater
management practices or stormwater control measures are also used, as is water sensitive
urban design or WSUD. WSUD is particularly focused on controlling runoff at its source,
with a combination of a reduction in impervious cover and increased infiltration. These
techniques are thought to be more effective at protecting downstream ecosystems than
conveyance and detention methods (Roy et al. 2008).

GI has a potentially broader scope and includes stormwater management,
although it can be used to promote something as simple as a network of green spaces to
potentially maximize ecosystem services. The EPA defines GI as: “a cost-effective,

resilient approach to managing wet weather impacts that provides many community
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benefits” (EPA, n.d.?). The Clean Water Act states that GI is “...the range of measures
that use plant or soil systems, permeable pavement or other permeable surfaces or
substrates, stormwater harvest and reuse, or landscaping to store, infiltrate, or
evapotranspirate stormwater and reduce flows to sewer systems or to surface waters."
Green stormwater infrastructure is designed to manage rainwater where it falls and
potentially treat it (reduce nutrients and suspended sediments) using natural processes
such as vegetation and soils in an attempt to mimic nature (EPA, n.d.?; Fletcher et al.,
2015) and to reduce the polluted stormwater entering sewer systems, primarily using the
process of infiltration (EPA, 2015).

The use of GI techniques includes the placement of LID features on a landscape
in a location that facilitates long-term environmental or sustainability goals. This can
include a network of decentralized stormwater measures such as rain gardens and
permeable pavement that capture and infiltrate rainfall on-site, thus reducing runoff
(Huron River Watershed Council, n.d.; Foster et al., 2011). GI can be used in both
urbanized and developing watersheds (Hogan & Walbridge, 2007; Hogan et al., 2014).

There can be considerable variation in the effectiveness of GI in removing
contaminants in stormwater (Koch et al., 2014; Driscoll et al., 2015). The CBP uses the
following general N removal efficiencies for BMPs, calculated as percent removal of N
using influent and effluent concentrations: wet ponds and wetlands (20%), dry detention,
hydrodynamic structure (5%), dry extended detention (20%); infiltration practices of
swale, porous pavement, infiltration trench, and infiltration basin (70%, 80%, 80%, and

85% respectively); and filtering practices of sand filter, bioretention, and dry well (40%,
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80%, and 85%, respectively) (Bettez & Groffman 2012). Details regarding nutrient and
sediment removal by BMPs in the study area are provided in chapter 2 of this
dissertation.

There are also sediment and erosion control (S&EC) BMPs, such as vegetated
buffer strips and sediment control basins, that are used to capture sediment-laden runoff
during land change activity. A study by Hogan et al. (2014) found that while these
structural measures may mitigate some of the impacts of development on both the
landscape and watershed stream systems, they were unable to preserve pre-development
conditions. In addition, the conversion of S&EC BMPs to SW BMPs as development
concludes could alter stream hydrology.

Stormwater-related terminology has clearly evolved and for the purposes of this
study, it becomes necessary to clearly define the terminology used. The term BMP will
be used to describe the actual infrastructure used at or near the runoff source. GI will
refer to how BMPs are used on the landscape (stormwater management). The BMPs can
be used for hydraulic detention, infiltration, or water quality treatment. Site conditions
such as water table depth and surrounding land use will dictate which types of BMPs are
applicable. Note that the term BMPs can also include management actions such as street
sweeping and septic system maintenance (Hogan, 2008), as well practices used to control
sediment inputs at construction sites (Hogan et al., 2014). The focus of this study is on
SW BMPs, although mention is also made of S&EC BMPs in the study area as part of the

literature review.
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Treatment trains

Stormwater BMPs can be configured to work together in an integrated series
(Bastien et al., 2010; Fletcher et al., 2015) where stormwater flows from one BMP to the
next (treatment trains). This can have an advantage over the use of a single treatment
measure at the runoff source, including enhanced pollutant removal as stormwater moves
along the series of control measures. Bastien et al. (2010) used a hydrological model
coupled with a water quality model to assess different treatment trains. The study
reported significant water quality improvements by using BMPs in series, including a
total suspended solids (TSS) removal of up to 95% (compared to TSS removal of 65%
when using a single regional pond). A literature review study of BMP N removal
performances (Koch et al. 2014) found that ammonium (NH4") removal efficiency
increased along a treatment train. The optimum sizing of treatment trains (number of
connected BMPs), however, continues to be difficult to predict due to the various types of
BMP available, different site conditions, and possible sizing combinations (Jayasooriya et

al., 2016). See Figure I-3 for an example of a treatment train.
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Figure I-3 Treatment train example in Clarksburg, MD

Shown are a detention pond and surface sand filter where stormwater is treated before the residual
stormwater water moves to the stream

But can these SW BMPs provide additional ecosystem services outside of their
planned purpose of stormwater runoff management? As watershed development
continues, is it possible to replace some of the ecosystem services that the natural
environment would have provided if left undeveloped? Answers to these questions are
complicated by the inherent uncertainty of BMP efficiency estimates, in particularly
regarding nutrient reduction (Koch et al., 2014).

Stormwater BMPs and the provision of ecosystem services

The Millennium Ecosystem Assessment (2003) classifies ecosystem services as
the benefits people obtain from ecosystems, to include provisioning (food and fresh
water), regulating (regulation of floods), supporting (nutrient cycling), and cultural

services (recreational). Human well-being is described as being “fully dependent” on the

17



flow of ecosystem services. De Groot et al. (2010) stressed the importance of maintaining
the existence and integrity of natural ecosystems and processes, noting that the indirect
benefits of these systems are often not recognized. This study explores the potential of
SW BMPs to provide the ecosystem function of N cycling and denitrification in
particular.

Stormwater and nitrogen

Nitrogen is a chemical element of great abundance in the Earth’s atmosphere and
is a limiting nutrient for terrestrial and marine ecosystem productivity (Murray et al.,
1989). It can be found in two forms, namely non-reactive N or N2 (which is the
atmospheric form) and reactive N (Nr), which includes inorganic reduced forms such as
ammonia/ammonium (NH3/NH4"), the inorganic oxidized forms such as nitrate, nitrite,
and nitrous oxide (NO3", NO2", and N>O, respectively), as well as organic compounds,
e.g. urea and amino acids. Nr is accumulating in the environment as a result of the
combustion of fossil fuels, the Haber-Bosch process (a N fixing process for the industrial
production of NHj3 for use in fertilizers), and the cultivation of crops that promote
conversion of N2 to organic N through biological N fixation (Galloway et al., 2003).
Once released to the atmosphere, N gaseous compounds undergo transformation,
transportation, and eventually wet and dry deposition (EPA, 2011). Reducing the input of
N and its resultant increase in eutrophic conditions has been identified as a priority for
the management of valuable aquatic resources (Boesch et al., 2001; Kemp et al., 2005).

Nitrogen is also one of the pollutants found in increasing levels in watersheds as

urbanization takes place. The availability and mobility of N have increased globally

18



(Vitousek et al., 1997; Cowling et al., 1998), aided by an increase in nonpoint source
pollution from these urbanizing landscapes. Fossil fuel combustion in urban areas leads
to higher N emissions, which are deposited on impervious surfaces. Fertilizer additions,
septic systems, and sewer leaks can also contribute to N loading in urban areas. In
addition, consequences of the “urban stream syndrome” negatively impact the ability of
riparian zones to act as a NOs3™ “sink” through denitrification due to stream incision and
lower riparian water tables (Bettez & Groffman, 2012).

When the rate of Nr creation outpaces the rate of denitrification (conversion of Nr
to N2), environmental problems can arise. These include the acidification of lakes and
streams (also caused by sulfuric acid deposition), which is accompanied by a loss of
biodiversity (Vitousek et al., 1997), habitat degradation, eutrophication, and hypoxia in
rivers and downstream ecosystems (NRC, 2000; Rabalais, 2002; Howarth et al., 2002;
Ator and Denver, 2015), and an increase in the production of ozone in the troposphere
with associated negative human health impacts (Wolfe & Patz 2002). Denitrification is
clearly an important ecosystem process to offset increasing Nr creation.

Denitrification

Nitrogen cycling in soil can be a decomposition process, an assimilative process,
or a dissimilative process (Levy-Booth et al., 2014). Denitrification is the term used for
the dissimilatory process whereby NO3™ (technically NOy") is reduced to N> gas via the
intermediates nitric oxide (NO) and N>O (Zumft, 1997). It forms the primary biological
mechanism to return fixed N> to the atmosphere from both soil and water. The process is

mediated by a wide variety of microorganisms under anoxic conditions via anaerobic
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respiration. It is estimated that approximately 30% of N applied to agricultural soils as
fertilizer is lost to the atmosphere due to denitrifying bacteria activity (Payne, 1983).

While SW BMPs are generally not designed to provide microbially-facilitated
denitrification per se, they may offer this ecosystem service as an additional benefit.
Denitrification can be encouraged by the intermittent wetting and drying of soils as water
levels inside BMPs fluctuate between storm events. This creates varied oxygen
concentrations (saturated soils have low oxygen levels) within the sediments to allow for
both the aerobic and anaerobic processes needed for N cycling. Decomposition and
nitrification inside BMPs increase the amount of carbon (C) and N available to
denitrifiers (Bettez & Groffman, 2012).

BMPs have shown the potential to increase denitrification, but pollutant removal
can vary by BMP type, as well as season. Some of the variation in BMP N removal can
be explained by the age, size, and location of a specific BMP (Koch et al., 2014). A
change in BMP type could thus potentially increase the amount of N removed (Bettez and
Groffman, 2012). Underground storm filters may be specifically designed for
denitrification but were not sampled in this study due to logistical unavailability.

Summary

The CB has a long history of land-use change and an accompanying increase in
stormwater runoff, eutrophication, and anoxia/hypoxia. Ongoing damage to the Bay
ecosystem has led to the creation of a multi-state program and legislation to mitigate

environmental damage to the CB. Such legislation includes a commitment to the use of
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structural and other types of BMP, which could limit the amount of N entering the Bay
ecosystem.

The study area for this project (Clarksburg, MD) is located in a watershed that
ultimately feeds into the CB and is characterized by increasing urbanization after earlier
forested and agriculture land use. The continued importance of limiting N inputs to the
CB formed the basis of this project. Land use in the study area has changed over the past
few decades to become more urbanized and BMPs have been utilized to address
stormwater runoff. A goal of this project was to identify and compare the bacterial
communities of selected BMP types with a focus on denitrifier communities. As
Clarksburg has a history of agriculture land use, legacy N in the soils can be disturbed by
grading and other land use change activities. This N can then become part of urban runoff
from impervious surface cover and be washed into receiving water bodies. In addition,
urbanized land use contributes other sources of N through for example, fertilizer use,
which also becomes part of stormwater runoff. The impact of soil physiochemical
parameters on the bacterial communities of the sampled BMP types was also to be
assessed. As excess N in this watershed was of concern, an additional goal was to
establish if the bacterial communities in each of these selected BMP types were viable
and potentially capable of denitrification.

Chapter 2 will highlight the study area and projects completed there that have
assessed the impacts of urban stormwater runoff. Chapter 3 will examine different types

of SW BMPs in a Clarksburg, MD watershed and assess their ability to potentially
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provide a denitrification service as a result of soil conditions and resident bacterial

communities. Chapter 4 is a summary of the results presented in this study.
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CHAPTER II: STORMWATER MANAGEMENT IN CLARKSBURG, MD

The conversion of land use across a watershed, for example from forested and
agricultural land use to urban development, can result in various changes to watershed
hydrology such as increases in stormwater runoff and stream discharge, increases in
suspended sediment concentrations, and higher nutrient loadings (nitrogen (N) and
phosphorus (P)) (Leopold, 1968; Paul & Meyer, 2001). Geomorphology alterations are
also possible. These include the deepening and widening of streams (Chin, 2006), and
increases in bankfull area (where the water level is at the top of its banks) and wetted
perimeter (Kang et al., 2006). In addition, the abundance and biodiversity of stream
macroinvertebrates can be impacted which in turn impact and reflect overall stream
health (Groffman et al., 2003; Walsh et al., 2005).

Stormwater control measures or Best Management Practices (BMPs) are used to
mitigate the impacts of development and include various design strategies. BMPs can be
used in landscape areas that require protection in order to reduce flooding potential and
also treat stormwater runoff in order to preserve the integrity of water resources. Soil
samples for the molecular microbiology work that forms the basis of this dissertation
were taken from BMPs in a Clarksburg, MD watershed. Several watersheds in this area
have BMPs on the landscape or in the stream channel. This chapter provides a review of
selected studies on the impact of land use change on watershed hydrology and the use of
state-of-the-art stormwater management in the Clarksburg area to attenuate hydrological

changes.
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Clarksburg, MD Special Protection Area

The Clarksburg Special Protection Area (CSPA) is located in Montgomery
County, MD on the outskirts of the Washington, D.C. metropolitan complex and is
undergoing rapid development. A SPA is an area where “(1) existing water resources, or
other environmental features directly relating to those water resources are of high quality
or unusually sensitive; and (2) proposed land uses would threaten the quality or
preservation of those resources or features in the absence of special water quality
protection measures which are closely coordinated with appropriate land use controls”
(Montgomery County Department of Environmental Protection (MCDEP), 2011). The
vulnerability of healthy stream systems in the Clarksburg area resulted in the region
being designated a SPA in 1994, prior to the commencement of development. There are
several watersheds within the CSPA and surrounding area (Figure II-1) including

Tributary 104 (TR104), the field site for this dissertation.
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Land use change and impervious cover in the CSPA

Land-use change in the CSPA, from predominantly agricultural to urban and
suburban, has resulted in stream flow and hydrology alterations, as well as changes in
sediment loads, stream channel geomorphology, and stream habitat (Hogan et al., 2014).
TR104 and Tributary 109 (TR109) have been converted to urban development from
predominantly agricultural and forested land cover. TR104 was developed between
2004/2005 and 2010, while development in TR109 began in 2006 and proceeded more
slowly, partly due to an economic downturn from 2007 to 2009. Various studies have
noted land use change in TR104 over the development process, including a decrease in
agriculture and forested areas as urban development expanded. These changes are

detailed below (Table II-1).

Table II-1 Land use change in Tributary 104 (TR104)

Land use type | Reporting Period % Change Source

Urbanized 1998-2010 11% to 74% Hogan et al., 2014
Agriculture 1998-2010 47% to 2% Hogan et al., 2014
Forested 1998-2010 42% to 19% Hogan et al., 2014
Vegetation 2004-2014 95% to 68% Bhaskar et al., 2016

Just outside the boundary of the CSPA lie the Crystal Rock (CR) and Soper

Branch (SB) watersheds. CR is a developed, urban watershed that underwent a change
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from agricultural to suburban land use between 1977 and 2002, when agriculture land use
declined dramatically. SB also has a history of agriculture but began reverting to forest in
the 1960s (Hopkins et al., 2017). The SB watershed has been used as a control site for
comparisons with CSPA urban watersheds for stormwater runoff and water quality
studies (Bhaskar et al., 2016; Hogan et al., 2014; Hopkins et al., 2017; Loperfido et al.,
2014).

Differences in land use prior to urbanization can impact how watersheds respond
to precipitation events (Rhea et al., 2015). CR and TR104 have been directly compared as
they have relatively similar drainage area, land cover, precipitation patterns, and geology.
They are also located close to each other spatially. A tributary of Difficult Run (DR) was
used by Loperfido et al. (2014) as a comparison to the Clarksburg watersheds. DR is a
Virginia watershed with centralized stormwater management, located approximately 31
km south of Clarksburg. Note that the focus of this chapter is on the TR104, TR109, CR,
and SB watersheds.

There are also differences in impervious surface cover among the watersheds.
Impervious cover prevents precipitation infiltration and can impact ground water, stream
flow, and water quality. Impervious cover can also increase runoff volume and intensity.
Other negative impacts include surface soil erosion along with sediment deposition, an
increase in pollutant transport to receiving water bodies which can lead to eutrophication,
and a loss of biodiversity (Leopold, 1968; Arnold & Gibbons, 1996; Paul & Meyer, 2001;

Walsh et al., 2005; Bettez & Groffman 2012). These conditions have collectively been
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termed “the urban stream syndrome” (Walsh et al., 2005). Table II-2 provides relevant

details of differences among the selected watersheds.

Table I1-2 Land use land cover (LULC) in the watersheds noted in this literature review

2Hopkins et al., 2017

b Loperfido et al., 2014. Used DR as a comparison to the Clarksburg watersheds

¢ Estimates taken from Hogan et al., 2014

Note that LULC has been updated in subsequent papers based on changing conditions and available technology

Watershed TR104 | TR109 | CR SB DR

% Impervious Cover | 30% 29% 39% 3% ®14%

% Forested 22% ©24% 5% 85% | °57%
% Agriculture 2% “47% 0% 29% °0%
Watershed area (km?) | #1.2 0.9 3.1 3 4 57.02

The study watersheds are all located in the Piedmont physiographic province
which has groundwater ages from 0 to 34 years (Phillips et al., 1999). Rock is crystalline
bedrock where saprolite overlies phyllite-slate (Dicken et al., 2008). SB, TR104, and CR
soils are predominantly silt loam and loam with low infiltration rates and moderately high
runoff potential when wet (Hydrologic Group C), while TR109 soils are loam and silt
loam (Hydrologic Group B) (U.S. Department of Agriculture, 1999).

The MCDEP requires the use of the best available water quality protection
measures both during and following development in order to protect area streams. This

includes the use of both sediment and erosion control (S&EC) BMPs during
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development, as well as stormwater (SW) BMPs that exceed minimum requirements post
development (MCDEP, 2011).

Sediment and erosion control BMPs

S&EC BMPs are engineered structures that can be used to help control
stormwater runoff in developing watersheds. High sediment loads in stormwater (above
100 mg/L) are more likely in the early stages of development. S&EC BMPs focus on
limiting developing watershed sediment losses and erosion following soil disturbances
(EPA, 1993) and aim to attenuate stormwater runoff via stormwater retention and the
settling of sediment (Hogan et al., 2014).

Sediment control basins in the CSPA (TR104 and TR109) were deliberately
oversized to exceed minimum requirements and forebays were also added in an attempt
to accommodate expected changes to the local geomorphology with the accompanying
sediment generation. Redundant cells have been found to be effective in decreasing
sediment loadings, as well as for reducing stormwater runoff (MCDEP, 2010). The CSPA
basins exhibited high total suspended solids (TSS) trap efficiencies (Hogan et al., 2014).
Median efficacy removal of TSS was 73.4% for concentrations above 100 mg/L.
Concentrations below 100 mg/L had higher variability in removal efficacy (MCDEP,
2010).

Despite these measures however, the watersheds experienced stream sediment
deposition and changes to geomorphology (Hogan et al., 2014). While the S&EC BMPs
functioned as designed (MCDEP, 2011) they were unable to preserve pre-development

conditions in either TR104 or TR109 (Hogan et al., 2014).
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Stormwater BMPs

Stormwater BMPs such as bioretention facilities, dry ponds, and surface sand
filters are intended to perform various functions post-development, including the
infiltration, treatment, and retention of stormwater (EPA, 1993). These structures were
traditionally applied to the landscape with the goal of efficient stormwater removal away
from property to nearby streams. CR stormwater management follows this traditional
(centralized) approach. Most of the stormwater in CR is routed directly to the receiving
stream or is discharged to riparian zones (Loperfido et al., 2014). Water quality BMPs
treat the first flush or runoff from 90% of the average annual precipitation (MDE, 2000)
and peak discharge rates are attenuated by restricting effluent from BMP outlet pipes
(Loperfido et al., 2014).

More recent stormwater management in the CSPA focuses on intercepting
rainfall where it falls, with BMPs placed in series (using treatment trains) and distributed
across the landscape. The BMPs in TR104 were designed to prevent the 10-year, 24-hour,
storm peak discharge rate from exceeding the pre-development peak discharge rate
(MDE, 2000). Twenty-five percent of the impervious cover in TR104 drains to
infiltration BMPs (Bhaskar et al., 2016). BMPs such as oil/grit separators and
underground storm filters have a water quality function and were designed to capture and
treat the first flush (MDE, 2000). Note that BMPs in both CR and TR104 receive
stormwater runoff via traditional curb and gutter systems, along with storm sewer pipes.
Both watersheds also have 100-year event maximum flood control design standards for

BMPs (Loperfido et al., 2014).
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Most of the BMPs in TR104 form part of seven treatment trains, where individual
BMPs are connected in a series designed to offer the combined benefits of detention,
infiltration, and/or water-quality treatment. Stormwater thus flows from one BMP to the
next, infiltrating or being treated along the way, until whatever is left makes its way to
the receiving water body. Treatment trains terminate at a dry detention pond, which
drains within 24 hours. Impervious surface runoff in TR104 is treated by at least one
BMP before being discharged to a stream (Hopkins et al., 2017).

Each treatment train in TR104 has an average of 16 stormwater BMPs and this
distributed design was found to provide substantial hydrologic improvements (Loperfido
et al., 2014). These are discussed in more detail in the following sections.

Impacts of urbanization on watersheds with different types of stormwater

management

Urbanization in the Clarksburg area has resulted in multiple impacts to local water
bodies including altered hydrology, stream channel geomorphology changes, alterations
to stream macroinvertebrate communities, and increases in nutrient loads.

Hydrology

Land use change can impact overland flow and alter stream base flow. Different
types of stormwater management can also impact watershed hydrology. Rhea et al.

(2015) conducted a modeling study to evaluate the influence of land use change and
stormwater control measures on the relationship between precipitation and stream
discharge across five watersheds in the Clarksburg area. While the results of this study

indicated varied discharge volumes across the watersheds as well as the impact of
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seasonality, land use change (in particular associated construction grading) was found to
be a statistically significant predictor of the precipitation-stream discharge ratio. In
another study, the presence and interconnectivity of impervious cover in the Clarksburg
area was also found to contribute to an increase in total runoff volume and the proportion
of runoff that occurs as baseflow (Loperfido et al., 2014). Even partially-connected
impervious cover can contribute to increased stormflow, higher runoff volumes, as well
as higher maximum discharge during precipitation events.

Several watersheds in the Clarksburg area were investigated and compared in
various studies as regards hydrological responses to urbanization. These are reviewed
below.

Watershed comparison studies

Studies were done by Hogan et al., 2014, Loperfido et al., 2014, Baskhar et al.,
2016, and Hopkins et al., 2017. All compared Clarksburg watersheds with different land
uses and stormwater management (in the case of CR and TR104). There is a focus on
TR104 in this review, as the field study site for this project is located in TR104. Note that
the Hogan et al. study (2014) investigated the effects of S&EC BMPs, while the other
studies focused on SW BMPs.

Tributary 104 (TR104)

TR104 has distributed BMPs which are also more numerous than the BMPs in CR
(with centralized stormwater design). S&EC BMPs used during development were
eventually replaced with SW BMPs once development was completed. There was a

significant increase in baseflow during and after development in TR104 (Hogan et al.,
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2014; Lopertfido et al., 2014; Bhaskar et al., 2016) and a higher baseflow index (BFI) in
TR104 than in CR. BFI is the volumetric ratio of baseflow to total runoff volume
(Loperfido et al., 2014). This was likely the result of the installation of infiltration BMPs
in TR104 as they came online towards the end of development. Bhaskar et al. (2016)
argued that if the broad goal of low impact development (LID) is to maintain pre-
development hydrological conditions including water balance, then infiltration BMPs
with the resultant increase in base flow and stormflow, could not be seen as fully
achieving this goal.

There could also have been an effect of reduced evapotranspiration (ET) from
general loss of tree canopy cover as development increased (Bhaskar et al., 2016),
although Loperfido et al. (2014) indicated some remaining ET effect (lower maximum
discharge) in summer due to a more developed riparian canopy. Infiltration BMPs have
been associated with an increase in base flow, which means less precipitation may remain
available for ET. Post-development, seasonal effects in TR104 ultimately became similar
to those found in CR and base flow recession became more gradual (Bhaskar et al.,
2016). This is consistent with urbanization processes that reduce ET (Barron, et al., 2013;
Bhaskar & Welty, 2012).

As TR104 continued to develop to a higher degree of impervious cover,
stormflow increased despite the presence of S&EC BMPs and monthly discharge
increased until total discharge volumes became more similar to those in CR (Hogan et al.,
2014). Yet in a paired storm event study, Hopkins et al. (2017) reported 73% less

precipitation event runoff (total runoff yield) from TR104 than for CR, potentially
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indicating different stream responses from watersheds with different stormwater
management designs for individual precipitation events.
Tributary 109 (TR109)

This developed watershed was used as a comparison watershed in the Hogan et al.
study (2014) which investigated the impact of S&EC BMPs on area streams. It was also
included in the Jones et al. study (2014) which compared geomorphology changes in two
urbanizing watersheds in the Clarksburg area. TR109 has a land use history of forest and
agriculture practices. The Jones et al. study concluded that, much like in TR104,
urbanization resulted in alterations to the landscape topography. This, combined with
increased impervious cover, resulted in hydrological changes to watershed streams. The
Hogan et al. study (2014) found a similar result in that S& EC BMPs were unable to
prevent soil disturbance generated during development from becoming stream sediment
deposition.

Crystal Rock (CR)

This watershed has centralized (traditional design) SW BMPs and the highest
level of impervious cover among the studied watersheds. When compared to the other
watersheds (normalized to watershed area) CR had the greatest total stream discharge,
greater stormflow, and the lowest BFI (Hogan et al., 2014; Loperfido et al., 2014). The
Loperfido et al. study (2014) however, indicated that during that particular study
observation period, CR had a lower total runoff ratio than TR104, possibly due to

evaporation from retention wet ponds in the former. There were also several large
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precipitation events during that time and centralized BMPs may offer better management
of these events. This is discussed further below.
Soper Branch (SB)

This forested watershed had a lower BFI than TR104 according to the reviewed
studies (Loperfido et al., 2014; Hopkins et al., 2017). Infiltration BMPs in TR104 and
more ET in SB during dry summer months could result in these observations. In the wet
winter months, SB had significantly greater baseflow than in the developed CR
(Loperfido et al., 2014) due to reduced ET from a smaller tree canopy and continued
infiltration through pervious surfaces. The large amount of forested land cover also
resulted in less runoff export (almost three times less runoff export than fromTR104)
(Hopkins et al., 2017).

Difficult Run tributary (DR)

This forested watershed was included in the Loperfido et al. (2014) study and
exhibited low total runoff due to limited impervious cover. DR impervious cover was
however, directly connected and associated with a low BFI. Like the other forested
watershed (SB), there was a decrease in baseflow by the end of summer likely due to the
effect of ET (Loperfido et al., 2014).

Overall, runoff volumes from the forested watersheds (SB/DR) were lower than in
the developed/urbanized watersheds (TR104/CR). Stormflows were also lower, there was
lower total flow, and significantly lower maximum discharge during summertime

individual precipitation events (Loperfido, et al., 2014). Less baseflow runoff in these
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forested watersheds could be attributed to greater ET and tree canopy interception of
rainfall, as a result of differences in land use.

The amount of rainfall per precipitation event was noted in several studies as an
important indicator of how the various watersheds responded and this is discussed in
more detail below.

Impact of precipitation event size on the hydrology of watersheds with different
stormwater management

Precipitation volume was found to dictate event runoff, maximum specific
discharge, and flow duration in both urbanized and forested watersheds (Hopkins et al.,
2017). A greater precipitation amount resulted in an increase in all of these variables in
TR104, CR, as well as SB. There were differences however, between the urbanized
watersheds and the forested SB in that the latter exhibited lower runoff yield, lower
maximum specific discharge, and longer flow duration in small-to-medium sized
precipitation events.

There were also differences between the two urbanized watersheds. Stormflow in
TR104 (and the forested SB) had less runoff and lower maximum discharge than CR for
small rain events of less than 13 mm (Hopkins et al., 2017). Loperfido et al. (2014)
indicated a similar finding, but with a lower threshold of 10 mm. The distributed BMPs
in TR104, many of which are designed to infiltrate and detain stormwater, could
contribute to less runoff from TR104. In addition, TR104 has a higher BMP density
(seven times) than CR (Hopkins et al., 2017), which offers more opportunities for

infiltration.
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Loperfido et al. (2014) indicated that TR104 exhibited greater baseflow, lower
maximum discharge, and more runoff storage during small to medium precipitation
events of approximately 2-27 mm relative to CR, even though the two watersheds had
similar land cover. Once precipitation volume increased past 13 mm the hydrological
impacts of precipitation events in TR104 generally became increasingly similar to those
in CR, especially at the 30 mm mark (Hopkins et al., 2017). At these higher precipitation
amounts TR104 and CR showed similar runoff and maximum specific discharge, both of
which were greater than those measured in the forested SB. CR, however, had the longest
flow duration (Hogan et al., 2014; Hopkins et al., 2017). The BMPs in TR104 were
designed to manage a 25.4 mm event and the Hopkins et al. study (2017) indicated that
while designed to attenuate medium sized events, the distributed BMPs did not mitigate
these events any better than the centralized BMPs found in CR.

Additionally, while TR104 typically had lower maximum specific discharge than
CR for small events, large events resulted in greater maximum specific discharge from
TR104 than from either CR or SB (Hopkins et al., 2017). This could be explained by the
presence of infiltration BMPs in TR104 (60% of the BMPs there are infiltration-based)
which offer a quicker route for runoff once infiltration capacity of the BMP has been
reached (Hopkins et al., 2017).

Regression models indicated that runoff volume increased with precipitation
amount in CR for even the smallest precipitation events (Loperfido et al., 2014). SB and

TR104 regression models indicated storage capacity sufficient to retain runoff from only
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small events of less than 10 mm. Centralized SW BMPs, however, appeared to enable
better hydrologic control of larger precipitation events (> 27 mm).

Regression models, however, intersected at 50 mm total precipitation, indicating
that in large events all watersheds in the study behaved similarly as regards runoft storage
(Loperfido et al., 2014). Large precipitation events of a certain volume thus exceeded the
treatment and infiltration capacity of both centralized and distributed SW BMPs and
runoff from the BMPs was channeled more quickly to local streams. This result could
have been impacted by several larger storms during the Loperfido et al. (2014) study
period, including Tropical Storm Lee (see below).

Overall, distributed stormwater BMPs were better able to exhibit hydrologic
control of small to medium precipitation events. This was likely due to the disconnection
of impervious cover with local streams, as well as the use of detention and infiltration
practices.

The case of a 1000-year event: Tropical Storm Lee

Tropical Storm Lee (9/5/2011-9/8/2011) was a 1000-year precipitation event that
followed a wet August when soils were already heavily saturated. The storm produced
more than 300 mm of rainfall at rates of over 50 mm per hour (weather.gov, 2011).
Among CR, TR104, SB, and DR the watershed with the highest impervious cover (CR)
had a higher cumulative runoff volume, higher runoff ratio, higher maximum peak
discharge, and longer duration high-flow periods (Loperfido et al., 2014). In TR104

however, there was elevated baseflow following stormflow peaks that lasted
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approximately two months. This could again be the result of more infiltration via
distributed SW BMPs.

TR104, SB, and DR had relatively similar runoff volumes and runoff ratios during
the storm. The watershed with distributed BMPs (TR104) had a similar hydrologic
response to the forested watersheds, indicating that distributed stormwater design can
potentially slow stormwater during extreme events (Loperfido et al., 2014).

Stream channel geomorphology

Urbanization can also impact stream channel geomorphology which in turn
impacts sediment generation and watershed hydrology (Wolman, 1967; Chin, 2006;
Leopold, 1968). As TR104 developed, terrain alterations resulted in significant sediment
generation and deposition (Hogan et al., 2014; Jones et al., 2014). In one study, (Jones et
al., 2014) light detection and ranging (LiDAR) technology was used to assess landscape
changes. The resultant Digital Elevation Models (DEMs) indicated ground surface
topography changes over time as cut and fill land surface grading transformed the
landscape. LiDAR data indicated that TR 104 underwent substantial elevation changes
between 2002 and 2008, in particular from 2004 to 2006. Extreme elevation change can
increase the potential for sediment movement (Hogan et al., 2014).

Urban development across both the TR104 and TR109 watersheds led to abrupt
slope changes, substantial modification of overland flowpaths, and more rapid runoff
generation and conveyance (Jones et al., 2014). These can in turn play important roles in
sediment transport and erosion. In Clarksburg, urban development has been associated

with significant geomorphic change, including an increase in surface connectivity which
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can lead to faster runoff and higher storm peaks. Rhea et al. (2015) identified
construction grading activity as a primary predictor of the apportionment of precipitation
to discharge. The impact of land use change can thus be visible on the landscape prior to
hydrologic changes and geomorphic alterations can serve as indicators of future changes
to runoff amount and intensity, as well as changes to water quality in receiving streams.
Stream macroinvertebrates

Altered stream flow and water quality can impact macroinvertebrate diversity and
abundances as these communities are sensitive to such change. Land-use change in the
TR104 watershed had an impact on the stream macroinvertebrate community when
compared to the communities located in SB and TR109 (prior to development in the latter
watershed). The MCDEP rates the benthic condition of streams as poor, fair, good, or
excellent (MCDEP, 2010). Based on this scoring system, from 1998 to 2003 TR104 (pre-
development), TR109, and SB had similar benthic macroinvertebrate scores of good to
excellent. However, only SB and TR109 were able to maintain these ratings to 2010. The
score in CR (monitored from 2004) was poor/fair (Hogan et al., 2014). Once
development began in TR104, scores dropped to fair or poor, although there was a
rebound to a good score in 2005 and again from 2009 to 2010, perhaps due to limited
construction between 2006 and 2008 (Hogan et al., 2014).

The diversity of these benthic communities can reflect overall stream health and
the MCDEP (2010) reported a community structure in TR104 of primarily pollution-
tolerant collectors (a functional feeding group). Healthy streams typically have larger

abundances of the more sensitive shredders. During development in TR104 the pollution-
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intolerant shredders declined from 47% to 11%, while the more tolerant collectors
increased from 32% to 51%, reflecting changes to habitat with ongoing construction
(MCDEP, 2010). Levels of nutrients such as N and P can also have an impact on overall
water quality and impact resident macroinvertebrate communities.
Nutrients

The density of development, as well as the spatial distribution of BMPs
(centralized vs distributed), can influence nutrient delivery processes. Understanding how
these processes are impacted can aid in the development of stormwater management
plans to potentially reduce the impacts of urban runoft.
Nitrogen

Both TR104 and CR have a legacy of agricultural land use, with agricultural
activity in CR terminating in the 1990s, while it continued to be the primary land use in
TR104 until the early 2000s. This can lead to differences in the amount of legacy N in the
soil that flows to groundwater. Baseflow N (measured as NOx) concentrations between
2004 and 2016 were significantly different among TR104 (4.20 mg-N/L), CR (2.23 mg-
N/L), and the forested SB (0.95 mg-N/L). The mean mass nitrate (NO3") export from the
urbanized watersheds of TR104 and CR were also five and three times higher
respectively than from the forested SB (Hopkins et al., 2017). The higher concentrations
in TR104 could be the result of increased connectivity between the stream and
groundwater by way of infiltration BMPs. This allows NOs3™ (highly soluble) movement

from groundwater to surface water.
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Baseflow and groundwater NO3™ concentrations in TR104 have however,
undergone a decline over the course of watershed development, with groundwater
concentrations falling to 3.0 mg/L in 2016 from 6.6 mg/L in 2003 (Hopkins et al., 2017).
Changes in land use to include a decrease in agriculture activity and the associated N
inputs, may explain this trend. There may also have been an initial flushing of legacy N
from the soil after land disturbance during development, which subsided over time. In
addition, as discussed above, urbanizing watersheds can have elevated stream baseflow
when vegetation is removed (reduced ET) and infiltration BMPs are added. This elevated
baseflow in TR104 could dilute N concentrations.

Phosphorus

Phosphorus is considered a pollutant in stormwater runoff. Urbanized watersheds
can contribute anthropogenic sources of P such as fertilizer and sewage leaks and these
sources tend to increase with development. There are also groundwater contributions.
Phosphorus can adhere to sediment particles (particulate phosphorus or PP), be re-
suspended, and mobilized during precipitation events (Dodds & Welch, 2000; Xiao et al.,
2013; Withers & Jarvie, 2008). High sediment levels in stormwater can thus be
accompanied by an increase in P concentrations.

Based on turbidity measurements taken between 2010 and 2012, suspended
sediment and PP export increased with storm event precipitation volume in TR104, CR,
and SB i.e. three watersheds with different land use, impervious cover levels, and
stormwater management (Hopkins et al., 2017). Specific differences between watersheds

were based on precipitation event size, with larger events driving suspended sediment
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and PP trends across all three watersheds. Hopkins et al. (2017) found strong
relationships between precipitation events, maximum specific discharge, and sediment
and PP export.

Overall, small events (typically >13 mm) resulted in less suspended sediment and
PP export from TR104 and SB than from CR. Medium events resulted in more suspended
sediment and PP export, but TR104 still exported slightly less suspended sediment and
PP than CR. Larger precipitation events (typically >30 mm) exported similar amounts of
suspended sediment and PP across all three watersheds (Hopkins et al., 2017). This is
similar to other watersheds in the Piedmont where larger events transport the majority of
the annual sediment load (Aulenbach et al., 2017). Paired watershed comparisons for
individual storms indicated that TR104 exported less sediment than CR for 63% of the
storm events and exported less PP for 60% of paired storm events. SB exported less
sediment than TR104 for 50% of the events, with less PP export for 58% of events
(Hopkins et al., 2017).

Phosphorus can also be found in baseflow and there was an increase in baseflow
orthophosphate concentration in CR between 2004 and 2016. TR104 also had an increase
in baseflow mass export of orthophosphate, potentially indicating similar urbanization
effects to those in CR (Hopkins et al., 2017).

While larger precipitation events were the primary drivers of sediment and P in
the watersheds, distributed BMPs likely played a role in less sediment and P export from

TR104 than from CR with centralized BMPs.
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BMP nutrient removal

Examination of the role that various stormwater management strategies can play
in nutrient removal has led to wide-ranging estimates of SW BMP performance,
including nutrient removal efficiencies (Koch, 2015). These differences can be noticeable
between various types of BMP, as well as at the scale of an individual BMP (Giri et al.,
2012; Strecker et al., 2001). More long-term field data of BMP efficiencies is needed, in
particular data regarding the relationships between nutrient retention and environmental
variables specific to each BMP type. To quantify BMP removal efficiency and examine
the key environmental factors that influence variation in BMP performance Koch et al.
(2015) applied a structured expert judgement (SEJ) method to Clarksburg precipitation
data. SEJ is defined as “a performance-weighted method of expert elicitation” (Koch et
al., 2015). This method can be used to inform management decisions when there is
insufficient empirical data.

SEJ results indicated that total precipitation amount and the volume of water
flowing through a particular BMP were the primary source of efficiency variability for
total N loads. Drainage area to the respective BMP was also considered important, while
antecedent conditions had a modest effect on total N removal efficiencies. Other factors
that can influence BMP efficiency levels included fertilizer use in the area and soil type
(Koch et al., 2015).

Sparkman et al. (2017) developed a model to compare pollutant removal
efficiencies (PREs) in TR104 and CR. GIS was used to accurately identify BMP drainage

areas and sewer networks using established removal values and Monte Carlo analysis.
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The TR104 distributed stormwater management watershed was found to remove more
pollutants than the CR watershed with traditional, centralized stormwater management.
Specifically, 78 kg more N, 3 kg more P, and 1,592 kg more suspended sediment were
removed from TR104 than CR on an annual basis (Sparkman et al., 2017). This indicates
the key role that stormwater management measures can have in reducing nutrient loads
and maintaining water quality.

Conclusion

Development in urbanizing watersheds can result in an increase in stormwater
runoff as a result of a decrease in vegetative cover and an increase in impervious cover.
Stormwater management measures can include various types of BMP, applied in different
ways across the landscape. S&EC BMPs are utilized to limit sediment mobilization from
land disturbances from reaching local steams. These are then replaced after development
by SW BMPs to slow, infiltrate, and/or treat runoff. Several studies have examined the
effect of different stormwater design strategies in the Clarksburg, MD area and there are
marked similarities in the results.

The urbanized watersheds of TR104 and CR exhibited the highest total stormflow
and total runoff volume during precipitation events when compared to the forested
watersheds of SB and DR (Tributary). CR, with the highest level of impervious cover and
traditional BMP infrastructure, had the highest stormflow. SB and DR generally had
lower total flow, stormflow, and runoff volumes, and lower stream responses to
precipitation events, likely due to canopy interception of precipitation, as well as greater

ET in these forested watersheds. The urbanized watersheds also exported more sediment
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and nutrients than the forested watersheds, indicating a link between land use and nutrient
fluxes.

When comparing the effects of distributed BMPs (TR104) to those of
centralized/traditional BMPs (CR), the distributed BMPs exhibited several hydrological
improvements, including less sediment export, the capture of more runoff, and greater
attenuation of stormflow (Loperfido et al., 2014; Hopkins et al., 2017). These
improvements were limited to small to medium precipitation events, with large events
ultimately overwhelming the capacity of both distributed and centralized BMPs. During
these larger events, runoff became similar between TR104 and CR (Hopkins et al., 2017).

In addition, infiltration BMPs (which tend to be featured more heavily in
distributed stormwater BMP design) resulted in an increase in base flow in TR104, which
likely contributed to the similarities in total stream discharge between TR104 and CR for
larger events (Hogan et al., 2014; Loperfido et al., 2014; Bhaskar et al., 2016). Removal
of vegetation and the resultant reduction in ET would also contribute to elevated
baseflow in TR104, but it was ultimately the larger precipitation events that dictated
similarities between watershed hydrological responses.

Land cover differences between study watersheds, in particular the maintenance
of forest cover and limiting of impervious cover, are indicated as master variables in
stream response during precipitation events (Hogan et al., 2014; Loperfido et al., 2014;
Bhaskar et al., 2016). Impervious cover can generate a watershed response in even the
smallest storms. As the climate changes, with the anticipated increase in both the number

and magnitude of large events, the question remains as to whether current stormwater
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BMP design strategies will be able to mitigate urban runoff and reduce sediment and
nutrient export. A model developed by Koch et al. (2015) predicted both an increase in N
loads, as well as more variability in these loads under a projected future climate scenario.
The implementation of larger capacity BMPs could be considered in order to
manage these larger, more intense precipitation events, but available land will likely limit
their installation. The maintenance of vegetative and forested land cover, as well as
limited impervious surface cover could work in conjunction with distributed BMPs to
attenuate increases in urban stormwater runoff. Mitigation measures can, however, have
unintended consequences and result in additional alterations to watershed hydrology, as

evidenced by elevated baseflow in TR104 following the installation of infiltration BMPs.
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CHAPTER III: THE PRESENCE OF DENITRIFIERS IN BACTERIAL
COMMUNITIES OF URBAN STORMWATER BEST MANAGEMENT
PRACTICES (BMPS)

Urbanization is associated with an increase in impervious cover as land use
changes from forest, agriculture, and other forms of more highly vegetated or open land
to residential and commercial development. Impervious surface cover is defined as any
material that prevents water infiltration into the soil (Arnold & Gibbons, 1996) and leads
to an increase in runoff velocity, runoff volume, and peak discharge rate. It is evidenced
by “flashy hydrographs” (Livingston & McCarron, 1992; Paul & Meyer, 2001) and has
become a quantifiable land use indicator that correlates with the adverse effects of
polluted runoff (Arnold & Gibbons, 1996).

Urbanization and stormwater runoff

As watersheds continue to develop, they ultimately become less and less capable
of retaining and infiltrating rainfall and are more vulnerable to flooding (Leopold, 1968;
Paul & Meyer, 2001; Bettez & Groffman, 2012). Increased surface runoff contributes to
erosion of surface soils and can cause changes to stream channels, the erosion of stream
banks, a loss of riparian habitat, and a change in stream biota (Leopold, 1968; Arnold &
Gibbons, 1996; Walsh et al., 2005). In addition, there is an increase in the transport of
pollutants such as heavy metals, nutrients, and road salts into waterways (Arnold &
Gibbons, 1996; Walsh et al., 2005; Bettez & Groffman, 2012). Curb, gutter, and pipe
systems can decrease opportunities for pollutants to be removed biologically by plants

and soil before reaching aquatic ecosystems. Suspended sediments in stormwater runoff
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can increase turbidity in receiving surface waters. This reduces light penetration through
the water column, which can result in decreased submerged vegetation. Excessive
nutrient loading (e.g. nitrogen (N) and phosphorus (P)) can cause stream eutrophication
and a decrease in dissolved oxygen levels (Vitousek et al., 1997; Howarth et al., 2002;
Rabalais, 2002; Wolfe & Patz, 2002; Walsh et al., 2005). Dissolved oxygen levels of <3
mg/L can stress aquatic organisms and levels of <1 mg/L are considered hypoxic and
result in mass mortalities (EPA, 2016). Phosphorus, N, and sediments are associated with
impacts on biological integrity in rivers and streams (Walsh et al., 2005). Intensive
urbanization also has a strong thermal impact on receiving streams as run-off travels
across solar-heated impervious surfaces (Roa-Espinosa et al., 2003). These conditions
have collectively been termed “the urban stream syndrome” (Walsh et al., 2005). The
EPA (2017) lists urban-related stormwater runoff as a major pollutant source.

Nitrogen is a pollutant found in increasing levels in urbanized watersheds, aided
by an increase in nonpoint source pollution from urban landscapes (Carpenter et al.,
1998). Human alterations of the N cycle have contributed to an increase in the rate of N
input into the terrestrial nitrogen cycle (Vitousek et al., 1997). Fossil fuel combustion in
urban areas leads to higher N emissions, which are deposited on impervious surfaces.
Fertilizer additions, septic systems, and sewer leaks can also contribute to N loading in
urban areas (Puckett, 1994; Vitousek et al., 1997; Cowling et al., 1998). Riparian zones
can act as nitrate (NO3") “sinks” by removing waterborne N through denitrification before
it reaches the stream (Bettez & Groffman, 2012). The consequences of “urban stream

syndrome” negatively impact the ability of riparian zones to act as this NO3™ sink as a
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result of stream incision (downcutting into a stream channel) and lowered riparian water
tables (Bettez & Groffman, 2012). According to the National Water Quality Inventory
2017 Report to Congress (EPA, 2017) 41% of U.S. river and stream miles were rated
poor due to excess levels of N. Impervious cover has also been strongly correlated with
bacterial denitrifying community composition in streams where it serves as an indicator
of landscape change and alterations to bacterial community structure following the
sediment and carbon (C) loads that result from increased run-off (Perryman et al., 2011).

The Chesapeake Bay Program (CBP) includes the goal of a significant reduction
in N and P inputs into the Chesapeake Bay (Chesapeake Bay Program, n.d.). A Total
Maximum Daily Load (TMDL) was established by the EPA in 2010 to limit the
maximum amount of N, P, and sediment from nonpoint and point sources into the Bay, to
achieve the water quality standards necessary (in particular the improvement of dissolved
oxygen concentrations) to restore the bay and its tidal rivers by 2025. These reductions
are specifically a 25% reduction in N, a 24% reduction in P, and a 20% reduction in
sediment (EPA, 2010).

Denitrification

Denitrification can remove N from soils and water by reducing it to various
gaseous intermediary products, including N> gas. This is an important ecosystem process
that can potentially offset increasing N fixation and application in urban and agricultural
areas. N applied to agricultural soils as fertilizer can be lost to the atmosphere due to

denitrifying bacteria activity (Payne, 1983).
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Denitrification is an alternative anaerobic respiration process whereby nitrite
(NO?) and NOs3™ are sequentially reduced to N> gas via the intermediates nitric oxide
(NO) and nitrous oxide (N20) (NO3;” = NO” - NO > NO - N) (Zumft, 1997;
Van Spanning et al., 2007). It is the primary biological mechanism to return fixed N to
the atmosphere from both soil and water. The process is mediated by a genetically
diverse group of microorganisms under low O» (oxygen gas) or anaerobic conditions
(Zumft, 1997).

The NO> or NO3™ oxyanions can be transformed to a gas in a dissimilatory
process or converted into ammonia in an assimilatory reduction process (Zumft, 1997).
This study is focused on the former process. The four sequential steps of denitrification
are catalyzed by at least seven different gene clusters (Philippot & Hallin, 2005). Not all
denitrifiers are able to produce all enzymes necessary to complete the entire conversion
to N> gas. Denitrifying systems often consist of several species working together
collectively to complete the process (Sanmugasunderam et al., 1987). Species that
possess all components of the denitrification pathway are able to use denitrification as an
alternate form of respiration under low O> conditions (Correa-Galeote et al., 2013). Soil
microbial denitrifiers have versatile metabolisms (Murray et al., 1989). Many function as
aerobes under aerobic conditions, but when exposed to anaerobic conditions they are able
to use NOs3™ and other inorganic N species such as N>O as alternative terminal electron
acceptors for respiration (Zumtft, 1997). Pseudomonas denitrificans is an example of a

bacterial denitrifier.

65



The enzymes involved in the reduction of NO3™ to N gas are encoded by specific
genes, namely, nar (NO;3™ respiration), nir (NOy™ respiration), nor (NO respiration), and
nos (N2O respiration) (Zumft, 1997). The step that distinguishes so-called “true” or
“complete” denitrifiers from other microorganisms that can respire NO3" is the reduction
to NO from NO;™ (using NO»™ reductase) (Kandeler et al., 2006). Zumft & Kroneck
(2007) consider true denitrifiers to be those organisms that are able to convert a N-oxide
anion into gas. NO>™ reductase can be either a multiheme enzyme (cytochrome cd;) or a
copper-containing enzyme. The genes coding for these enzymes are nirS and nirk
respectively (Zumft, 1997). Both enzyme types are structurally different, yet functionally
similar. NirK has been located in more ecological niches, while nirS is believed to be
more abundant in nature (Coyne et al., 1989; Braker et al., 1998). Pseudomonas
aeruginosa and Pseudomonas stutzeri are examples of bacteria containing the
cytochrome cd; NO»™ reductases; while Achromobacter cycloclastes and Alcaligenes
faecalis contain the copper NO>™ reductases (Coyne et al., 1989). Microorganisms that
carry nirK and nirS genes are believed to be diverse, abundant, and widely distributed.
Denitrification is generally only one of their possible life functions (Wei et al., 2015).

The next step in the denitrification process is when NO is reduced to NoO by NO
reductase. This is done immediately after NO production to limit NO toxicity potential to
cells (Hendriks et al., 2000; Van Spanning et al., 2007). The reduction of N2O to Ny is the
final reaction of the denitrification process and is catalyzed by N>O reductase, encoded
by the nosZ gene (Zumft, 1997), which is missing in many partial denitrifiers (Zumft

1997; Braker et al., 2012). Some denitrifiers can thus reduce NO3™ to N> because they
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possess genes encoding all denitrification reductases. N>O reductase is rapidly inactivated
by O (Stouthamer, 1988). It is also inhibited by sulfide, which can lead to N>O
production as a denitrification end product in environments abundant with sulfide. This
enzyme is absent in numerous denitrifying bacteria that have truncated denitrification
pathways (Zumft, 1997) which results in the release of N2O. N>O is a known greenhouse
gas (far more potent than carbon dioxide (CO»)) that contributes to climate change (Ligi
et al., 2014). Note that small amounts of N,O can be produced by non-denitrifying
organisms, including E. coli, where NO3" is reduced to ammonia (Stouthamer, 1988).
Other gaseous products (NO, N») are released in response to controlling environmental
variables (Braker et al., 2012; Brezinger et al., 2015).

Soil variables influencing microbial denitrification

Studies have indicated that each step of the denitrification process is driven by
various soil variables, including pH, soil moisture, temperature, organic C concentration,
soil texture, NO3™ and O availability (Craswell, 1978; Knowles, 1982; Tiedje et al., 1982;
Groffman & Tiedje, 1989; Murray et al., 1989; Wallenstein et al. 2006; Perryman et al.,
2011). Carbon provides a source of energy for the microbial community and its
availability can influence denitrification and denitrifier abundance (Myrold & Tiedje,
1985; Barrett et al., 2016). Temperature has an impact on denitrification as soil
denitrification rates tend to be higher in a temperature range of approximately 20-35 °C
than in colder temperatures (Pfenning & McMahon, 1997; Braker et al., 2010).

In addition, denitrification can be affected by the presence of water and thus the

availability of O, (Craswell, 1978; de Klein and Van Logtestijn, 1996; Luo et al., 2000).
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In low O; and anaerobic conditions, denitrifiers must also compete with other organisms
that dissimilate NO3™ to ammonium (Tiedje et al., 1982). Soil chemistry can influence
potential denitrification by, for example, producing a robust community of denitrifiers
and modifying their specific activity (Attard et al., 2011).

Engineered solutions to manage stormwater runoff

Stormwater (SW) BMPs are engineered structures that contain various types of
soils, filtration media, and vegetation depending on their designed function. These
functions can include stormwater detention, conveyance, infiltration, and treatment.
Stormwater management objectives that follow low impact development (LID) design
(also termed green infrastructure or GI) include a reduction in peak flows and pollutant
loads in an attempt to mimic or maintain the pre-development hydrologic regime. This is
done by encouraging infiltration using designs that encourage a more nature-based
approach (Liu et al., 2014). LID treatment devices (also known as best management
practices or BMPs) are located at or near the source of the runoff and include bioretention
systems and grassed swales (Rushton, 2001; Fletcher et al., 2014). For the purposes of
this study, the term stormwater BMP will be used to describe the actual infrastructure
used at or near the runoff source. GI will refer to watershed-level stormwater
management.

BMPs sampled in this study were bioretention facilities (BF), dry ponds (DP), and
surface sand filters (SSF). In addition, a single core from one dry swale (DS) was also
taken. An impenetrable layer prevented further sampling of the DS. BFs provide both a

hydraulic control and a water quality function. DPs and DSs are examples of SW BMPs
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that provide hydraulic control. SSFs provide a water quality function. See more detailed
descriptions of sampled BMP types below.

- BFs (Figure III-1A) are similar to rain gardens but have drainage
underneath for the filtration and treatment of stormwater. These
structures are planted with water tolerant grasses, shrubs, and even small
trees. Stormwater fills the basin for a short period of time, before soaking
into the surrounding soil. BFs emphasize infiltration.

- DPs (Figure II1-1B) collect stormwater and hold it temporarily
(detention), allowing pollutants to settle and then releasing water at a
slower rate than it entered the pond. The DPs in this study all have grass
and other water tolerant plants and vegetation on the bottom and sides of
the structure. DPs emphasize the detention and slowing of stormwater
runoff.

- SSFs (Figure II1-1C) are depressions filled with sand and pebbles. They
are designed to filter stormwater through the media to remove pollutants.

- A DS (Figure III-1D) is a grassy open channel that collects and conveys
stormwater, as well as allowing it to filter into the ground (Montgomery

County Department of Environmental Protection (DEP), 2019).
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Figure I1I-1 Images of (A) bioretention facility, (B) dry pond, (C) surface sand filter, and (D) dry swale in
Clarksburg, MD

Stormwater practices and technologies can be configured to work together in an
integrated series (Bastien et al., 2010; Fletcher et al., 2014; Koch et al., 2014), sometimes
known as treatment trains. This can have several advantages over the use of a single BMP
at the runoff source, including potentially enhanced pollutant removal as stormwater
moves along the series of BMPs. There is reduced risk of failure of the entire operation
due to the loss of a single SW BMP. While the effectiveness of BMP treatment train
length (i.e. the number of BMPs in a particular treatment train) was not evaluated in this
study, concentrations of stream nutrients can be impacted by larger numbers of BMPs,
especially when hydrologically connected (Holmes et al., 2016). Bastien et al. (2010)

reported significant water quality improvements by using BMPs in series, including a
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total suspended solids (TSS) removal of up to 95% (compared to TSS removal of 65%
when using a single regional pond).

Stormwater BMPs and denitrification

While SW BMPs are generally not designed to provide microbially-facilitated
denitrification per se, they may offer this ecosystem service as an additional benefit.
Denitrification can be encouraged by the intermittent wetting and drying of soils as water
levels inside BMPs fluctuate between storm events. This creates varied O2 concentrations
(saturated soils have low O levels) within the sediments to allow for both the aerobic and
anaerobic processes needed for N cycling. Decomposition and nitrification inside BMPs
increase the amount of organic C and NOs™ available to denitrifiers (Bettez & Groffman,
2012). Strong positive relationships have been found between soil organic matter content,
soil moisture, and the denitrification potential of surface soils (Groffman & Crawford,
2003). If surface runoff can be routed through urban stormwater BMPs, especially those
with vegetation, it is possible that these areas could function as NO3 sinks by removing
NOs™ from the ecosystem through denitrification (Groffman & Crawford, 2003).

BMPs have demonstrated the ability to remove N, but pollutant removal can vary
by BMP type, as well as season. Some of the variation in BMP total N removal (NH4",
NOs7, and TN) can be explained by the age, size, and location of a specific BMP (Koch et
al., 2014). Small, shallower ponds, for example, were found to be more effective at
removing N than larger, deeper ones BMP (Koch et al., 2014). A change in BMP type

could potentially increase the amount of N removed (Bettez & Groffman, 2012).
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Identification of denitrifiers using the 16S rRNA gene

Microbial DNA (deoxyribonucleic acid) fingerprinting and sequencing are culture
independent methods that are used to understand the genetic diversity of microorganisms
(Riesenfeld et al., 2004). These methods include polymerase chain reaction (PCR) to
amplify segments of DNA using specific primers. Sequencing can then identify
individual members of a bacterial community. Use of the 16S ribosomal RNA (rRNA)
gene is one way to efficiently assess and identify members of an unknown microbial
community. This gene is highly conserved in bacteria, varying far less across
evolutionary history than most genes. It is thus useful for taxonomic identification of
bacteria and phylogenetic studies (Isenbarger et al., 2008).

Denitrifiers are, however, so genetically diverse that they do not necessarily
possess a close phylogenetic relationship. This makes investigation using solely 16S
rRNA genes less suitable for the detection of denitrifiers (Chen et al., 2013). In addition,
using the 16S rRNA provides only limited information on microbial communities and
metabolic groups. DNA-based community analysis is also unable to differentiate between
active, dead, or dormant sources of DNA (Scala and Kerkhof, 1998; Throbéck et al.,
2004; Levy-Booth et al., 2014). Identification using the 16S gene on extracted RNA
(ribonucleic acid) is useful however, because RNA is known to be an indicator of
metabolic activity (Anderson & Parkin, 2006; Anderson et al., 2008; Lu et al., 2009).

Functional denitrification genes

Functional genes have more sequence variation than 16S rRNA genes and can

thus be used as biomarkers to distinguish between even closely-related populations. This
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is especially useful for the functional trait of denitrification as it is not associated with a
specific taxonomic group (Nogales et al., 2002; Throback et al., 2004). As noted above,
the denitrification process involves several enzymes and the genes that encode for them.
For the purposes of this study, nirK, nirS, and nosZ have been selected as the functional
marker genes to investigate. Soil denitrifiers in this study were identified using nirK,
nirS, and nosZ denitrification genes from extracted DNA. Abundances of denitrification
genes have been recognized as indicators of denitrification activity (Hallin et al. 2015)
and the detection of these functional genes has been applied to numerous environmental
studies, including sediments and soils (Rdsch et al. 2002; Braker et al. 2012; Henry et al.
2006). Possession of denitrifying genes however, does not necessarily indicate that these
genes will be expressed in the environment (Wallenstein et al. 2006). Expression can be
related to surrounding soil conditions, for example, denitrification rates have been found
to be high in plant rhizospheres (Hallin et al. 2015).

Given current understanding of N dynamics in BMPs, the aim of this
observational study was to examine the bacterial communities in soils extracted from a
series of selected BMP types to determine if all types sampled were capable of potential
denitrification.

Research questions and hypotheses

Research questions
1. Are different types of BMPs characterized by a different metabolically-

active bacterial community?
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il. Are these bacterial communities influenced by the surrounding soil
chemistry and does this influence differ among BMP types?
Hypotheses
1. Different BMP types have a different bacterial community composition,
including the presence of denitrifiers.
il. There is a relationship between soil chemistry/environmental variables and
bacterial community composition within different BMP types.
1il. Bacterial communities in different BMP types have the potential to
conduct denitrification.
Methods
Study site
Sampling of selected BMPs took place in the Tributary 104 (TR104) watershed in
Clarksburg, MD, located in Montgomery County (Figure I11-2). The watershed is part of
the Clarksburg Special Protection Area (CSPA). TR104 is a tributary of Little Seneca
Creek and is a developed watershed with distributed style BMPs and impervious cover of
35-40%. The BMPs provide hydraulic detention, infiltration, and water quality treatment
of stormwater runoff prior to discharge to riparian zones and local streams. Stormwater
runoff first moves across paved surfaces and then along curb and gutter collection
systems before entering BMP treatment trains, which terminate in detention ponds.
Several standalone BMPs which receive water from the surrounding surfaces were also

sampled.
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Figure I1I-2 Sampling location and BMP sampling sites in Tributary 104 (TR104), Clarksburg, MD

The TR104 watershed has been converted to urban development from
predominantly agricultural and forested land cover. It was developed between 2004 and
2010. Over the course of the development process, agriculture land use declined from
47% to 2%, forested cover declined from 42% to 19%, and urban development increased
from 11% in 1998 to 74% in 2010 (Hogan et al., 2014; Hopkins et al., 2017). During

development, SW BMPs were placed in series across the watershed (in treatment trains),
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with the intention of having stormwater flow from one to the next before emptying into
the stream.

All study sites are located in the Piedmont physiographic province. Bedrock in the
Montgomery County area of the Piedmont is primarily comprised of metamorphic rocks
of the Paleozoic age (U.S. Department of Agriculture, 1995). Typical landscape of the
Piedmont near the study site is rolling surface with gentle slopes, cut by valleys of
increased depth and steeper slope up to several hundred feet (Fenneman, 1938). The
rolling slopes make the land conducive to farming, although this is somewhat countered
by low natural fertility from leached soils. Most of the province is underlain with gneiss,
schist, slate, and granite, with a small percentage of younger, sedimentary rock, such as
sandstone and shale from the Triassic period (Fenneman, 1938; Raitz et al., 1984;
Maryland Department of Natural Resources, 2013).

Soils in the Piedmont are predominantly ultisols (red clay soils), which are highly
weathered soils with clay subsoil horizon. These soils are usually moist, with low base or
acid content, and are most extensive in warm, humid climates that have seasonal
precipitation along with higher evaporation rates, followed by a drier period (Schneider et
al., 1965; Ciolkosz et al., 1989; U.S. Department of Agriculture, 1999). Acid soils of
humid areas tend to develop where moisture is sufficient to reach the water table. Natural
Resources Conservation Service SSURGO (Soil Survey Geographic Database) data
indicate that loam and silt loam soils with moderately low runoff potential when wet

(Hydrologic Group B) tend to dominate the TR104 area.
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Vegetation can be lush, resulting in organic matter decomposition which leads to
acid conditions and leaching. Continued weathering ultimately leads to a higher clay
mineral content (Hunt, 1974). High mean annual root-zone temperatures and the humid
climate result in leaching of plant nutrients for much of the year. Soils are high in
aluminum clays and retain little organic material. They tend to have a red color as a result
of the buildup of iron oxides (Raitz et al., 1984) and were formed by material weathered
from schist and gneiss (U.S. Department of Agriculture, 1995). The sampling area is
prone to thunderstorms in late spring and summer, with Atlantic storms and the
occasional larger tropical storm. The impenetrable shale bedrock and impermeable clay
soils can result in rapid runoff and periodic flooding during these storms, causing
variation in annual discharge (Schneider et al., 1965; Raitz et al., 1984).

Sampling sites

The sampled BMPs are located along treatment trains of varying lengths from 1-
14 BMPs, where stormwater flows from one BMP to the next in series. Twelve BMPs
were selected based on BMP type and sampling access, viz., four BFs, four DPs, and four
SSFs. Three cores were taken at each BMP, one at the inlet, center, and outlet. The aim
was to sample along the water line as stormwater entered the BMP and then moved
across the structure before leaving the BMP at the outlet. While an attempt was made to
sample DSs, this type of BMP was ultimately excluded based on the presence of an
impenetrable layer. A single, partial core (sample number 06) was taken at the outlet of a
DS and the contents processed for soil chemistry and bacterial community composition,

but the data was not included in statistical analysis of the soil physiochemical properties.
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Drainage areas and impervious cover

The BMPs selected for sampling have various drainage areas from which
stormwater drains into the structure. This will impact the amount of stormwater, N, C,
and other constituents entering the BMP. There are also different levels of impervious
cover in the surrounding area of each BMP sampled. This can also impact the amount of
stormwater and nutrients entering a given BMP. See Appendix A for drainage areas and
impervious cover details per BMP sampled.

Depth of sample (15 cm depth by 5.08 cm width) was established based on
studies that indicated reduced denitrification with depth, presumably related to organic C
availability (Castellano-Hinojosa et al., 2018; Luo et al., 1998; Chen et al., 2018). The
summer season was selected for sampling as denitrification activity and temperature have
been demonstrated to be positively correlated (Craswell, 1978; de Klein & Van
Logtestijn, 1996; Pfenning & McMahon, 1997; Luo et al., 1999).
Soil sampling

A soil core sampling kit (AMS) was used to collect a total of 37 samples over
three sampling dates, each of which followed a rain event of >20 mm. Details of
sampling dates and samples are noted in Appendices B and C. Both the soil core sampler
cup and plastic liner insert were rinsed with deionized water (diH20O) and wiped with a
Fisherbrand delicate task wipe between each core sample. A new plastic liner was
cleaned with Ambion RNaseZap™ RNase decontamination wipes and inserted before

sampling each individual BMP (for three cores).
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Cores were placed in pre-labeled Ziploc double zipper two-gallon freezer bags
and thoroughly mixed by massaging along the outside of the bag. Two subsamples were
taken from each bag (core), one for DNA and one for RNA analysis, and placed in 2 ml
Eppendorf tubes. RNase-free disposable gloves (MO BIO Laboratories, Inc.) and
disposable polypropylene spatulas (Fisherbrand) were used for subsampling. The spatulas
were cleaned with RNaseZap™ RNase decontamination wipes. Both the gloves and the
spatula were discarded after collecting three cores from a single BMP. Due to the varied
nature and depth of BMP media, it was not possible to remove identical amounts of soil
from each sample core to place into the Eppendorf tubes. Subsamples for RNA analysis
were fully submerged in approximately 1 ml of RNAlater® which had been previously
added to the tubes. The bags of soil and sealed Eppendorf tubes with sub-samples were
placed in storage containers and stored in coolers filled with ice for transport to the lab.
The Eppendorf tubes were then placed in a -20 °C freezer before transportation to an
ultra-low freezer (-80 °C) two days later.

Soil processing

To assess for known physiochemical drivers of denitrification, sampled soils were
analyzed for pH, NO3™ (measured as NOx i.e. NO; and NO3™ and recorded as mg N/g dry
soil), moisture content, soil texture, organic C, total C (TC), and total N (TN). Each two-
gallon Ziploc bag with soil was weighed and the contents deposited into a plastic pan
where soil was manually composited with gloved hands. Rocks and roots were removed
and placed in a one-quart freezer bag. Soils were ground as needed to break up larger

pieces using a mortar and pestle. Wet soils were then sieved in a No. 10, 2 mm brass
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sieve. Any particles too large to pass through the sieve were placed in the rocks and roots
bag. Soils with high clay content (those from DPs) could not be sieved due to difficulties
getting the soil to pass through the sieve. A camel-hair brush was used to clean the sieve
between individual BMPs after processing all three cores. Rocks and roots bags were also
weighed. One plastic pan was used per core and wiped between samples with a clean
paper towel and Fisherbrand delicate task wipe.

pH was measured in a soil-water slurry. The procedure for each sample was
duplicated and the results averaged (true pH i.e. first a conversion to hydrogen ion
concentration) to obtain a single pH reading per sample. Approximately 10.0 gm of wet,
sieved soil from each sample was placed in a 50 ml centrifuge tube, 20 ml of diH>O was
added and the tube capped and shaken (per Robertson et al., 1999). A pH reading was
taken after a 10-minute wait. An additional 50 ml centrifuge tube containing 20 ml of
diH>O was used as a blank.

To assess for NOx, approximately 3.2 g of sieved soil from each sample was
removed and placed in a 50 ml centrifuge tube. The procedure was duplicated for each
sample. Thirty ml of 1M KCL was added and the tube was vortexed for 15 seconds.
Thirty ml of IM KCL was also added to an empty centrifuge tube and used as a blank.
After an incubation period of 12-24 hours, each centrifuge tube was vortexed for 15
seconds and then centrifuged for six minutes at 500 rpm. Using 45 mm, 0.2 um porosity
syringe filters and a single syringe per BMP, centrifuge tube contents were filtered into
acid washed 30 ml Nalgene wide-mouth bottles. The bottles were then refrigerated. NOx

concentrations of the extracts were determined using an AQ2 Discrete Analyzer (SEAL
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Analytical) within 24 hours. The instrument method uses a cadmium coil reduction,
followed by a sulfanilamide reaction (U.S. EPA, 1993).

Wet, sieved soil was placed in aluminum weighing dishes (two per sampled core),
weighed and placed in a 60° C forced convection oven for 2-3 days until constant weight
to estimate gravimetric moisture content. Dried soil from each core was then placed in
clean one-quart Ziploc bags. Residual wet, sieved soil (one bag per individual BMP, a
combination of all three cores) was placed in a one-quart Ziploc bag and sent off-site for
soil texture analysis using the Bouyoucos method (Bouyoucos, 1927).

Dried soils were ground with a mortar and pestle and analyzed for organic C, TC,
and TN using a Flash 2000 CNH-S organic elemental analyzer (Thermo Scientific). For
organic C measurements, ground soil samples were loaded into silver cups to a carefully-
recorded weight of 6.5 — 9.0 mg. Samples and blanks were acid vapor digested with 5 ml
of hydrochloric acid (HCI) in a desiccator for 24 hours to remove inorganic C, vented in
the hood for two hours, and dried at 60 °C for two hours. Silver cups were then loaded
into tin cups for processing in the instrument. A range of standards was prepared from
0.25 — 2.00 mg using Atropine. Atropine and two U.S. Geological Survey rock standards
viz. MAG-1 (analyzed marine mud) and SCo-1 (analyzed Cody shale) were used as
external checks (standard reference materials/SRMs). Samples were run in duplicate.
Standards and SRMs were not acid digested. Measurement of TC/TN proceeded without
the acid vapor step and samples were loaded directly into tin cups. Once loaded into the
instrument and dropped into the combustion reactor, the tins come into contact with a

highly oxidizing environment in the presence of O2 gas. A strong exothermic reaction
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results and the temperature rises to approximately 1800 °C causing sample combustion.
Organic and inorganic substances are converted into elemental gases (such as CO; and
N»). Eluted gases pass to a thermal conductivity detector that generates electrical signals.
Eager Xperience software processes the signals into N and C percentages
(https://www.pragolab.cz/documents/FLASH2000 brochure 2015.pdf).
Molecular methods
DNA extractions

DNA was extracted from samples using the FastDNA™ Spin Kit for Soil (MP
Biomedicals) according to the manufacturer’s protocol (Appendix D). This extraction kit
uses ceramic beads and silica particles to lyse microbial cells and extract total DNA in
the sample. In summary, a known amount of sample (approximately 250 mg) was placed
in a tube containing a mixture of ceramic and silica particles (Matrix E tubes). Sodium
phosphate buffer and MT buffer (a detergent solution) were added. Microbial cells were
lysed, proteins precipitated, and DNA was bound to a binding matrix before it was
washed with a proprietary salt and ethanol solution. The extracted DNA was eluted to an
appropriate volume using pre-warmed elution buffer from the kit (DES) and was
aliquoted and diluted to 1:10 and 1:100 concentrations to preserve the original DNA
without exposure to repeated freeze-thaw cycles. The DNA extractions were initially
preserved at -20°C and then at -80°C for long-term storage.

The extraction liquid from samples 7 and 24 (Appendix C) was dark in color,
indicating possible humic acid contamination which can inhibit PCR amplification. These

extractions were treated using Microcon DNA Fast Flow Centrifugal Filter Units
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(Millipore) per the manufacturer’s protocol. Sample 24 required two treatments in order
to achieve successful PCR amplification.
PCR amplification for 168 rRNA, nirK, nirS, and nosZ genes

DNA was amplified using an Applied Biosystems™ GeneAmp™ PCR System
9700 thermal cycler (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Approximately 10 ng of DNA was used in a 20 pl reaction for PCR amplification
(Appendices G and H). Applied Biosystems™ AmpliTaq Gold™ DNA Polymerase
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) was used for the
amplification. Universal 16S rRNA bacterial primers 27F and 357R were used for
bacterial identification, while nirK (Flacu and R3cu), nirS (1F and 3R), and nosZ (2F and

R) primers were used to assess the presence of denitrification genes (Table III-1).

Table I1I-1 PCR primers used

Primers Sequence Reference
Universal bacterial
27F 5’-AGAGTTTGATCMTGGCTCAG-3’ Lane, 1991
357R 5’-GCTGCCTCCCGTAGGAGT-3’ Lane, 1991
Denitrification
nirK Flacu 5’-ATCATGGTSCTGCCGCG-3’ Hallin & Lindgren, 1999
nirK R3cu 5’ -GCCTCGATCAGRTTGTGGTT-3’ Hallin & Lindgren, 1999
nirS 1F 5’-CCTA(C/T)TGGCCGCC(A/G)CA(A/G)T-3" | Braker et al., 1998
nirS 3R 5’-GCCGCCGTC(A/G)TG(A/C/G)AGGAA-3" | Braker et al., 1998
nosZ 2F 5’-CGCRACGGCAASAAGGTSMSSGT-3’ Henry et al., 2006
nosZ R 5’-CATGTGCAGNGCRTGGCAGAA-3’ Rosch et al., 2002
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Universal primers 27F and 357R amplify a segment that corresponds with the first
two variable regions of the bacterial 16S rRNA gene and produce a product of
approximately 350 bases. Master mix for the 16S rRNA gene amplification was subjected
to ultraviolet (UV) light (Stratagene Stratalinker®) prior to the addition of primers and
dNTPs (deoxyribonucleotide triphosphate) to eliminate possible bacterial DNA
contamination (especially from the TaqGold enzyme). Escherichia coli (E. coli) DNA
was used as a positive PCR control and no DNA was used as a negative control for all
PCRs.

An extra 0.5 pl of magnesium per sample was needed for the nirK primers (for a
total of 2.5 mM per sample/reaction and a final volume of 3.125 mM). Initially, the nirS
primers worked without the addition of this extra magnesium, but it became noticeable
during efforts to achieve duplicate PCR products that the addition of this extra
magnesium was needed. The decision was then made to increase both the magnesium in
the PCR mastermix, as well as increase the number of cycles from 35 to 40 (see
Appendix I for PCR program details). NosZ primers worked with both 35 and 40
amplification cycles.

Duplicate PCR products were processed for all samples for each denitrification
gene. All were positive, except for sample 22 for which a duplicate PCR product was not
obtained using the nirS primers. PCR products were visualized in 1% agarose gels with
TAE buffer containing ethidium bromide, using a Gel Logic 112 imaging system (using
CareStream software). See gel pictures of PCR results for presence/absence of

denitrification genes in Appendix J.
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RNA extractions

RNA was extracted from samples using the RNeasy® Mini Kit (Qiagen). The
RNeasy® PowerSoil® Total RNA Kit (Qiagen) was used for a few samples on a second
extraction (samples 08, 09, 22, 24), which were not successfully extracted on the first
attempt. Both kits were used according to the manufacturer’s standard protocol (see
Appendix E for RNeasy® Mini Kit protocol). Dilutions were made and transferred to a -
20 °C freezer. Original RNA extractions were maintained in a -80 °C freezer. An
additional DNase (deoxyribonuclease) treatment step was needed after extraction and
RNA was treated with Ambion® (by Life Technologies) DNA-free™ DNase per
standard protocol to remove any residual DNA contamination (Appendix F).

Reverse Transcription PCR (RT-PCR) and amplification (16S rRNA gene)

RNA extractions were subjected to RT-PCR protocols for the creation of
complementary DNA (cDNA) strands using the PTC-200 Peltier Thermal Cycler (MJ
Research). Random hexamers were used as primers for RT-PCR following an attempt to
use the 1492R primer which produced weak product on only a few samples. The
GoScript™ Reverse Transcription kit (Promega), as well as the Invitrogen™
ThermoScript™ RT-PCR System for First-Strand cDNA Synthesis (Thermo Fisher
Scientific) were used. See Appendix K for RT-PCR conditions.

RT-PCR products underwent a standard PCR protocol, along with an RNA
control, to assess product for DNA contamination. Contaminated samples were treated
with Ambion DNase and re-run through the RT-PCR protocol (Appendix F). Primers for

the 16S rRNA gene (27F and 357R) were used for amplification of cDNA and the
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procedure was run on an Applied Biosystems GeneAmp PCR System 9700 Thermal
cycler. E. coli DNA was used as a positive PCR control and no DNA was used as a
negative control for all PCRs. PCR products were visualized on 1% agarose gels
containing ethidium bromide.
LH-PCR fingerprinting

Length Heterogeneity PCR (LH-PCR) is a technique that is used for community
analysis (Ritchie et al., 2000; Moreno et al., 2011). The method exploits differences in
regions of conserved genes, including the 16S rRNA gene in bacteria. The bacterial 16S
rRNA gene is approximately 1500 bases of predominantly conserved sequence in most
bacteria. There are also eight variable regions along the gene sequence. The distribution
of these fragment sizes identifies operational taxonomic units (OTUs) within the
community. Different taxa may contain variations in size and composition of these DNA
fragments and LH-PCR can thus be used to compare communities. Specific taxa are
however, not identified by this method.

A LH-PCR was run using fusion primers for the 16S rRNA gene (27F and 357R).
The forward primer (27F) has an eight-base “barcode”, while the reverse primer (357R)
has an adapter and a FAM (fluorescein amidites) label on the 5-prime end for the
fingerprinting step. Each sample is thus amplified with a unique barcode. Duplicate PCRs
were completed and fingerprinted for verification and quality control (Sikaroodi &
Gillevet, 2012). PCR products were diluted (based on the intensity of product visualized
earlier on 1% agarose gel with ethidium bromide) to a 1:10 to 1:20 ratio with diH20 and

mixed with ILS600 (Internal Lane Standard, Promega Corp.) and HiDi Formamide
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(Applied Biosystems) in a 1:20 ratio. Fingerprint was run on an ABI 3130 XL
Fluorescent Sequencer (Applied BioSystems). Fingerprinting results were analyzed using
Genemapper software v4.1 (Applied BioSystems Inc.). Peak area and height of an OTU
are proportional to OTU abundance and this provides an indication of community
complexity. PCR products were selected based on the fingerprints and pooled. The pool
was purified twice (to ensure elimination of primer dimers and short products) with
Agencourt AMPure solution (Beckman Coulter) in preparation for next-generation (next-
gen) sequencing. The purified product was quantified using a DTX880 Multimode
Fluorescent detector (Beckman Coulter) and the correct concentration was calculated to
use in emulsion PCR.
Next-Gen sequencing

DNA and RNA amplified products were sequenced using lon Torrent (Thermo
Fisher Scientific) technology with a Personal Genome Machine (PGM). The technology
uses a semiconductor chip and an electrochemical detection system that detects hydrogen
ions released by DNA polymerase during sequencing. The purified, pooled samples were
subjected to emulsion PCR and sequenced according to the manufacturers’ kits and
protocols. The four bases of A, T, G, and C are introduced one at a time during
sequencing, alternately flooding the plate. A slight pH shift results from the proton
release at base incorporation, which is detected by a sensor. A customized PERL script
was used to “demultiplex” raw sequence data from each pooled sample and to separate
the sequences into individual samples based on the barcodes used for each sample at

initial PCR.
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Analytical tools
RDPI11 analysis

The Ribosomal Database Project (RDP) provides ribosome-related data services
including analysis, aligned and annotated rRNA sequences. It is a web resource that
offers curated reference sequences of archaeal, fungal, and bacterial rRNAs (Wang et al.,
2007; Cole et al., 2014). Access to this function is embedded in the MBAC (Microbiome
Analysis Center) MetaBiome Portal via a Galaxy-based web browser. The MBAC
MetaBiome Portal uses a database system along with analytical resources and tools,
including sequence clustering and taxonomic analysis (http://mbac.gmu.edu:8080).

RDP11 classification (using 16S rRNA) was executed with a 0.1% and 1%
abundance cut-off. The resultant parsed data and abundance tables were used for analysis
that focused on the genus taxonomic level. Bootstrap values were set at 60% to limit the
inclusion of “other” and “unknown” bacteria. Abundance tables were downloaded and
applied to Multi-Variate Statistical Package (MVSP) software, licensed by Kovach
Computing Services. MVSP performs various ordination and cluster analyses, including
eigen analysis ordinations such as Principle Coordinates Analysis (PCoA), as well as
Canonical Correspondence Analysis (CCA). Both PCoA and CCA were applied to the
data of this study and are discussed in more detail below.

A list of denitrifiers, as well as a list of denitrifiers that specifically possess the
nosZ gene, was compiled using several literature studies (Scala & Kerkhof, 1998; Résch

et al., 2002; Philippot et al., 2007; Zumft & Kdorner, 2007; Zumft & Kroneck, 2007;
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Green et al., 2010; Sanford et al., 2012; Shapleigh, 2013; Saarenheimo et al., 2015; Lycus
et al., 2017) and used to compare with the taxonomy identified in the sampled soils.
PCoA

PCoA uses mapping of the distance or dissimilarities between entities onto the
ordination space. The aim of the analysis is to examine relationships among taxa (the
variance between objects) (Ramette, 2007) without making formal inferences. PCoA has
been used in microbial ecology to study differences between healthy and contaminated
hosts (Chapman et al., 2006). Note that although there is no direct, linear relationship
between objects and variables, object scores and variables can be correlated to evaluate
contribution to the ordination (Ramette, 2007). A PCoA was executed using MVSP
software and used to identify potential clustering of bacterial communities between BMP
types, as well as differences in DNA and RNA between sites. These differences were
further investigated using Linear Discriminant Analysis Effect Size (LEfSe) analysis.
LEfSe analysis

LEfSe is an analysis method that is useful for high-dimensional class
comparisons. It can be used to determine the features (organisms, OTUs, genes, etc.) that
most likely explain differences between classes by predicting which features violate a
null hypothesis of no differences between classes (Segata et al., 2011). The algorithm
identifies the features that are significantly different and then compares those differences.
Linear discriminant analysis (LDA) estimates the effect size of each differentially
abundant feature (Segata et al., 2011). In this study, LEfSe was run through the Galaxy

portal.
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PICRUSt analysis

Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSY) is a bioinformatics software package (Langille et al., 2013). It is used
to predict metagenome functional content from markers such as the 16S rRNA. The
PICRUSt pipeline uses 16S rRNA bacterial and archaeal identifications to estimate gene
families in a community. The pipeline allows for the phylogenetic prediction of organism
traits using a reference database and also corrects for gene copy number by normalizing
OTUs by the operon copy number of both known and predicted OTUs (using the 16S).

PICRUSt has a predictive function and was applied to the data obtained from the
extracted DNA. Sequenced relatives are used as a reference for this type of analysis,
based on the theory that microbial genes are similar among related bacteria and archaea.
Gene content predictions are based on protein-coding genes found in 16S rRNA gene
copy number, while functional predictions (Clusters of Orthologous Groups or COGs) are
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG Orthology).

Each COG consists of a group of proteins that likely links to an ancient conserved
domain. The COG protein database was generated by comparison of both known and
predicted proteins from sequenced microbial genomes. In this study, PICRUSt allowed
for inference of a functional profile of the microbial community based on the 16S rRNA
marker gene. The COG database then provided an output that predicted N cycle proteins
in the community based on functional gene abundances, from which denitrification cycle

proteins were sub-selected.
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cc4a

CCA is a multivariate analysis technique. Ordination axes are linear combinations
of known environmental variables. Community variation can then be directly related to
environmental variation. Points on the output diagram represent species and sites.
Vectors represent environmental variables, with longer vectors indicating greater
correlation with bacterial taxa in the community. The output diagram indicates patterns of
variation in community composition best explained by the included environmental
variables. The approximate “centers” of the species distributions along each
environmental variable are also visualized (Ter Braak, 1986). Note that CCA 1is used for
data visualization in exploratory data analysis, not for making formal inferences. A CCA
was run on both DNA and RNA data sets to determine environmental gradients
impacting the underlying bacterial communities.
Statistical analysis

Kruskal Wallis, run in R, was selected as a non-parametric statistical test for data
that is not normally distributed and does not fit the assumptions for parametric testing
(Leon, 1998). The test assesses whether the medians of two or more groups are different
from each other (null hypothesis is that the medians are equal) and uses the ranks of the
data values instead of actual data points. To investigate further, a Dunn’s test (Dunn,
1964) was run to identify which BMPs were driving any significant differences that were
observed in the Kruskal-Wallis test. The Dunn’s test does have limitations (it is overly

conservative on Type I error and has weak statistical power). Values were adjusted by the
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Holm method to take some of these limitations into account. The literature indicates no
uniformly accepted method for adjustment (Lee & Lee, 2018).
Results
Bacterial communities in bulk soil
DNA and RNA distributions by BMP type

PCoA was applied to the RDP11 abundance tables derived from the 16S rRNA
gene, using the genus taxonomic level, with a 0.1% abundance cutoff. DNA and RNA
data were run together to establish whether there were differences between the two data
sets. The analysis indicated distinct differences in the variance of DNA and RNA data
(Figure II1-3). There was clustering by BMP type in the DNA data set, with some overlap
between BFs and DPs, indicating similar bacterial communities. The single DS had a
community that was somewhat similar to certain BFs and DPs.

There was also some clustering by BMP type in the RNA data, but there was
more variance in this data set. Environmental variables that could be influencing bacterial
activity are discussed in the CCA results below. There was still some overlap between
DPs and BFs indicating similar bacterial communities and the single DS in the RNA data

had a similar community to several DPs.
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Figure I1I-3 PCoA of DNA and RNA data at the RDP11 genus taxonomic level
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A PCoA was also run on the RNA data set (Figure I11-4) to examine the variance of this

data set without the influence of the DNA data.

PCO case scores (Bray Curtis)
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Figure I1I-4 PCoA of RNA data at the RDP11 genus taxonomic level

PCoA of the RNA data indicated clustering by BMP type with some overlap
between BFs and DPs. The single DS sample once again indicated a similar bacterial
community to those of the DPs. Samples from BF 3 were situated on the outside of the
other BF samples, closer to the SSFs. All 3 samples from DP 3 were separated from the
other DP samples. Samples from SSF 4 (in the same treatment train as DP 3) were

situated on the outer edge of the other SSF samples, especially sample 36, which lay at
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the outermost edge of the axis. DP 3 and SSF 4 have a higher degree of drainage area
impervious cover (59-61%) than many of the other BMPs (only BF 3 at 63% has more
impervious cover). This may impact the soil chemistry variables and thus the bacterial
communities in each affected BMP. The impact of these variables on the bacterial
communities is investigated below.
Diversity of soil bacterial communities (Shannon Diversity Index) by BMP type

The sampled soils harbored high bacterial diversity of approximately 1000 genera
and were dominated by the Proteobacteria phylum. Denitrification is a common trait in
members of this phylum (Shapleigh, 2013). (Sequence data submitted to NCBI, SRA
accession PRINA555074, available at https://www.ncbi.nlm.nih.gov/sra/PRJINA555074).
All types of BMP sampled showed a high level of bacterial diversity. Community
diversity was assessed with the Shannon Diversity Index (Spellerberg and Fedor, 2003)
(Figure II1-5) using the RNA data set, with results averaged by BMP type. Results
indicated a similar diversity index value (H) across all BMP types sampled, with SSFs
having the highest value (H of 4.63) and the single DS (not averaged) the lowest value (H

of'4.30). H values for BFs and DPs were 4.55 and 4.32 respectively.
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Figure III-5 Shannon Diversity Index (H) applied to RNA data
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LEfSe

A decision was made to use a 1% abundance cutoff (genus) for the LEfSe analysis
as 0.1% produced graphs that indicated extensive numbers of differences which were
impractical to include. The LEfSe analysis was run to compare the underlying bacterial
communities in the DNA data to those in the RNA data. Additional LEfSe analyses were
run on the RNA data to compare the functionally active communities between BMP
types.

There were a substantial number of differences in the DNA versus RNA LEfSe
output graph (Figure III-6), indicating differences in the data sets. This confirms the
PCoA that identified separate clustering of the DNA and RNA data (Figure I11-3). There
were also differences in each graph when compared by BMP type, indicating differences
between BFs and DPs (Figure I11-7), BFs and SSFs (Figure III-8), and DPs and SSFs
(Figure II1-9). The fewest number of differences were between BFs and DPs (Figure
I11-7), indicating some similarities between bacterial communities in these BMP types.
This also confirms statistical analysis that showed similarities between BFs and DPs for
certain soil physiochemical parameters. The largest number of differences were between
BFs and SSFs, indicating distinct differences between the bacterial communities in these

two types. BFs and DPs were thus more similar than BFs and SSFs or DPs and SSFs.
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Figure I11-6 LEfSe analysis of DNA and RNA data, at the RDP11 genus taxonomic level, with 1% abundance
cutoff

Red color indicates DNA, green color indicates RNA



Genus 1 percent: DP RNA - BF RNA
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Figure I1I-7 LEfSe analysis of bioretention facility (BF) RNA data and dry pond (DP) RNA data, at the RDP11
genus taxonomic level, with 1% abundance cutoff

Red color indicates bioretention facilities, green color indicates dry ponds
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Genus 1 percent: BF RNA - SSF RNA
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Figure I11-8 LEfSe analysis of bioretention facility (BF) RNA data and surface sand filter (SSF) RNA data, at
the RDP11 genus taxonomic level, with 1% abundance cutoff

Red color indicates bioretention facilities, green color indicates surface sand filters
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Genus 1 percent: DP RNA - SSF RNA
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Figure I11-9 LEfSe analysis of dry pond (DP) RNA data and surface sand filter (SSF) RNA data, at the RDP11

genus taxonomic level, with 1% abundance cutoff

Red color indicates dry ponds, green color indicates surface sand filters
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Prediction of denitrification activity

PICRUSt analysis and COGs were used to predict a functional profile from the
16S rRNA data, with a focus on N cycle gene content. Denitrification proteins were then
selected for the figure (Figure I1I-10). The analysis indicated similar denitrification
protein predictions for all BMP types (albeit with different activity levels), including the
SSFs which have a different soil chemistry than the other types (for example, inorganic
media and no vegetation). Several SSF cores had some of the highest relative abundance
counts of denitrification cycle predictive proteins (relative to all the genes of the
community). Overall, the analysis indicated that denitrification proteins would comprise a
stable part of the community and constitute approximately 0.4% of the total system

functionality in each sample.
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Figure 11I-10 PICRUSt and COG analysis of DNA data, indicating predicted proteins related to denitrification cycle activity (relative abundance based on total
COG count)

Analyses are based on 16S rRNA

103



Interestingly, when the individual denitrification protein counts for each sample
were normalized by the total denitrification count, the result indicated that all the
denitrification cycle sub-functions appeared in similar ratios (Figure I1I-11). This could
be the result of various bacteria with truncated pathways conducting different parts of the

denitrification cycle.
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Figure 11I-11 PICRUSt and COG analysis of DNA data, indicating predicted proteins related to denitrification cycle activity (relative abundance based on total
denitrification protein count)

Analyses are based on 16S rRNA
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Known denitrifiers in bulk soil

The 16S rRNA gene was used to identify the bacterial taxa in extracted DNA and
RNA. In addition, several sets of denitrification gene primers (nirK, nirS, and nosZ) were
used to assess the presence of denitrifiers in the BMP soil samples. Duplicate PCRs were
obtained for all samples but one per each gene primer set, indicating that denitrifiers were
identified in all sampled BMPs, irrespective of type. A list of known denitrifiers was
constructed from the literature and compared against the RDP11 genus abundance table
for the RNA data at a 0.1% abundance cutoff to identify known denitrifiers and nosZ
denitrifiers in the soil samples. Other than the most abundant phyla of the Proteobacteria,
additional phyla in the samples included Actinobacteria, Bacteroidetes, Chloroflexi,
Firmicutes, Gemmatimonadetes, and Verrucomicrobia. There were 45 known denitrifier
genera identified in the samples, 21 of which possess the nosZ gene and are thus able to
convert N2O to N> gas and complete the denitrification cycle. Most abundant genera
overall among the general denitrifiers were Geobacter (10.19%), Anaeromyxobacter
(5.90%), Gemmatimonas (4.74%), Pseudomonas (4.04), Actinomyces (3.94%),
Bradyrhizobium (3.85%), Oligotropha (2.77%), and Afipia (2.10%). Most abundant
genera overall among the nosZ denitrifiers were Pseudomonas, Bradyrhizobium,
Gemmatimonas, Oligotropha, and Afipia. The results for known denitrifiers and nosZ

denitrifiers are listed in Table III-2 and Table I1I-3) below.
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Table I11I-2 Known denitrifier phyla and genera (RDP11) in the soil samples of this study

RNA data

Actinobacteria Firmicutes Proteobacteria Proteobacteria
Actinomyces Bacillus Bradyrhizobium Oligotropha
Corynebacterium Geobacillus Comamonas Ottowia
Mycobacterium Lactobacillus Cupriavidus Piscinibacter
Propionibacterium Paenbacillus Dechloromonas Polaromonas
Streptomyces Staphylococcus Denitratisoma Pseudomonas

Bacteroidetes Gemmatimonadetes Geobacter Pseudoxanthomonas
Algoriphagus Gemmatimonas Hydrogenophaga Rhizobium
Capnocytophaga Proteobacteria Hyphomicrobium Rubrivivax
Flavobacterium Acidovorax Leptothrix Sphingomonas
Niastrella Acinetobacter Mesorhizobium Verrucomicrobia

Chloroflexi Afipia Methylobacterium Opitutus
Sphaerobacter Anaeromyxobacter Microvirgula
Thermomicrobium Azoarcus Neisseria

Table I1I-3 Known nosZ denitrifier phyla and genera (RDP11) in the soil samples of this study

RNA data

Bacteroidetes Proteobacteria
Flavobacterium Azoarcus
Niastella Bradyrhizobium

Chloroflexi Cupriavidus
Sphaerobacter Dechloromonas
Thermomicrobium Hyphomicrobium

Firmicutes Leptothrix
Bacillus Methylobacterium
Geobacillus Neisseria

Gemmatimonadetes Oligotropha
Gemmatimonas Pseudomonas

Proteobacteria Rhizobium
Acidovorax Verrucomicrobia
Afipia Opitutus
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Distribution of denitrifiers and nosZ denitrifiers by BMP type

General denitrifiers represented 30% or less of the overall community taxonomy
per BMP type. The results are presented graphically by pie charts (Figure I1I-12 to Figure
II1-15), where “other” represents the rest of the community not individually identified as
denitrifier genera. There were several similarities between SSFs and BFs with regard to
the presence and abundance of certain denitrifiers, viz. Anaeromyxobacter, Pseudomonas,
and Gemmatimonas. This was unexpected as SSFs and BFs contain vastly different
media, i.e. the former has inorganic media (sandy, pebbles), while the latter contains
media rich in organic matter. DPs had a dominant denitrifier (Geobacter 6.79%) and the
highest abundance in the single DS sample was for Actinomyces (3.94%), which was
present in very low abundances of <0.1% in the other BMP types. The DS contained two
other genera at higher abundances relative to those in the other BMP types, viz.,
Geobacter (2.85%) and Bradyrhizobium (2.47%).

The nosZ denitrifiers represent a small segment of the denitrifier population in
each BMP type (Figure I1I-16 to Figure I11-19). These denitrifier communities were most
similar in the BFs and DPs, but also shared some similarity with the SSFs. Both the SSFs
and the DS had a dominant nosZ denitrifier i.e. Pseudomonas (SSFs 1.78%) and
Bradyrhizobium (DS 2.47%). Overall, there were similarities across all BMP types with

regard to nosZ communities based on the presence and abundances of certain genera.
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Figure I1I-12 Known denitrifiers in the bioretention facilities, using RNA data at the RDP11 genus taxonomic
level

= Streptomyces

= Ottowia

These are relative abundances and only include genera with >0.10% abundance. “Other” refers to genera not identified
as denitrifiers on the chart
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Dry Ponds
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Figure I1I-13 Known denitrifiers in the dry ponds, using RNA data at the RDP11 genus taxonomic level

These are relative abundances and only include genera with >0.10% abundance. “Other” refers to genera not identified

as denitrifiers on the chart
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Surface Sand Filters
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Figure I1I-14 Known denitrifiers in the surface sand filters, using RNA data at the RDP11 genus taxonomic level

These are relative abundances and only include genera with >0.10% abundance. “Other” refers to genera not identified
as denitrifiers on the chart
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Dry Swale
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Figure I1I-15 Known denitrifiers in the dry swale, using RNA data at the RDP11 genus taxonomic level

These are relative abundances and only include genera with >0.10% abundance. “Other” refers to genera not identified
as denitrifiers on the chart
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Figure I1I-16 Known nosZ denitrifiers in the bioretention facilities, using RNA data at the RDP11 genus
taxonomic level

These are relative abundances and only include genera with >0.10% abundance. “Other” refers to genera not identified
as nosZ denitrifiers on the chart
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Figure I11-17 Known nosZ denitrifiers in the dry ponds, using RNA data at the RDP11 genus taxonomic level

These are relative abundances and only include genera with >0.10% abundance. “Other” refers to genera not identified

as nosZ denitrifiers on the chart
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Surface Sand Filters
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Figure I1I-18 Known nosZ denitrifiers in the surface sand filters, using RNA data at the RDP11 genus taxonomic

level

These are relative abundances and only include genera with >0.10% abundance. “Other” refers to genera not identified

as nosZ denitrifiers on the chart
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Figure I11-19 Known nosZ denitrifiers in the dry swale, using RNA data at the RDP11 genus taxonomic level

These are relative abundances and only include genera with >0.10% abundance. “Other” refers to genera not identified
as nosZ denitrifiers on the chart
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Physical and chemical characteristics of bulk soil

Sampled soils were analyzed for pH, NO3™ (NOx) (reported as mg N/ g dry soil),
water content, soil texture, organic C, TC, and TN (Hall, 2020). The complete values are
attached in Appendix L. Histograms of the full range of soil physiochemical data values
across BMP types indicated that all parameters exhibited a non-normal distribution.
Boxplots of the same data (Figure I1I-20 to Figure I11-26) provided trends by BMP type

which were then validated by the Kruskal-Wallis ANOVA test and the Dunn’s test.
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Figure I11-20 Boxplot indicating soil pH by BMP type

Bioretention facilities (BF), dry ponds (DP), and surface sand filters (SSF)
*a indicates no significant differences between BMP types (Kruskal-Wallis)
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Figure I1I-21 Boxplot indicating milligram nitrogen per gram dry soil (NO3") by BMP type
Bioretention facilities (BF), dry ponds (DP), and surface sand filters (SSF)

*xy indicates BFs and DPs are not significantly different for nitrate (Dunn’s test)
*z indicates that SSFs are significantly different to BFs and DPs for nitrate (Dunn’s test)

119



1001

751
X BMP Type
S 50- B BF
s ° b W DP
= B SSF

251 .

0 " . -

BF DP SSF
BMP Type

Figure I11-22 Boxplots indicating soil water content (in percent) by BMP type
Bioretention facilities (BF), dry ponds (DP), and surface sand filters (SSF)

*a, b, ¢ indicate significant differences between BMP types (Kruskal-Wallis) and each BMP type is significantly
different from the other two (Dunn’s Test)
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Figure I1I-23 Boxplots indicating soil texture (percent fines) by BMP type
Bioretention facilities (BF), dry ponds (DP), and surface sand filters (SSF)

*a, b, ¢ indicate significant differences between BMP types (Kruskal-Wallis) and each BMP type is significantly
different from the other two (Dunn’s Test)
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Figure I11-24 Boxplots indicating soil total carbon (in percent) by BMP type
Bioretention facilities (BF), dry ponds (DP), and surface sand filters (SSF)

*a, b, ¢ indicate significant differences between BMP types (Kruskal-Wallis) and each BMP type is significantly
different from the other two (Dunn’s Test)
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Figure I1I-25 Boxplots indicating soil organic carbon (in percent) by BMP type
Bioretention facilities (BF), dry ponds (DP), and surface sand filters (SSF)

*a, b, ¢ indicate significant differences between BMP types (Kruskal-Wallis) and each BMP type is significantly
different from the other two (Dunn’s Test)
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Figure I11-26 Boxplots indicating soil total nitrogen (in percent) by BMP type
Bioretention facilities (BF), dry ponds (DP), and surface sand filters (SSF)

*a, b, ¢ indicate significant differences between BMP types (Kruskal-Wallis) and each BMP type is significantly
different from the other two (Dunn’s Test)
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These trends suggested that all variables except for pH (Figure 11I-20) showed
clear difference among the three BMP types. BFs and DPs had some similarity to each
other for NO3  measurements when these were displayed graphically (Figure II1-21). This
was investigated further using Kruskal-Wallis as well as a subsequent Dunn’s test.
Kruskal-Wallis indicated that other than for pH, soil chemistry values were significantly
different by BMP type at p <0.05. pH had a p value of 0.8 indicating no significant
difference across the three BMP types.

Even though it was not necessary to perform a Dunn’s test (pairwise comparisons)
for pH, Dunn’s test results showed (adjusted) p values of >0.05, indicating that all three
types of BMP were similar for pH. This confirmed boxplot graphical representation of
the data (Figure 111-20), as well as Kruskal-Wallis test results. Kruskal-Wallis analysis
also indicated significant differences among BMP types for NO3", despite what appeared
to be some similarity in the data values between BFs and DPs when presented graphically
in a boxplot (Figure I1I-21). Dunn’s test results however, indicated that BFs and DPs
were not significantly different for NO3™ (adjusted p value of 0.37), while BFs and SSFs,
as well as DPs and SSFs, were different from each other with regard to NO3™. The Dunn’s
test also showed significant differences for organic C, TC, TN, soil moisture, and percent
fines among the BMP types at p <0.05. This confirmed Kruskal-Wallis test results, as

well as graphical representation of the data.
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Impact of environmental variables

A CCA was run on the RNA data (Figure I1I-27) to investigate functionality of
the bacterial community (DNA does not assume viability) and to identify the primary soil
parameters driving bacterial communities in the sampled BMPs. CCA uses the RDP11
abundance table obtained from the sequencing data and combines that with an
environmental file which contains data obtained from the sampled soil. Note that the soil
texture measurement is constituted by three measurements, viz. percent sand, percent silt,
percent clay. As each of these is given equal weight in a CCA, potentially presenting a
collinearity concern, percent silt and percent clay were combined into percent fines. This
was the only measure of soil texture applied to the CCA. The CCA was run using the

genus taxonomic level abundance table data, at a 0.1% abundance cutoff.
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Figure I1I-27 CCA of RNA data at the RDP11 genus taxonomic level
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The CCA indicated clustering by BMP type, with some overlap between BFs and
SSFs. Bacterial communities in all BMP types were impacted by the surrounding soil
chemistry. Communities in BFs were correlated with organic C, TC, TN, NO3", and soil
moisture. Most of the DP taxa were clustered away from the other BMP types, except for
a sample from DP 2 and all three samples from DP 4, which were situated closer to the
BFs and the correlation with C, N, and soil moisture. The other DPs were correlated with
percent fines except for all samples from DP 3, which were clustered away from the other
DP samples between the vectors for percent fines and pH. All three samples from SSF 4
were closely correlated with pH. The bulk of the other SSF taxa were more tightly
clustered, with some overlap with the BFs. The single DS core was separated from the
other BMP types, but was closest to the DPs, with the taxa most strongly related to
percent fines.

Another CCA was run to include percent sand (in addition to percent fines) in
order to evaluate the impact of two measures of soil texture. The output graph (Figure
I11-28) indicated that bacterial communities in many of the SSFs showed a strong

environmental preference for sandy soil.
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Discussion

This study evaluated bacterial communities present in several types of SW BMP
soils (BFs, DPs, SSFs, and a DS) in the Clarksburg, MD area. The 16S rRNA gene was
used to characterize the overall bacterial community following extraction of both DNA
and RNA. Specific denitrification genes (nirK, nirS, and nosZ) were selected for
presence/absence assessment in the extracted DNA. Each type of BMP is an engineered
structure with different layers of filtration media and vegetation. In the Clarksburg area,
the BMPs are placed along treatment trains where stormwater flows from one BMP to the
next prior to discharge to a stream. While BFs and DPs have some similarity in that they
both contain vegetation, SSFs are generally devoid of such plant matter. The DS
resembles a grassy ditch.
Diverse bacterial communities identified

The sampled soils harbored high bacterial diversity of more than 1000 genera.
PCoA of DNA and RNA extractions indicated that communities clustered predominantly
by BMP type (Figure I1I-3 and Figure I11-4). There was tighter clustering by BMP type in
the DNA data, with some overlap between BFs and DPs. The RNA data showed more
variance among data points (which could be related to bacterial activity), and some
clustering of communities by BMP type. There are thus indications that each BMP type
has a different bacterial community composition, with some overlap between BF and DP
communities. All BMP types also contained a community of bacterial denitrifiers.

Diversity index values (Shannon’s H) obtained from the RNA data set indicated high
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diversity levels across all four BMP types (Figure III-5). These index values were also
similar across all BMP types sampled, ranging from H 4.30 to H 4.63.

Association between soil physiochemical properties and bacterial community
profiles

Environmental factors, including those measured in this study, can have an
influence on the abundances and distribution of bacterial communities in general and
denitrifiers in particular (Tiedje et al., 1982; Fierer et al., 2003; Wallenstein et al., 2006;
Groffman et al., 2006). A CCA (Figure I11-27) was utilized to determine any significant
associations between specific soil physiochemical properties and soil bacterial
community patterns. The bacterial communities of the different BMP types were found to
correlate with different soil physiochemical properties. pH correlated with the
communities in SSF 4. Percent fines correlated with the bacterial community in the DS
and several of the DPs. Organic C, TC, TN, NO3™ content, and soil moisture were
correlated with each other and influenced the communities in BFs and several of the
SSFs. Percent sand was correlated with the SSFs and a few of the BFs.

Kruskal-Wallis ANOVA results showed significant differences in most of the soil
physiochemical properties by BMP type (p values of <0.05), with only pH (Figure 111-20)
having a similar median in all BMP types (p value of 0.8). The effect of pH on
denitrification and denitrifier communities is not clear (Simek et al., 2002) as is
evidenced by varying results from several studies. pH has been reported to be a dominant
factor in denitrification gene abundance (Ligi et al., 2014), while no pH effect was

observed on denitrifier gene abundances in another study (Kandelar et al., 2006). No
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strong relationship between soil pH and microbial activity was reported by Enwall et al.
(2005), but other studies have indicated that pH has a potentially strong effect on
denitrifiers in soils (Prieme et al., 2002; Deiglmayr et al., 2004; Brezinger et al., 2015).
Low pH is believed to lower denitrification rates, as well as influence the ratio of N2O to
N gas (Simek & Cooper, 2002; Liu et al., 2010; Brezinger et al., 2015), but this effect
could be minimized by the ability of certain acid-tolerant denitrifiers to denitrify at low
pH. Different denitrifiers can thus perform similar functions in different environmental
conditions (Brezinger et al., 2015). Low denitrification rates in acidic conditions could
also be attributed to limited organic C and N rather than the direct influence of low pH
(Simek & Cooper, 2002).

A Dunn’s test confirmed Kruskal-Wallis results that most of the physiochemical
parameters were significantly different per each BMP type. pH was not significantly
different among the BMP types. Dunn’s test results also indicated that BFs and DPs were
not significantly different for NO3™ (reported as mg N/g dry soil) (Figure III-21), although
SSFs were significantly different from both BFs and DPs for NO3™. PCoA clustering
(Figure I11-4) had shown some overlap between BF and DP communities and in general,
the bacterial communities in BFs and DPs were more similar to each other than to those
in the SSFs with regard to soil chemistry. This is likely influenced by their similarities in

filtration media and plant life.
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Differences between BMP types

LEfSe is an analysis method particularly useful for high-dimensional class
comparisons. It determines the features that are most likely to explain differences
between classes by predicting which features violate a null hypothesis of no difference
between classes. The sizes of significant variations (effect size/LDA) are also estimated
(Segata et al., 2011). LEfSe analysis showed 45 differences between DNA and RNA
bacterial community data based on the LDA score (Figure I11-6). This confirmed PCoA
results of distinct differences between the two data sets.

As this study was primarily focused on functionality of bacterial communities and
there is no assumption of viability with DNA, further LEfSe analyses were run on the
RNA data by BMP type. There were 19 differences between BF and SSF bacterial
communities (Figure III-8), but only eight differences between those in BFs and DPs
(Figure II1-7). SSFs and DPs had 14 differences in their bacterial communities (Figure
I11-9). This indicates that BFs and DPs are more similar than BFs and SSFs or DPs and
SSFs.

Denitrifiers identified

Denitrifiers were of particular interest in this study due to the legacy (previous
fertilization) of arable land in the sampling area, as well as continued lawn fertilization in
the urbanized watershed. Nitrogen pollution can be transported into receiving water
bodies via stormwater runoff. The BMPs in this study are designed to intercept and
potentially treat stormwater runoff to improve the quality of that runoff before it enters

receiving water bodies. An extensive group of diverse bacteria have the ability to
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denitrify, but many do not possess the complete suite of enzymes necessary for the entire
process. Denitrification is considered a community function, with various bacteria
completing different parts of the process (Wallenstein et al., 2006).

The detection of functional genes such as those pertaining to nitrogen cycling, has
been applied to numerous environmental studies, including sediments and soils (Rdsch et
al., 2002; Braker et al., 2012; Henry et al., 2006). This study utilized primers for three
specific denitrification genes, viz. nirK, nirS, and nosZ to seek denitrifiers in the sampled
soils. Abundances of denitrification genes have been recognized as indicators of
denitrification activity (Hallin et al., 2015). Possession of denitrifying genes, however,
does not necessarily indicate that these genes will be expressed in the environment
(Wallenstein et al., 2006). Expression can be related to surrounding soil conditions, for
example, denitrification rates have been found to be high in plant rhizospheres (Hallin et
al., 2015). Denitrification has been shown to occur in stormwater BFs (Chen et al., 2013),
but less attention has been paid to DPs and SSFs.

All three selected denitrification genes were shown to be present in both DNA
and RNA soil extractions following PCR amplification. This indicates that denitrification
activity is possible in these BMP soils under certain conditions, which could allow for the
treatment of stormwater runoff before it enters receiving water bodies. Particular
attention in this study was paid to the identification of known denitrifiers using the nosZ
gene. This gene produces the N>O reductase enzyme that completes the final stage of
denitrification, i.e. the conversion of N2O to N> gas. Bacteria lacking this gene will emit

N2O as an end product during denitrification (Henry et al., 2006). It should be noted that
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there is recent evidence to indicate the presence of two nosZ clades (Sanford et al., 2012;
Yoon et al., 2016). Clade I contains the known denitrifiers, for example, Pseudomonas
aeruginosa, that harbor an additional denitrification gene such as nirS in addition to nosZ.
Clade II consists of organisms that have the nosZ gene (for example, Wolinella
succinogenes), but no other denitrification genes. They are, however, able to remove N>O
from the environment and serve as N sinks. The use of the nosZ gene as an indicator of
completed denitrification (to N2 gas) is thus not as simplistic as it once seemed. Future
work will need to take this second clade into account and a decision made as to the
inclusion/exclusion of Clade II nosZ organisms as denitrifiers. Although this distinction
was not addressed in this study, several Clade Il nosZ bacteria were identified in the
sampled soils.

The bacterial communities identified in this study were dominated by the phylum
Proteobacteria, along with several other phyla that are commonly found in soils (Janssen,
2006; Killham & Prosser, 2015), namely Actinobacteria, Gemmatimonadetes, and
Bacteroidetes (in descending abundance order). The phyla Chloroflexi, Firmicutes, and
Verrucomicrobia were also present, but in smaller abundances. Bacteria with the ability
to denitrify are known to be common to the various subclasses of Proteobacteria
(Throbéck et al., 2004). There was also a large group of known denitrifier genera
identified in the samples (Table I1I-2), including several that are known to carry the nosZ
gene (Table I1I-3) and thus have the ability able to convert N20 (a known greenhouse gas)
to N2 gas and complete the denitrification cycle. The soils and filtration media of the

sampled BMPs contained a bacterial community that had genera in common with more
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typical soils found elsewhere. This could be indicative of the stormwater feeding into
these BMPs, transporting and delivering bacteria, but also providing the organisms with
food (energy) sources.

PICRUSt analysis of extracted DNA (Figure I11-10) indicated that N cycling
contributed to the potential functions of soil bacterial communities in the sampled soils.
The analysis further revealed that the potential denitrification ability would likely be
similar across all BMP types, including the SSFs, despite their inorganic media content
(denitrifiers require a C food source). This could be attributed to organic matter present in
stormwater runoff and moving along the treatment train. Organic C could also be
adsorbing to the inorganic media in SSFs, creating microlayers where N cycling can
occur. Carbon and N content are known to impact denitrifier communities (Murray et al.,
1989; Wallenstein et al., 2006; Barrett et al., 2016). The availability of organic matter
combined with the wet and dry cycles that are typically provided by many BMPs can
provide optimized conditions for denitrification. This could be important for the
improvement of water quality from urban stormwater runoff.

Conclusion

The aims of this observational study were to examine the bacterial communities in
BMP soils (using the 16S rRNA gene from extracted DNA and RNA) of selected BMP
types to assess whether there were different bacterial communities by BMP type, whether
these communities were impacted by the surrounding soil physiochemical properties, and
whether denitrification was possible in these BMP soils. Particular emphasis was placed

on the presence of bacterial denitrifiers. The soils of sampled BMPs indicated a varied
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and rich bacterial community of more than 1000 genera. This included a community of
known denitrifiers that were found in all BMP types sampled and which clustered
predominantly by BMP type.

Bacterial communities were correlated with various soil chemistry parameters
which are known to influence conditions for denitrification. Statistical analysis indicated
that all parameters measured were significantly different across BMP types, except for
pH. Further investigation will be needed to specifically assess the impact of pH on
denitrifier communities and potential denitrification in BMPs.

All BMP types sampled showed a high level of bacterial diversity, indicating a
robust, metabolically-active community that can potentially withstand environmental
perturbations. Based on the presence of a diverse bacterial community that includes a
number of known denitrifiers, the presence of denitrification genes, the assumption of
bacterial viability (using extracted RNA), and suitable conditions for denitrification, it is
possible that denitrification can occur in all BMP types sampled. No inference is made,
however, regarding efficiency of the process. Future work should thus not exclude SSFs
from assessment for denitrification potential, despite their mineral media content. Tiedje
et al. (1982) identified denitrifying enzymes in sandy soil, despite 20% O levels in the
well-drained soils. This was attributed to the presence of high levels of organic C, which
in turn usually support higher populations of heterotrophs. Stormwater can transport a
variety of substances and the CCA of this study indicated that C was one of the soil
variables influencing bacterial communities in the sampled BMPs. The findings of this

study highlight the role that the sampled SW BMPs can play in removing pollutants,
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including nitrogen, from stormwater runoff before it enters receiving water bodies and

causes algal growth and eutrophication both locally and downstream.

138



APPENDICES

Appendix A: Drainage areas and impervious cover in sampled BMPs

Note: This includes entire above ground and below ground areas impacting each individual BMP as stormwater moves
from upstream BMPs along the treatment train

BMP names in parentheses reflect Montgomery County names

BMP name Drainage area Impervious cover | Impervious cover
(acres) (acres) (%)
BF 1 (Bioretention Facility 1) 1.09 0.19 17.82
BF 2 (Bioretention Facility 2) 2.30 0.54 23.66
BF 3 (Bioretention Facility 30) | 1.95 1.23 63.22
BF 4 (Bioretention Facility X) 1.18 0.37 31.65
DP 1 (Dry Pond 1) 9.04 3.94 43.54
DP 2 (Dry Pond 2) 26.43 12.86 48.67
DP 3 (Dry Pond 6) 16.81 9.88 58.79
DP 4 (Pond X) 3.61 1.17 32.40
SSF 1 (Surface Sand Filter 1) 7.73 3.92 50.65
SSF 2 (W-SSF13) 3.19 0.89 27.89
SSF 3 (Surface Sand Filter C) 23.05 9.52 41.32
SSF 4 (Surface Sand Filter 6) 1591 9.77 61.40
DS 1 (DS BF02) 1.80 0.45 25.14

139



Appendix B: Sampling details and BMP names, as well as treatment train lengths of

sampled BMPs
Round # Date of sampling BMP name Treatment trains
Round 1 15 Jul. 2015 DP 4 Standalone BMP
15 Jul. 2015 DS 1 2 BMPs
15 Jul. 2015 BF 2 2 BMPs
15 Jul. 2015 SSF 2 Standalone BMP
Round 2 21 Aug. 2015 DP1 7 BMPs
21 Aug. 2015 DP2 5 BMPs
21 Aug. 2015 SSF 1 7 BMPs
21 Aug. 2015 BF 1 Standalone BMP
21 Aug. 2015 SSF 3 8 BMPs
Round 3 30 Sept. 2015 BF 3 7 BMPs
30 Sept. 2015 BF 4 Standalone BMP
30 Sept. 2015 SSF 4 14 BMPs
1 Oct. 2015 DP 3 14 BMPs
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Appendix C: BMP sample and location

Note: Each BMP can offer variation in design and there are thus a few cores that refer to “top” or “bottom” instead of
outlet as they do not have inlets/outlets. Others have two inlets instead of an inlet and a middle core. DP 3 was sampled
on 1 October 2015, a day later than the other samples for Round 3 due to detained water in DP 3 that took longer to
drain. Samples 04 and 05 could not be collected

Sample # Sample location BMP Sampling date

01 Inlet DP 4 15 July, 2015

02 Mid DP 4 15 July, 2015

03 Bottom DP 4 15 July, 2015

06 Outlet DS 1 15 July, 2015

07 Top BF 2 15 July, 2015

08 Mid BF 2 15 July, 2015

09 Bottom BF 2 15 July, 2015

10 Inlet SSF 2 15 July, 2015

11 Mid SSF 2 15 July, 2015

12 Outlet SSF 2 15 July, 2015

13 Inlet DP1 21 August, 2015

14 Mid DP 1 21 August, 2015

15 Outlet DP 1 21 August, 2015

16 Top Inlet DP2 21 August, 2015

17 Mid Inlet DP2 21 August, 2015

18 Outlet DP2 21 August, 2015

19 Top SSF 1 21 August, 2015

20 Mid SSF 1 21 August, 2015

21 Bottom SSF 1 21 August, 2015

22 Top BF 1 21 August, 2015

23 Mid BF 1 21 August, 2015

24 Outlet BF 1 21 August, 2015

25 Top SSF 3 21 August, 2015

26 Mid SSF 3 21 August, 2015

27 Bottom SSF 3 21 August, 2015

28 Inlet BF 3 30 September, 2015
29 Mid BF 3 30 September, 2015
30 Outlet BF 3 30 September, 2015
31 Top BF 4 30 September, 2015
32 Mid BF 4 30 September, 2015
33 Outlet BF 4 30 September, 2015
34 Inlet SSF 4 30 September, 2015
35 Mid SSF 4 30 September, 2015
36 Outlet SSF 4 30 September, 2015
37 Inlet 1 DP3 1 October, 2015

38 Inlet 2 DP 3 1 October, 2015

39 Outlet DP 3 1 October, 2015
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Appendix D: DNA extraction protocol (MP Biomedicals FastDNA Spin Kit for soil)

Before you start:
Warm some DEPC or DES at 65 °C to use for DNA elution at the end.
Add 100 ml 100% ETOH to original bottle of SEWS-M before using and label bottle “100 ml of 100%

ETOH added, the date, and your initials”.

1. Leave some DEPC or DES at 65 °C to use for DNA elution at the end.

2. Add approximately 500 mg of soil to Multimix 2 Tissue Matrix tube. (The sample and the lysing matrix
should not exceed more than 7/8 of the tube volume).

3. Add 978 pl Sodium Phosphate Buffer and 122 pl MT Buffer.

4. Secure tubes in FastPrep Instrument and process for 30s at speed 5.5.

5. Centrifuge the tubes at >14,000 x g (approximately 14,000 rpm) for 5-15 min.

(o)}

. Transfer supernatant to a clean tube (using pipette).

\]

. Add 250 pl PPS reagent and mix by shaking the tube by hand 10 times.

8. Centrifuge at 14,000 x g for 5 min. to pellet precipitate. Transfer supernatant to a clean 2 ml tube.

9. Re-suspend Binding Matrix reagent and add 750 ul (or equal volume) to the supernatant.

10. Pace on a rotator or invert by hand for 2 min. to allow binding of DNA to matrix. Place tube in a rack
for 3 min. to allow settling of silica matrix.

11. Remove 600 pl of supernatant being careful to avoid settled Binding Matrix and discard. Repeat this
once.

12. Re-suspend the Binding Matrix in the remaining amount of supernatant. Transfer approximately 600 pl
of the mixture to a Spin Filter and centrifuge the spin filter and catch tube at 14,000 x g for 1 min. Empty
the catch tube and add the remaining supernatant to Spin Filter and spin again.

13. Add 500 pl SEWS-M (ETOH added) to the Spin Filter and centrifuge at 14,000 x g for 1 min. Decant

flow-through and replace Spin Filter in catch tube.
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14. Repeat last step and then centrifuge at 14,000 x g for 2 min. to “dry” the matrix of residual SEWS-M

wash solution.

15. Remove Spin Filter and place in fresh kit-supplied catch tube. Air dry the Spin Filter (let it dry with the
lid open) for 5 min. at room temperature.

16. Add 100-200 pl DES water (or DNase/Pyrogen-Free Water) and gently stir matrix on filter membrane
with a pipette tip or vortex/finger flip to re-suspend the silica for efficient elution of the DNA.

17. Centrifuge at 14,000 x g for 1 min. to transfer eluted DNA to catch tube. DNA is now application-

ready. Keep the DNA at -20 °C for storage.
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Appendix E: RNA extraction protocol (Qiagen RNeasy® MiniKit)

1. Resuspend the soil thoroughly in 100 pl of lysozyme-containing TE buffer by vortexing.
2. Incubate at room temperature 5-10 min.
3. Add 350 pl Buffer RLT to the sample and mix thoroughly by vortexing vigorously (centrifuge for 2 min.
at maximum speed if insoluble material is visible). Use only the supernatant in subsequent steps.
4. Add 250 pl ethanol (96-100%) to the lysate. Do not centrifuge.
5. Apply the sample (usually 700 pl), including any precipitate that may have formed, to a RNeasy mini
column placed in a 2 ml collection tube (supplied).
6. Close the tube gently, and centrifuge for 15s at >8000 x g (=10,000 rpm). Discard the flow-through (re-
use the collection tube in next step). If the volume exceeds 700 pl, load aliquots successively onto the
RNeasy column, and centrifuge as above. Discard the flow-through after each centrifuge step.
7a. Add 350 pl Buffer RW1 to the RNeasy column. Close the tube gently, and centrifuge for 15s at >8000 x
g (>10,000 rpm) to wash the column. Discard the flow-through and collection tube.
Optional DNase digestion
i. Mix the following in a microcentrifuge tube, per sample:

- 87.5 ul DNase-free water

- 10 pl Buffer RDD

- 2.5 ul DNase 1 stock solution
Make the volume up to 100 ul with RNase-free water
7b. Add 100 pl of freshly-made DNase treatment. Add 350 pl Buffer RW1. Centrifuge 15s >10,000 rpm.
8. Transfer the RNeasy column into a new 2 ml collection tube (supplied). Pipet 500 ul buffer RPE onto the
RNeasy column. Close the tube gently, and centrifuge for 15s at >8000 x g (=10,000 rpm) to wash the
column. Discard the flow-through. Reuse the collection tube.
9. Add another 500 pl Buffer RPE to the RNeasy column. Close the tube gently, and centrifuge for 2 min at

>8000 x g (>10,000 rpm) to dry the RNeasy silica-gel membrane.
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Appendix F: DNase protocol

9 ul of RNA in a PCR tube

Add 10X DNase buffer to 1X RNA. Add 1ul of buffer to 9 ul of RNA

Add 1 pl of DNase enzyme

Incubate at 37 °C for 30 min

Add 1l of EDTA. Incubate at 75 °C for 10 min

Appendix G: PCR mastermix details for 16S amplification

Reagents Per sample (ul)
DEPC H»0 7.9
10X Rx. buffer 2
25 mM Mg mix 2
Vortex mixture
0.1% BSA 2
Polymerase (5 units/pl) 0.1

Mix mixture by flicking

UV the mix as needed
dNTPs (2 mM each) 2
Forward primer (10 uM)

Reverse primer (10 pM) 1
Mix mixture by flicking

Aliquot mix into PCR tubes

Total mastermix 18
DNA (ul)/per Rxn. 1/10 dil. 2
Total volume per sample 20
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Appendix H: PCR mastermix details for nirK, nirS, and nosZ amplification

Note: An extra 0.5 pl of magnesium per sample was needed for the nirK primers (for a total of 2.5 ul per
sample/reaction and a final volume of 3.125 mM) and for several PCRs using the nirS primers (which became less
effective over time). DEPC H20 was reduced to 7.4 pl in these samples in order to retain the 18 ul mastermix total

volume
Reagents Per sample (nl)

DEPC H»0 7.9
10X Rx. buffer 2
25 mM Mg mix 2
Vortex mixture

dNTPs (2 mM each) 2
Vortex mixture

Forward primer (10 uM) 1
Reverse primer (10 pM) 1
0.1% BSA 2
Vortex mixture

Polymerase (5 units/pl) 0.1
Total mastermix 18
DNA (ul)/per Rxn. 1/10 dil. 2
Total per sample 20

Appendix I: PCR program details for 16S, nirK, nirS, and nosZ amplification

Program Steps 16S rRNA nirK nirS nosZ
Step 1: Initial denaturation | 95°C for 11 min | 95°C for 11 min | 95°C for 11 min | 95°C for 11 min
Step 2: Denaturation 95°C for 30 sec | 95°C for 30 sec | 95°C for 30 sec | 95°C for 30 sec
Step 3: Annealing 48°C for 30 sec | 48°C for 30 sec | 48°C for 30 sec | 48°C for 30 sec

Step 4: Extension

72°C for 1 min

72°C for 1 min

72°C for 1 min

72°C for 1 min

Step 5: Repeat steps 2 to 4

32 cycles

40 cycles

35-40 cycles

35-40 cycles

Step 6: Final extension

72°C for 30 min

72°C for 10 min

72°C for 10 min

72°C for 10 min
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Appendix J: Gel pictures of PCR amplification results for nirK, nirS, and nosZ
denitrification genes
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Appendix K: RT-PCR conditions
Note: Two different RT-PCR kits were used for the creation of cDNA based on kit availability

GoScript™ Qiagen QuantiTect
70 °C for 5 min 42 °C for 2 min

25 °C for 5 min 42 °C for 15 min

42 °C for 1 hr 95 °C for 3 min

70 °C for 15 min
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