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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 4,047 square meter (m?)
acre 0.4047 hectare (ha)
acre 0.004047 square kilometer (km?)
square mile (mi2) 259.0 hectare (ha)
square mile (mi2) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m?)
Flow rate
cubic foot per second (ft¥/s) 0.02832 cubic meter per second (m?/s)
cubic foot per second per square mile 0.01093 cubic meter per second per square
([ft3/s]/mi2) kilometer ([m3/s]/km?)
gallon per day (gal/d) 0.003785 cubic meter per day (m?/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3/s)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)
Mass
pound, avoirdupois (Ib) 0.4536 kilogram (kg)
ton, short (2,000 1b) 0.9072 metric ton (t)
Pressure
bar 100 kilopascal (kPa)
International System of Units to U.S. customary units
Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
micrometer (um) 0.00003937 inch (in.)
meter (m) 3.281 foot (ft)
Area
square kilometer (km?) 247.1 acre
square kilometer (km?) 0.3861 square mile (mi?)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°"F-32)/18.



Datum

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Supplemental Information

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius
(uS/cm at 25 °C).

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L).

Abbreviations

AIC Akaike information criterion
DO dissolved oxygen

EMC event-mean concentration
IBI index of biotic integrity
LME linear mixed-effect

SC specific conductance

SS suspended sediment

B turbidity

TN total nitrogen

TP total phosphorus

TSS total suspended solids

USGS U.S. Geological Survey

WT water temperature






Evaluating Drivers of Hydrology, Water Quality, and
Benthic Macroinvertebrates in Streams of Fairfax County,

Virginia, 2007-18

By James S. Webber, Jeffrey G. Chanat, Aaron J. Porter, and John D. Jastram

Abstract

In 2007, the U.S. Geological Survey partnered with
Fairfax County, Virginia, to establish a long-term water-
resources monitoring program to evaluate the hydrology,
water quality, and ecology of Fairfax County streams and
the watershed-scale effects of management practices. Fairfax
County uses a variety of management practices, policies, and
programs to protect and restore its water resources, but the
effects of such strategies are not well understood. This report
used streamflow, water-quality, and ecological monitoring
data collected from 20 Fairfax County watersheds from 2007
through 2018 to assess the effects of management practices,
landscape factors, and climatic conditions on observed
nutrient, sediment, salinity, and benthic-macroinvertebrate
community responses.

Urbanization, climatic variability, and an increase
in management practices occurred within Fairfax County
during the study period. Impervious cover, housing units,
wastewater infrastructure, and (or) stormwater infrastructure
increased in most study watersheds. Climatic conditions
varied among study years; countywide estimates of average-
annual air temperature differed by about 3 degrees Celsius,
and total precipitation ranged from about 34 to 63 inches per
year. The effects of the management practices, implemented
to reduce nitrogen, phosphorus, and (or) sediment loads,
are considered in this study. These management practices
primarily consist of stormwater retrofits and stream
restorations; however, stream restorations account for most
of the financial investment and expected load reductions.
Management practices were implemented in half of the study
watersheds, and most practices were installed and reductions
credited late in the study period.

Changes in hydrologic response during storm events were
evaluated over the study period because many management
practices that were implemented were designed to achieve
nutrient and sediment reductions by slowing or intercepting
runoff. The average number and length of storm events was
mostly unchanged throughout the monitoring network. Four
watersheds with 10 years of streamflow data showed a mixture
of trends in stormflow peak, volume, and rate-of-change.

Event-mean nutrient and sediment concentrations from these
watersheds were evaluated during storm events and generally
showed increases in total phosphorus (TP) and suspended
sediment and reductions or no changes in total nitrogen (TN).

Landscape inputs of nitrogen and phosphorus and the
percentage of inputs delivered to streams were estimated for
the study watersheds. Estimated phosphorus from fertilizer
and nitrogen from atmospheric deposition represented
large nutrient inputs in most watersheds; amounts of other
nonpoint sources varied based on land use. Estimated nitrogen
inputs declined throughout Fairfax County and in most
study watersheds from 2008 through 2018; in comparison,
phosphorus input changes were relatively small. Most
nonpoint-nutrient inputs were retained on the landscape and
did not reach streams, with slightly more nitrogen retention
than phosphorus, on average. Retention rates were lower for
years with more precipitation and streamflow. After adjusting
for streamflow, TN and TP loads were generally higher for
years with more nutrient inputs. Calculated as a function of
flow-adjusted loads, TP retention declined at most stations
from 2009 through 2018, in comparison, TN retention was
relatively unchanged.

Landscape and climatic conditions affected spatial
differences and changes in Fairfax County stream conditions
from 2009 through 2018. TN concentrations were higher and
increases over time were larger in watersheds with elevated
septic-system density. TP concentrations were higher in
watersheds with more turfgrass; concentrations were lower,
but had larger increases over time, in watersheds with deeper
soils. Suspended-sediment concentrations were higher in
watersheds with greater stream densities. Specific conductance
was higher in watersheds with more developed land use and
shallower soils. Benthic-macroinvertebrate index of biotic
integrity (IBI) scores were lower in watersheds with high
road density and had larger increases over time in bigger,
more developed watersheds. Annual variability in TN and
TP concentrations and benthic-macroinvertebrate IBI scores
was affected by precipitation; annual variability in suspended
sediment concentrations and specific conductance was affected
by air temperature.
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After accounting for influences from landscape
and climatic conditions, expected management-practice
effects were not consistently observed in monitored stream
responses. These effects were assessed by comparing
expected management-practice load reductions with the
timing, direction, and magnitude of changes in storm-event
hydrology, nutrient and sediment loads, median-annual
water-quality conditions, and benthic-macroinvertebrate IBI
scores. An important consideration for future investigations of
management-practice effects is how to control for water-quality
and ecological variability caused by geologic properties, the
urban environment, precipitation, and (or) air temperature. The
interpretation of management-practice effects in this report
was likely influenced by a combination of factors, including
(1) the amount, timing, and location of management-practice
implementation; (2) unmeasured landscape and climatic
factors; (3) uncertain management-practice expectations;
(4) hydrologic variability; and (5) analytical assumptions.
Through continued data-collection efforts, particularly after
management practices have been completed, many of these
factors may become less influential in the future.

Introduction

The prevalence of degraded water quality and
ecological health in urban streams has been widely documented
(Feminella and Walsh, 2005; Kaushal and others, 2015; Lenat
and Crawford, 1994; Meyer and others, 2005; Paul and Meyer,
2001; Roy and others, 2003), but explanations of changing
conditions over time often are unavailable. A mixture of
improving and degrading water-quality and ecological trends
in urban streams has been described in recent years (Aulenbach
and others, 2017; Giorgino and others, 2018; Majcher and
others, 2018; Miller and others, 2012). These trends are likely
affected by a combination of factors, including changes to the
landscape and climatic conditions. As urban areas continue to
expand (Terando and others, 2014) and the climate becomes
increasingly dynamic (Wuebbles and others, 2017), risks to the
water quality and ecological health of urban streams are likely
to increase (Van Metre and others, 2019). Watershed managers
are attempting to mitigate these risks and restore the quality
of urban streams by using a variety of management practices,
programs, and policies (Bernhardt and others, 2005; McPhillips
and Matsler, 2018); these strategies could be improved through
a better understanding of the drivers of water-quality and
ecological response.

The ability of management practices to treat stormwater
runoff, modify stream environments to reduce nutrients and
sediments, or improve ecological health is uncertain. Load
reductions have been observed from practices that treat a
large enough volume of runoff to alter hydrologic response
(Koch and others, 2014; Vogel and Moore, 2016); however,
load reductions are less apparent from practices designed
to lower solute or particulate concentrations (Jefferson and

others, 2017; Li and others, 2017). Stream restorations have
been shown to reduce nitrogen, phosphorus, and sediment in
streams (Kaushal and others, 2008b; Lammers and Bledsoe,
2017; Reisinger and others, 2019); however, these effects
differ with land use (Newcomer Johnson and others, 2016),
practice age (McMillan and others, 2014; McMillan and Noe,
2017), time of year (Sudduth and others, 2011), and flow
condition (Filoso and Palmer, 2011). Compared to nutrient
and sediment reductions, the ability of stream restorations

to restore biological diversity is less commonly documented
(Bernhardt and Palmer, 2011; Palmer and others, 2010;
Stranko and others, 2012). The effects of stormwater treatment
and stream-restoration practices are most commonly described
from modeling studies rather than studies that evaluate effects
based on monitored responses (Lintern and others, 2020). The
combined effects of multiple practices and interactions with
landscape and climatic conditions are poorly understood at
larger spatial scales (Jefferson and others, 2017). Few studies
are designed to identify how these integrative management-
practice effects relate to monitored nutrient, sediment, and
biotic responses, despite such information offering opportuni-
ties to guide ongoing and future watershed-management
strategies (Li and others, 2017).

Fairfax County, Virginia, uses a variety of manage-
ment strategies to protect and restore its water resources
(Stormwater Planning Division, 2018), while facing pressures
from continued population growth (Han and others, 2018)
and climatic changes (Moglen and Rios Vidal, 2014). Many
Fairfax County streams show symptoms of urbanization, with
some conditions improving over time and some continuing to
degrade (Jastram, 2014; Porter and others, 2020b; Stormwater
Planning Division, 2018). Information about the drivers of
these changing conditions and the ability of management
practices to improve them is needed to guide ongoing and
future management activities within the county.

The U.S. Geological Survey (USGS) partnered with
Fairfax County in 2007 to establish a long-term water-
resources monitoring program for selected Fairfax County
streams. This study is designed to document the current
hydrologic, water-quality, and ecological conditions of Fairfax
County streams, evaluate how conditions are changing over
time, and describe the effect of management practices as a
driver of such changes. Some of these objectives have been
addressed in previous USGS reports, including a “baseline”
characterization of streams after 5 years of data collection
(Jastram, 2014) and an assessment of trends after 10 years
of data collection (Porter and others, 2020b). This report
builds on those previous reports to describe how landscape
factors, management practices, and climatic conditions affect
water-quality and ecological responses observed through
2018. The interpretations of this report are expected to be
explored in greater detail as this study continues in future
years, and specific areas of research will be targeted to address
Fairfax County’s management needs.



Purpose and Scope

The purpose of this report is to identify drivers of spatial
differences and temporal changes in the water-quality and
ecological conditions of Fairfax County streams to inform
watershed-management activities. This objective was
addressed through the following questions, which also serve as
report section titles:

* How did landscape and climatic conditions change?
» What water-quality management practices were used?

* How did hydrology and water quality vary during
storm events?

» How did water-quality loads relate to nutrient inputs
and management practices?

» What factors affected water-quality and benthic-
macroinvertebrate responses?

» Were management-practice effects observed?

Analyses and interpretations of responses observed
from a 20-station monitoring network from 2007 through
2018 are primarily used in this report. Total nitrogen (TN),
total phosphorus (TP), suspended sediment (SS), specific
conductance (SC), and benthic-macroinvertebrate index of
biotic integrity (IBI) scores are the primary response variables
of interest. These variables are used to represent ecosystem
health and are the focus of many ongoing management efforts
within Fairfax County. Management-practice implementation
during the study period is summarized and analyzed in relation
to observed conditions. Effects of urbanization, climatic condi-
tions, and physical watershed properties are also considered to
offer a comprehensive interpretation about water-quality and
ecological responses in Fairfax County streams.

Description of Study Area

Fairfax County is a 395 square-mile (mi?) jurisdiction
in northern Virginia (fig. 1). The county borders the Potomac
River to the north and east, Bull Run and the Occoquan River
to the south, and Loudon County to the northwest. Parts of the
eastern boundary are shared with Arlington County, the city
of Falls Church, and the city of Alexandria. Fairfax County
surrounds the incorporated city of Fairfax.

Fairfax County is Virginia’s most populous jurisdiction,
home to about 1.2 million people (Han and others, 2018).
Land use in the county is predominately residential- most
housing units are single-family homes. A sanitary-sewer
network, separate from the stormwater system, services most
of Fairfax County’s population; about 100 million gallons
of wastewater are treated daily at five treatment plants
(Fairfax County, 2021). Areas of lower-density development,
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commonly along a north-south gradient in the center of the
county, primarily treat wastewater with onsite septic systems
and have private well water.

Fairfax County contains three distinct geologic terranes:
sedimentary rocks in the Triassic Lowlands, crystalline
rocks in the Piedmont, and a mixture of sands and clays
in the Coastal Plain (Froelich and Zenone, 1985a). These
first two geologic terranes co-occur within sections of the
Piedmont physiographic province: the Piedmont lowlands
and uplands, respectively. Geologic terranes have distinct
impacts on water quantity and quality (properties that
vary based on rock type and structure), soil depth, and
overburden thickness (weathered material that includes
soil, residuum, saprolite, and non-consolidated sediments)
(Froelich and Zenone, 1985b). Streams draining the Triassic
Lowlands, also known as Mesozoic Basins, can have the
highest dissolved-solids concentrations in the county during
low-flow conditions (Larson, 1978). This highly mineralized
water, predominantly consisting of calcium bicarbonate,
likely results from soluble geologic materials (Froelich and
Zenone, 1985b). Triassic Lowland lithology is characterized
by shallow, fractured bedrock and thin overburden features,
which results in very low groundwater storage and stream
base flow (Mohler and Hagan, 1981). This lithology gener-
ally enables streams to be in direct hydraulic connection
with the water table and may increase the susceptibility
of surface-water contamination relative to Piedmont and
Coastal Plain streams (Froelich and Zenone, 1985b).

About 1,600 miles (mi) of streams in Fairfax County,
perennial and intermittent, range in size from small first-
order headwater streams to larger, fourth-order streams. All
surface water from Fairfax County eventually drains to the
Potomac River. Fairfax County streams are intertwined with
a stormwater drainage network that includes about 2,400 mi
of conveyance pipes and channels and thousands of storm
structures, all typically designed to convey rainwater from
land surfaces to streams, ponds, and rivers (Stormwater
Planning Division, 2018). Most Fairfax County streams
are immediately bordered by undeveloped land resulting
from zoning designations, protection by county parkland, or
other development restrictions. Most upland areas contain
a mixture of developed land and impervious cover that can
cause water-quality and biotic impairment. Areas of older
development, generally in eastern Fairfax County, may be
more at risk for water-quality and biotic impairment because
they received less riparian protection than areas of newer
development. In 2017, biological data collected and analyzed
by Fairfax County ecologists indicated that about 75 percent
of Fairfax County streams are in fair to very-poor ecological
condition (Stormwater Planning Division, 2018).
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Figure 1. Map showing monitoring stations and study watersheds in Fairfax County, Virginia. Study watershed station names are
defined in table 1. Land-use category data is from the Chesapeake Bay Program Office (2018).



Methods of Investigation

Interpretations in this report are primarily derived from
data collected from stream monitoring stations that represent
20 watersheds in Fairfax County (table 1). These data were
analyzed to evaluate how patterns in streamflow, benthic-
macroinvertebrate communities, and water quality relate
to landscape and climatic conditions. These analyses were
limited by the spatial and temporal resolution of observed
data, the uncertainty in predictor datasets, and the uncertainty
in analytical results. Combined, these limitations may over-
come or confound an ability to identify causes of water-quality
responses. Care has been taken throughout this report to
acknowledge these limitations and minimize their influence.

Study Design

A 14-station monitoring network, established in 2007,
provided measurements of streamflow, water quality, and
benthic macroinvertebrates. An additional six stations were

Table 1.

[mi2, square mile; Va., Virginia]

Methods of Investigation

added to the network in 2012 and 2013. Monitored locations
are referred to as “stations” or “watersheds” throughout

this report. All study watersheds had an area less than 6 mi?
and were selected to represent land uses, infrastructure, and
physical settings common to Fairfax County (Jastram, 2014).
Based on the desire to identify and understand management-
practice effects on water-quality response, Fairfax County
directed management-practice investments towards the study
watersheds, when possible.

The 20-station network consists of “intensive” and
“trend” monitoring stations (table 1). Monthly water-quality
samples, 5-minute water-level measurements, and annual
benthic-macroinvertebrate samples were collected at all
stations. Targeted high-flow water-quality samples and
15-minute water-quality and streamflow measurements were
only collected at the five intensive-monitoring stations, which
are a representative subset of the 20-station network in terms
of land use and physical setting.

Description of the 20 study watersheds in Fairfax County, Virginia.

5

Station Station Short Station Watershed Water year
number! name name type area (mi?) established?
01645704 Difficult Run above Fox Lake near Fairfax, Va. DIFF Intensive 5.5 2008
01645745 Little Difficult Run near Vienna, Va. LIL DIFF Trend 3.0 2008
01645762 South Fork Little Difficult Run above mouth near Vienna, Va. SFLIL Intensive 2.7 2008
01645844 Old Courthouse Spring Branch near Vienna, Va. OCSB Trend 1.5 2008
01645940 Captain Hickory Run at Route 681 near Great Falls, Va. CAPT HICK Trend 1.4 2008
01646305 Dead Run at Whann Avenue near McLean, Va. DEAD Intensive 2.1 2008
01652789 Indian Run at Bren Mar Drive at Alexandria, Va. INDIAN Trend 2.5 2008
01652860 Turkeycock Run at Edsall Road at Alexandria, Va. TRKYCK Trend 2.6 2008
01653717 Paul Spring Branch above North Branch near Gum Springs, Va. PSB Trend 1.9 2008
01656903 Flatlick Branch above Frog Branch at Chantilly, Va. FLAT Intensive 42 2008
0165694286 Big Rocky Run at Stringfellow Road near Chantilly, Va. BRR Trend 3.4 2008
0165690673 Frog Branch above Flatlick Branch at Chantilly, Va. FROG Trend 1.0 2008
01657322 Popes Head Creek Tributary near Fairfax Station, Va. PHCT Trend 1.0 2008
01657394 Castle Creek at Newman Road at Clifton, Va. CASTLE Trend 2.2 2008
0164425950 Horsepen Run above Horsepen Run Tributary near Herndon, Va. HPEN Trend 1.2 2013
01655305 Rabbit Branch Tributary above Lake Royal near Burke, Va. RABT Trend 0.4 2013
01644343 Sugarland Run Tributary below Crayton Road near Herndon, Va. SGRLND Trend 0.6 2013
01653844 Dogue Creek Tributary at Woodley Drive at Mount Vernon, Va. DOGUE Trend 0.4 2013
01654500 Long Branch near Annandale, Va. LONG Intensive 3.7 2013
01657100 Willow Springs Branch at Highway 29 near Centreville, Va. WSB Trend 1.0 2013

'U.S. Geological Survey station numbers.

2A water year is the 12-month period from October 1, for any given year through September 30, of the following year. The water year is designated by the
calendar year in which it ends.
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Data Collection, Sampling, and
Laboratory Analysis

A brief summary of the data collection, sampling, and
laboratory analyses related to this study is discussed in the
following paragraphs. Unless otherwise noted, all data are
available from the USGS National Water Information System
(U.S. Geological Survey, 2023), and all data were collected
since the date of station establishment (table 1). Annual
periods in this report typically refer to calendar years; a
“water year,” from October 1 to September 30 was used for
selected analyses and interpretations. Water years 2008 and
2013, when stations were established (table 1), correspond to
data-collection activities beginning in October of 2007 and
2012, respectively.

Continuous data were collected from the five intensive-
monitoring stations. These data included 5-minute measure-
ments of streamflow and 15-minute measurements of water
temperature (WT), SC, pH, dissolved oxygen (DO), and
turbidity (TB). The operation and maintenance of continuous
water-quality monitors were conducted by USGS staff in accor-
dance with published procedures (Wagner, 2006). Standard
USGS methods for computing real-time streamflow using
stage-discharge relations were used (Rantz, 1982). Continuous
water-level data were collected every 15-minutes from the
trend stations following standard methods (Rantz, 1982).

Discrete water-quality samples were collected
monthly at all stations, typically as a grab sample from the
centroid of streamflow, in accordance with USGS methods
(U.S. Geological Survey, variously dated). Some monthly
samples were timed to capture stormflow responses during
the most recent five study years. Storm-targeted samples
were collected during the entire study at the five intensive-
monitoring stations using an automated refrigerated sampler.
Laboratory analyses of discrete water-quality samples
were conducted by the Fairfax County Environmental
Services Laboratory and the USGS Kentucky Sediment
Laboratory. All samples were analyzed for concentrations
of TN, TP, common dissolved and particulate nitrogen and
phosphorus forms, and SS.

Benthic-macroinvertebrate samples were collected annu-
ally in March or April by Fairfax County staff. Annual samples
collected from 14 stations from 2008 through 2017 were
analyzed in this report. Eight samples collected during this
period were excluded from analysis because of the impacts of
construction or inconsistencies in the sample sorting process.
Samples were collected using a semi-quantitative multi-habitat
method in accordance with standard operating procedures
(Fairfax County, 2019) based on the U.S. Environmental
Protection Agency’s Rapid Bioassessment Protocol (Barbour
and others, 1999). Benthic-macroinvertebrate data are avail-
able online (Porter and others, 2020a).

Compilation of Predictor Datasets

Many datasets were assembled to describe hypothesized
water-quality drivers, hereafter referred to as “predictors”
or “predictor variables.” These data represent some of the
most commonly described water-quality drivers but are not
a complete accounting of all landscape and climatic features
affecting instream response. Some predictors, such as those
representing soil characteristics and hydrogeomorphic
setting, are time invariant, that is, their estimated values are
not expected to differ over the study period (table 2). Other
predictors, such as those that represent climate, land use, and
stormwater infrastructure, are time varying, that is, they have
differing values among years and, typically, among watersheds
(table 3). When possible, predictor data were assembled to
reflect annual conditions from 2008 through 2018. Unless
otherwise noted, all datasets were assembled to represent
the spatial scale of Fairfax County and each of the 20 study
watersheds. Multiple sources were used to assemble predictor
data, and many datasets were provided directly by Fairfax
County. All predictor datasets described in the following
paragraphs are available online (Webber and others, 2022).

Time-invariant measures of physical setting include
elevation data (U.S. Geological Survey, 2017), geologic
terranes (Froelich and Zenone, 1985a), and soils data
(Wieczorek, 2014; Wieczorek and LaMotte, 2010). The
length of streams classified as perennial or intermittent were
summarized from Fairfax County spatial information.

Measures of phosphorus geochemistry reflect naturally
occurring phosphorus concentrations in geologic formations
and soils. Phosphorus concentrations contributed to streams
from geologic materials were reported by Nardi (2014).
Phosphorus soil concentrations were derived from data
reported by Terziotti (2019).

Median-annual values of streamflow, WT, SC, pH, DO,
and TB were summarized from data collected with monthly
water-quality samples. These median-annual values may not
be an accurate characterization of year-round stream condi-
tions, as monthly samples were typically collected during
daytime, base-flow conditions.

Precipitation and air-temperature metrics were
summarized from annual data reported by weather-monitoring
stations proximal to Fairfax County (fig. 1). Air-temperature
metrics reflect average-annual conditions reported from Dulles
(USW00093738) and Reagan (USW00013743) airport-
weather stations, near the western and eastern boundaries of
Fairfax County, respectively. Precipitation metrics were aver-
aged from annual values reported by three additional weather
stations (WFO STERLING, USC00448084; FRANCONIA
1.3 SSE US1VAFX0033; and VIENNA, USC00448737).
Average-annual temperature data were retrieved from the
National Oceanic and Atmospheric Administration (2021).
Additional measures of temperature and all precipitation data
were retrieved from the Climdex HadEX3 dataset (Donat and
others, 2013). Precipitation and air temperature varied among
years and were represented as spatially averaged annual values



for Fairfax County and the study watersheds. This representa-
tion may misrepresent climatic variability among watersheds
because spatial precipitation variability is typically higher than
that of temperature (Donat and others, 2013).

Annual estimates of landscape conditions (impervious
surfaces, turf grass, forested land, wetlands, and water) were
derived from I-meter data from 2013 (Chesapeake Bay
Program Office, 2018) and time-varying information
reported by the Chesapeake Bay Program (Chesapeake Bay
Program, 2020). The Chesapeake Bay Program provides
annual estimates of land cover at spatial scales referred to as
land-river segments. Fairfax County comprises 19 land-river
segments, 7 of which contain the 20 study watersheds. This
study assigned annual land-cover values to each watershed by
combining the known 2013 land cover with changes in land
cover reported by land-river segments.

Annual estimates of developed and forested land
conditions were derived from the 2016 National Land Cover
Database (Dewitz, 2019). This product contains land-use
estimates at 30-meter resolution for multiple years during the
study period: 2008, 2011, 2013, and 2016. Annual estimates
were linearly interpolated between and beyond these years as
needed to complete the 2008 through 2018 record.

The total length of roads was summarized from data
provided by Fairfax County (Fairfax County, 2022). These
data were used to represent the length of local roads, major
roads, interstates, and ramps. Roadway data were available
only for 2011, 2015, 2017, and 2020.

The number of housing units were estimated from
published Fairfax County demographic reports (Han and
others, 2018) and tax-parcel data. The number of single and
multifamily housing units was summarized from these data.
Annual tax-parcel data provided by Fairfax County show
location-specific housing data (Fairfax County, 2022).

Attributes that represent wastewater collection networks
were summarized from data provided by Fairfax County
(Fairfax County, 2022). Measures of the sanitary-sewer
network include total pipe length and percent rehabilitated by
routine-maintenance activities. Rehabilitation efforts typically
included relining or resealing of pipes to extend their life.
The number of septic systems was quantified. Septic systems
were classified as either conventional systems (those with
traditional drain fields) or alternative systems (those that were
built with mechanisms to achieve greater drain-field nitrogen
reductions). The location of each system and the date it was
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constructed can be determined from the data provided by
Fairfax County, but the data do not identify when systems
were deactivated or removed; therefore, the number of
systems in any given year may be overestimated.

Attributes that represent Fairfax County’s stormwater
infrastructure were summarized from data provided by
Fairfax County (Fairfax County, 2022). These data represent
structures and facilities primarily designed to control flooding
and include the length of stormwater pipes, the number
and surface area of wet and dry ponds, and the number of
stormwater facilities.

Information about management practices was provided
by Fairfax County (Fairfax County, 2022). This report
considered practices completed during the study period that
were designed to achieve water-quality benefits and were
credited for nutrient and (or) sediment load reductions by the
Chesapeake Bay Program. A variety of practice types was
used, and the types were categorized as channel restorations
or detention-based and infiltration-based stormwater retrofits
(table 4). Predictor variables were calculated to represent
the cumulative credited mass of TN, TP, and total suspended
solids (TSS) reduced by management practices (table 5).

This representation of management practices assumes that

the full effects of each practice occurred immediately upon
completion, that reductions persisted over time, and that the
effects of multiple practices were additive. These assumptions
are uncertain, and it is very possible that true management-
practice effects follow complex, non-linear trajectories that
vary based on practice type, maintenance, and watershed
setting (Jefferson and others, 2017). Hypothetical changes in
load that could result from a management practice installed in
2011 with a credited 100-pound (Ib) load reduction illustrate
these multiple potential responses (fig. 2). The simplest
pattern, “response 1,” reduces loads by the full credited
amount upon practice completion, and that reduction persists
over time. Alternatively, “response 2” may take multiple
years after practice completion to reach credited reductions.
In “response 3,” reductions become less effective with age. A
further complication is that loads may increase during practice
construction but then exceed the credited reductions at some
point in the future, as shown in “response 4.” The complexity
of management practice responses likely increases when
multiple practices are installed in a watershed that each follow
different load-reduction trajectories.
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Table 2. Description of time-invariant predictor variables used to describe hypothesized water-quality drivers in Fairfax County, Virginia.

Predictor name Predictor description

Physical watershed setting predictor group

AREA Watershed area, in square miles
ELEV Median watershed elevation, in feet
SLOPE Average watershed slope, in degrees
PIEDMONT Area underlain by the Piedmont geologic terrane, in percent
TRIASSIC Area underlain by the Triassic Lowlands geologic terrane, in percent
COASTAL P Area underlain by the Coastal Plain geologic terrane, in percent
AWC Area- and depth-weighted mean available water capacity, dimensionless
oM Area- and depth-weighted value of organic matter content, in percent
KSAT Area- and depth-weighted mean horizontal saturated hydraulic conductivity value, in micrometers per second
KV Area- and depth-weighted mean vertical saturated hydraulic conductivity value, in micrometers per second
FC The mean volumetric content of soil water retained at a tension of 1/3 bar, in percent
POR Average soil porosity, in percent
KFACT Area- and depth-weighted average soil erodibility factor, in percent
HYDRIC Area classified as hydric soils, in percent
SAND Area- and depth-weighted sand content of soil, in percent
SILT Area- and depth-weighted silt content of soil, in percent
CLAY Area- and depth-weighted clay content of soil, in percent
WT DEPTH Average value for the range in depth of the seasonally high water table, in inches
SOIL DEPTH High value for the range of total soil thickness, in inches
CEC High value of cation-exchange capacity of soil, dimensionless
PERSTREAM Length of perennial streams, in miles per square mile
TOTSTREAM Length of perennial and non-perennial streams, in miles per square mile
CHANNEL WIDTH Average stream channel width, in feet
BANK HEIGHT Average streambank height, in feet
Phosphorus geochemistry predictor group
P GEOL Potential watershed phosphorus contribution from naturally occurring geologic materials, in milligrams per
kilogram
P SOIL A Estimated phosphorus concentration in the Soil A horizon, in milligrams per kilogram
P SOIL C Estimated phosphorus concentration in the Soil C horizon, in milligrams per kilogram
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Table 3. Description of time-varying predictor variables used to describe hypothesized water-quality drivers in Fairfax County, Virginia.

[>, greater than; <, less than]

Predictor name

Predictor description

Water-quality predictor group

Q Median annual streamflow measured during monthly water-quality samples, in cubic feet per second per square
mile
WT Median annual water temperature measured during monthly water-quality samples, in degrees Celsius
SC Median annual stream specific conductance measured during monthly water-quality samples, in microsiemens per
centimeter at 25 degrees Celsius
PH Median annual stream pH measured during monthly water-quality samples, in standard units
DO Median annual stream dissolved oxygen measured during monthly water-quality samples, in milligrams per liter
TB Median annual stream turbidity measured during monthly water-quality samples, in Formazin Nephelometric Units
Climate predictor group

PRCP! Total-annual precipitation, in inches
R10D! Annual count of days when total-annual precipitation is greater than or equal to about 0.4 inches, in days
R20D! Annual count of days when total-annual precipitation is greater than or equal to about 0.8 inches, in days
RO5P! Total-annual precipitation when daily precipitation is >95th percentile, in inches
R99P! Total-annual precipitation when daily precipitation is >99th percentile, in inches
RX1D! Maximum 1-day precipitation, in inches
RXS5D! Maximum consecutive 5-day precipitation, in inches
SDII! Precipitation intensity index, in inches
AIR TEMP! Average-annual temperature, in degrees Celsius
TNn! Minimum-annual value of daily minimum temperature
TXx! Maximum annual value of daily maximum temperature
FD! Annual number of frost days (days when daily minimum temperature is <0 degrees Celsius)
SU! Annual number of summer days (days when daily maximum temperature is >25 degrees Celsius)

Land use and land cover predictor group
IMP Watershed area classified as impervious cover, in percent
TURF Watershed area classified as turfgrass, in percent
DEV OS Watershed area classified as developed open space, in percent
DEV LI Watershed area classified as developed, low intensity, in percent
DEV MI Watershed area classified as developed, medium intensity, in percent
DEV HI Watershed area classified as developed, high intensity, in percent
DEV ALL Watershed area classified as developed, in percent
FOR Watershed area classified as forest land, in percent

Roadways predictor group
LOC RD? Density of local roads, in miles per square mile
MAJ RD? Density of major roads, in miles per square mile
INT RD? Density of interstates, in miles per square mile
RMP RD? Density of roadway ramps, in miles per square mile
TOT RD? Density of local and major roads, roadway ramps, and interstates in miles per square mile
Housing units predictor group

SFR HU Density of single-family housing units, in number per square mile
MFR HU Density of multi-family housing units, in number per square mile
TOT HU Density of single- and multi-family housing units, in number per square mile
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Table 3. Description of time-varying predictor variables used to describe hypothesized water-quality drivers in Fairfax County,
Virginia.—Continued

[>, greater than; <, less than]

Predictor name Predictor description

Wastewater infrastructure predictor group

SEPTIC DEN Density of all septic systems, in number per square mile
SAN SEWER LEN Density of sanitary-sewer lines, in miles per square mile
SAN SEWER REHAB Percentage of rehabilitated sanitary-sewer lines, in percent

Stormwater infrastructure predictor group

N DRY POND Density of dry stormwater detention ponds, in number per square mile
SA DRY POND Surface area of dry stormwater detention ponds, as percentage of total watershed area
N WET POND Density of wet stormwater detention ponds, in number per square mile
SA WET POND Surface area of wet stormwater detention ponds, as percentage of total watershed area

N OTHER STORM Density of stormwater facilities not classified as wet or dry detention ponds, in number per square mile

PIPE LEN Density of stormwater conveyance structures classified as pipes, in miles per square mile

Values differ among years but, unlike other variable in this table, do not differ among watersheds.

2Values only available in 2011, 2015, and 2017.

Table 4. Management-practice names and categories installed
in Fairfax County.

Practice name

Detention-based stormwater-retrofit practice category

Extended detention pond
Constructed wetland
Filtering practices
Wet pond
Infiltration-based stormwater-retrofit practice category

Bioretention

Permeable pavement

Dry swale

Infiltration

Vegetated roof

Rainwater harvesting

Grass channel

Manufactured treatment device

Land-use change

Channel-restoration practice category

Urban stream restoration

Outfall restoration
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Table 5. Description of time-varying predictor variables used to represent credited management-practice load reductions in Fairfax

County, Virginia.

Predictor name

Predictor description

TN RETRO BMP

TN CHAN BMP

TN TOT BMP

TP RETRO BMP

TP CHAN BMP

TP TOT BMP

TSS RETRO BMP

TSS CHAN BMP

TSS TOT BMP

Cumulative mass of credited total nitrogen reduced by infiltration- and detention-based stormwater-retrofit practices,
in pounds per square mile

Cumulative mass of credited total nitrogen reduced by stream and outfall restoration practices, in pounds
per square mile

Cumulative mass of credited total nitrogen reduced by all stormwater-management practices, in pounds
per square mile

Cumulative mass of credited total phosphorus reduced by infiltration- and detention-based stormwater-retrofit
practices, in pounds per square mile

Cumulative mass of credited total phosphorus reduced by stream and outfall restoration practices, in pounds
per square mile

Cumulative mass of credited total phosphorus reduced by all stormwater-management practices, in pounds
per square mile

Cumulative mass of credited total suspended solids reduced by infiltration- and detention-based stormwater-retrofit
practices, in pounds per square mile

Cumulative mass of credited total suspended solids reduced by stream and outfall restoration practices, in pounds
per square mile

Cumulative mass of credited total suspended solids reduced by all stormwater-management practices, in pounds
per square mile

150

Hypothetical load reduction, in pounds

Practice
construction

EXPLANATION

eeecscee Response 1

—— — Response 2
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-50
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2011 2012 2013 2014 2015 2016 2017
Year

2018

Figure 2. Graph showing hypothetical nutrient or sediment load reduction to a management practice completed in 2011.
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Estimation of Nitrogen and Phosphorus Inputs

Annual estimates of nitrogen and phosphorus applied
from anthropogenic sources or contributed by natural
processes, referred to as “inputs,” were derived for Fairfax
County and the study watersheds from 2008 through 2018
from predictor datasets or regional models (table 6). Urban
and suburban watersheds contain many point- and nonpoint-
nitrogen/phosphorus inputs, which complicates a thorough
inventory (Ator, 2019; Fissore and others, 2011; Hobbie and
others, 2017; Kaushal and others, 2011). This report summa-
rizes as many inputs as could be reasonably defined from
available data. Estimated inputs include point-sources, fertilizer
applications, pet waste, atmospheric deposition (nitrogen only),
septic-system effluent (nitrogen only), and contributions from
geologic sources (phosphorus only). Estimated nitrogen and
phosphorus inputs are described in the following paragraphs
and are available online (Webber and others, 2022).

Point sources are direct inputs of nitrogen and phos-
phorus into surface waters. Annual point-source load data
reported by the Chesapeake Bay Program were summarized
and represent permitted industrial and municipal wastewater
discharges. There are no permitted wastewater discharges in
the study watersheds (Porter and others, 2020b).

Input estimates of atmospheric nitrogen deposition were
derived from National Atmospheric Deposition Program
estimates of total deposition (Schwede and Lear, 2014). TN
deposition, which represents the combined fraction of reactive
nitrogen delivered by wet and dry processes, is estimated
annually by 4-square kilometer grids using a combination of
monitoring and modeling data (Schwede and Lear, 2014).
Annual estimates of total, wet, and dry nitrogen deposition
were extracted from these grids for Fairfax County and applied
to the study watersheds. A data-aggregation method, which
preserves temporal changes but assumes no spatial variability
among watersheds, was selected because of uncertainties in
the National Atmospheric Deposition Program data.

Inputs of inorganic nitrogen and phosphorus from urban
fertilizer applications were derived from Chesapeake Bay
Program estimates (Chesapeake Bay Program, 2020). These
estimates are based on fertilizer sales data reported by the
Association of American Plant Food Control Officials,
which are scaled to State geographies and used to calculate
a fertilizer-application rate based on turf-grass area.
Uncertainties in these estimates should be considered, as
sales data may not reflect applications and rarely differentiate
between sales of farm versus non-farm fertilizer. Notably, the
steps to convert raw data into annual estimates results in a

single urban fertilizer turfgrass application rate for each State.
From 2008 through 2018, this rate ranged from 19.2 to 21.1 Ib
of nitrogen and from 3.9 to 4.1 1b of phosphorus per acre of
turfgrass for all counties in Virginia.

Pet waste, defined in this report as the mass of nitrogen
and phosphorus from dog urine and feces, represents a
watershed nutrient input when it is not sent to a landfill or
wastewater-treatment facility. An annual per-household pet
waste input of 1.38 1b of nitrogen and 0.18 Ib of phosphorus
was used, based on values reported by Hobbie and others
(2017) and methods used by Fissore and others (2011). These
values and methods considered dog metabolism rates, dog
feces pickup rates, and the percentage of homes owning a dog.
Dog metabolism estimates were derived from the nutritional
content of dog food and average dog weights (Baker and
others, 2007). This pet-waste estimate assumes that 60 percent
of dog owners pick up their pet’s waste (Swann, 1999) and
that 32 percent of households own a dog: a dog ownership rate
similar to previous work in Fairfax County (Moyer and Hyer,
2003). Annual pet waste inputs for nitrogen and phosphorus
were scaled to Fairfax County and the study watersheds from
2008 through 2018 based on total number of housing units.

Septic-system input is defined as the nitrogen load
leaving the septic drain field. Copying estimates used by the
Chesapeake Bay Program (2020), a total of 29.7 Ib of nitrogen
per conventional septic system was calculated based on a per
capita septic load of 11 Ib of nitrogen per year and 2.7 persons
per system. Because estimates of nitrogen removal from
alternative systems vary (Carey and others, 2013), an average
reduction of 50 percent was used in this study. Based on an
estimated septic discharge of about 74 gallons per person
per day, conventional septic-systems discharge an estimated
49 milligrams per liter (mg/L) of nitrogen in wastewater,
which is within the range of commonly reported septic effluent
concentrations (Carey and others, 2013). These loading rates
were used with the spatial data of septic-system locations to
estimate annual septic-system inputs for Fairfax County and
the study watersheds.

Bedrock can contain large reservoirs of phosphorus
and, although most is insoluble and does not readily move
to streams, mineral dissolution can contribute to instream
phosphorus loads (Denver and others, 2010). This study
estimated phosphorus load delivered to streams by mineral
erosion using a model developed to quantify phosphorus
sources in the northeastern United States (Ator, 2019). Unlike
the previously described nutrient sources, this estimated
phosphorus load does not vary among years and reflects a load
delivered to streams rather than the landscape.
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Table 6. Description of predictor variables representing nitrogen and phosphorus inputs and a brief description of predictor derivation.

Predictor name

Predictor description

Summary of predictor derivation

Nitrogen

N POINT Estimated mass of nitrogen from permitted point-source ~ Annual mass of permitted nitrogen point-source discharges
discharges, in pounds per square mile reported to the Chesapeake Bay Program.! Estimates

were assigned to watersheds based on location within
Fairfax County.

N WET DEPO  Estimated mass of nitrogen from wet atmospheric Average-annual values for Fairfax County extracted from
deposition, in pounds per square mile National Atmospheric Deposition Program total deposition

maps.? Estimates do not vary between watersheds.

N DRY DEPO Estimated mass of nitrogen from dry atmospheric Average-annual values for Fairfax County extracted from
deposition, in pounds per square mile National Atmospheric Deposition Program total deposition

maps.2 Estimates do not vary between watersheds.

N TOT DEPO Estimated mass of nitrogen from wet and dry atmospheric ~ Average-annual values for Fairfax County extracted from
deposition, in pounds per square mile National Atmospheric Deposition Program total deposition

maps.? Estimates do not vary between watersheds.

N FERTILIZER  Estimated mass of nitrogen from fertilizer applications Annual urban fertilizer-application rates for Fairfax County
to turfgrass, in pounds per square mile reported by the Chesapeake Bay Program.! Estimates were

scaled to watersheds based on turfgrass area.

N PET WASTE  Estimated mass of nitrogen from pet waste left on the Per household pet waste loading rate from Hobbie and others
landscape, in pounds per square mile (2017).3 Estimates were scaled to watersheds based on

number of housing units.

N SEPTIC Estimated mass of nitrogen contributed by septic Septic system nitrogen loading rates derived from the
systems that leave the septic drainfield, in pounds Chesapeake Bay Program! and Carey and others (2013).4
per square mile Estimates were scaled to watersheds based on the number

of septic systems.

N TOT IN Estimated total nitrogen mass contributed by atmospheric ~ Sum of individual inputs
deposition, fertilizer, pet waste, point sources, and
septic inputs, in pounds per square mile

Phosphorus

P POINT Estimated mass of phosphorus from permitted Annual mass of permitted phosphorus point-source discharges
point-source discharges, in pounds per square mile reported to the Chesapeake Bay Program.! Estimates

were assigned to watersheds based on location within
Fairfax County.

PFERTILIZER  Estimated mass of phosphorus from fertilizer applications ~ Annual urban fertilizer-application rates for Fairfax County
to turfgrass, in pounds per square mile reported by the Chesapeake Bay Program.! Estimates were

scaled to watersheds based on turfgrass area.

PPET WASTE  Estimated mass of phosphorus from pet waste left on the Per household pet waste loading rate from Hobbie and others
landscape, in pounds per square mile (2017).3 Estimates were scaled to watersheds based on

number of housing units.

P GEOL LOAD* Estimated mass of phosphorus delivered to streams from Derived from modeled estimates published by Ator (2019).
geological materials, in pounds per square mile

PTOT IN Estimated total phosphorus mass contributed by fertilizer, ~Sum of individual inputs

pet waste, point sources, and geologic inputs, in pounds
per square mile

IChesapeake Bay Program (2020).

2National Atmospheric Deposition Program (2020).
3Hobbie and others (2017).

4Unlike the other variables that represent input mass of nitrogen or phosphorus applied to the landscape from anthropogenic sources, “P GEOL LOAD”
represents the estimated load of phosphorus delivered to streams from geologic sources as reported by Ator (2019).

SAtor (2019).
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Statistical Analysis of Streamflow, Water
Quality, and Benthic-Macroinvertebrate Data

Multiple analytical methods were used to characterize
observed streamflow, water-quality, and benthic-macroinver-
tebrate data and to associate them with predictor datasets.
Some common statistical techniques were applied following
recommended approaches for water-resource data (Helsel
and others, 2020) and are briefly introduced in the text. For
most analyses, p-values are reported and were used to assess
the statistical significance of results based on an alpha value
of less than or equal to (<) 0.05. Spearman’s rho or Pearson’s
correlation coefficient () was used to assess monotonic or linear
correlations among datasets, respectively. Three more complex
analytical approaches are described in the following sections.

Identification and Analysis of Storm Events

Storm events were extracted from about 10 years of
15-minute stage data at 14 monitoring stations to evaluate
hydrologic, nutrient, and sediment conditions during storms.
This effort expands on work by Porter and others (2020b), in
which hydrologic and water-quality responses were character-
ized during all flow conditions. Streamflow data are commonly
used to extract stormflow hydrographs for the purpose of
event-based analyses (Blume and others, 2007; Hopkins and
others, 2020), and such methods are well established (Eckhardt,
2005; Nathan and McMahon, 1990; Sloto and Crouse, 1996);
however, stage data, which measure water level above an
arbitrary datum, were used in this report because continuous
streamflow data were not available at all stations.

Before extracting storm events, data were adjusted
to correct two issues unique to stage data that would have
reduced the accuracy of results: shifting channel geomor-
phology and diel patterns evident during low flows in some
watersheds. The first issue results from changes in channel
geomorphology that are common in small urban watersheds
and can cause gradual drifts or, after storms, sudden shifts in
stage that may not reflect changes in streamflow. Records were
corrected for such channel instability by subtracting the i
observation from a 5-day sliding minimum value. The second
issue, diel waves in the dry weather stage data, was likely
caused by variability in barometric pressures and (or) effects
of evapotranspiration (Bond and others, 2002; Schwab and
others, 2016). Because these fluctuations were not indicative
of storm conditions, the diurnal signal was removed by
applying a smoothing filter that replaced the ith value with an
average of the previous 24 hours, representing 96-unit values.
These adjusted data were used only for storm extractions, not
for subsequent calculations of storm-event metrics.

Storm events were first extracted from the adjusted data
as periods when stage exceeded a local minimum, a technique
based on approaches used by Nathan and McMahon (1990).
The following modifications were made to this published
method: minima of 3-day nonoverlapping windows were

computed for the entire study period and values less than
1.05 times the outer values (representing values between
each minima) were located to serve as turning points. The
timeseries was then computed by connecting all minima
values. Next, storm events with a maximum stage range less
than 0.5 foot were removed because these periods typically
represented non-storm related fluctuations in water level.
Finally, storms with multiple peaks were removed to avoid
bias in several event-based metrics.

Multiple metrics were calculated to represent the number,
duration, hydrologic characteristics, and water-quality
conditions of extracted storm events. Holistically, these
metrics provide insight into how each watershed transforms
precipitation into event-based runoff. Rising- and falling-limb
duration was calculated as the time from the beginning of a
storm to peak stage, and from peak stage to the end of a storm,
respectively. Measures of duration were the only characteriza-
tion of storms made from stage data at all 14 stations. Three
additional measures of storm-event hydrology were calculated
using streamflow data at four intensive-monitoring stations.
The magnitude of each event (“peak’) describes the peak
streamflow volume normalized by watershed area. The volume
of stormflow (“volume”) describes the area-normalized amount
of total streamflow delivered during the event. The rate of
streamflow change during the rising limb (“rise rate”) describes
peak streamflow divided by the rising duration. Event-mean
concentrations (EMCs) of TN, TP, and SS were calculated for
each storm event at the four intensive-monitoring stations as
the storm-event constituent load divided by the total storm-
event streamflow volume. Unlike constituent loads, which are
a function of concentration and runoff volume, EMCs represent
the average flow-weighted water-quality concentrations during
a storm event. These metrics commonly are used to assess
the quality of stormwater runoff, exceedance of water-quality
standards, and the efficacy of management-practice treat-
ment and prevention processes (Maniquiz and others, 2010;
U.S. Environmental Protection Agency, 2002).

Trends over time in all storm-event metrics were
evaluated by a Mann-Kendall test, and the magnitude of
trend was summarized from the slope of a Theil-Sen line, a
non-parametric approach that is commonly used in environ-
mental statistics and was used in previous Fairfax County
water-quality analyses (Helsel and others, 2020; Porter and
others, 2020b). Trends in the number and duration of extracted
storm events represent conditions from 14 stations from
August 2009 through March 2018, whereas trends in storm-
event metrics derived from streamflow and water-quality data
represent conditions from four intensive-monitoring stations
from water years 2009 through 2017. Trends were not adjusted
for precipitation because spatially explicit, sub-daily precipita-
tion data were not available to this study. All analyses were
conducted in R v.4.0.3 (R Core Team, 2020).



Computation and Analysis of Water-Quality
Loads

Nutrient and SS loads describe the total mass of material
delivered downstream from a monitoring station over a
period of time. Annual loads are often of interest because
they are commonly used for regulatory purposes (Fairfax
County, 2017) and to quantify expected nutrient and sediment
management-practice effects. TN, TP, and SS loads were
reported for the five intensive-monitoring stations from 2009
through 2018 using published surrogate regression models
(Porter and others, 2020b) following previously documented
methods (Jastram and others, 2009; Jastram, 2014; Rasmussen
and others, 2008). These models quantify a fixed relation
between observed nutrient and sediment concentrations
and measurements available at sub-daily time steps, such
as streamflow, WT, TB, and time of year. After estimating a
continuous time-series of concentrations, loads were calcu-
lated by multiplying modeled concentrations by measured
streamflow. Additional analyses based on these loads are
described below.

Base-flow nitrogen, phosphorus, and sediment loads
describe the amount of material transported past a station
during non-storm-event hydrologic conditions. Many methods
can be used to identify base flow (Raffensperger and others,
2017); the general intent of these methods is to separate the
amount of streamflow associated with groundwater discharge
from surface-water runoff (referred to as quickflow). This
report used the “BaseflowSeparation” function within the
EcoHydRology R package to define base flow and quickflow;
a method used in related urban-stormwater research (Hopkins
and others, 2020). This method uses an automated approach to
identify base flow from a station hydrograph, with the separa-
tion of base flow and quickflow dependent on a digital filtering
parameter (Duncan, 2019). A three-pass filtering parameter
of 0.975 was selected for all stations after visually inspecting
hydrograph separation results from a range of recommended
values. Base-flow nutrient and sediment loads were then
calculated by multiplying modeled concentrations by the
proportion of streamflow delivered during base flow.

Trends in nutrient and sediment loads over time were
calculated to describe how water-quality conditions changed
from 2009 through 2018 in four intensive-monitoring stations.
Nutrient and sediment loads in Fairfax County streams are
heavily affected by hydrologic conditions (Jastram, 2014;
Porter and others, 2020b); therefore, trends in load were calcu-
lated by a non-parametric method that removes variability
associated with streamflow (Helsel and others, 2020). The
resulting trends are likely more closely associated with effects
from landscape activities, including the role of management
practices. For each station, monthly nutrient and sediment
loads were computed using surrogate regression models and
regressed against total monthly streamflow using a LOESS
smooth relation. Trends in the residuals of these relations
were calculated with a Mann-Kendall test, which describes
patterns in monthly load after adjusting for streamflow. Trend
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magnitude was determined from the slope of a Thiel-Sen line,
and monthly residual values were retransformed into units of
mass. These results are referred to as “flow-adjusted loads”
throughout the report. A non-parametric test recommended for
water-quality datasets was used to determine the timing and
significance of a change point in the distribution of monthly
flow-adjusted loads (Helsel and others, 2020; Pettitt, 1979).

Nitrogen and phosphorus retention rates describe the
percentage of nutrient inputs in a watershed that are not deliv-
ered to streams. Annual retention rates of nitrogen and phos-
phorus were calculated for the intensive-monitoring stations as
the difference between estimated inputs, reflecting the sum of
all nonpoint sources and calculated loads. Retention rates are
low when most nutrient inputs in a watershed are delivered to
streams, which typically occurs during high-streamflow years,
as these conditions generate large loads. Therefore, changes
in nutrient retention over time are explored as a function of
computed loads and flow-adjusted loads.

Linear Mixed-Effect Models

Spatial and temporal relations between water-quality
responses and watershed predictors were evaluated using
linear mixed-effect (LME) models. In particular, LME models
permitted management-practice effects to be evaluated after
accounting for climatic and landscape factors: a critical step to
identify the effects of management practices on water-quality
and ecological responses. Linear mixed-effect models, also
known as multilevel models or hierarchical models, are an
extension of ordinary least-squares regression and are useful
for datasets with a nested structure, where data within groups
are more similar than data between groups. Such datasets
violate ordinary least-squares assumptions of independence
and, without accounting for their nested structure, other models
can produce Type I errors (incorrect rejection of a null hypoth-
esis) and biased parameter estimates (Peugh, 2010). LME
models allow researchers to explore the effect of variables on
differences within groups (referred to as level-1 variance) and
on differences between groups (referred to as level-2 variance).
Longitudinal studies, where repeat observations are collected
from multiple groups over time, are often analyzed using LME
models to understand changes within and between groups
(Grimm and others, 2016). Similar methods have been used
to characterize conditions affecting biological communities
(Wenger and others, 2016; Xu and others, 2010) and water-
quality conditions (Flint and McDowell, 2015; Funes and
others, 2018; Goyette and others, 2019; Li and others, 2013).

LME models were used to evaluate how annual predictor
variables related to annual measures of TN, TP, SS, SC,
and benthic-macroinvertebrate IBI scores collected from 14
watersheds over a 10-year period. Watersheds were used to
define the grouping structure of each LME model. For TN,
TP, SS, and SC, relations between predictors and responses
were evaluated from 2009 through 2018 using median-annual
values summarized from monthly samples. Median-annual
values allow for joint consideration of data collected across
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14 watersheds, a comparison against annual predictor data,
and a reduction of the influence of samples collected during
stormflow conditions. For IBI scores, models were built using
132 samples collected annually across 14 watersheds from
2008 through 2017. As samples were collected during March
or April of each year, models were built to relate annual IBI
scores with predictors representing conditions in the year
before sample collection. For landscape predictors in 2007,
the 2008 value was used under the assumption that no change
occurred over the 2007-08 period. All models were built using
original units of measurement, that is, mg/L for TN, TP, and
SS; microsiemens per centimeter (uS/cm) at 25 degrees Celsius
(°C) for SC; and points for IBI scores.

LME models, described in equations 1-6, were used
in this study to (1) partition the overall variability of each
response variable to within-watershed and between-watershed
variability, and (2) account for both sources of variability to the
maximum extent possible using explanatory data. For example,
TN concentrations from 2009 through 2018 varied annually
within a watershed (the variability of observations about a
watershed-specific regression line), and regression intercepts
and slopes differed between watersheds (fig. 3). A model for
this partitioning, described in equations 1-3, is referred to as a
linear-growth model (Grimm and others, 2016). The “level-1”
equation (eq. 1) in the model specifies a watershed-specific
intercept (b |,, eq. 1) as the sum of two “level-2” components:
an overall fixed-effect constant (5 ,, eq.2)and a watershed-
specific random effect (d |;, eq. 2) watershed-specific slopes
(b ;> eq. 1) were specified similarly (8 ,, and d ,;, eq. 3). The
fixed effects § ,, and /8, can be interpreted as the overall
average response value at time zero and the overall average
linear rate-of-change over time, respectively, whereas the
random effects reflect watershed-specific deviations from
the corresponding fixed effect. The linear-growth model in
equations 1-3 includes six estimated parameters: estimates of
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the fixed-effect intercept (5 ;) and slope (f (,), variance of the
random intercept (d ;) and slope (d ,,), variance of the residuals
(u ,), and the covariance between the random intercept and
slope. Collectively, the random intercept, random slope,

and residual variance in the linear-growth model (eqs. 1-3)
represent the unaccounted-for variability of all observations
about the fixed-effect population intercept and slope.

Level-1 equation

Vi = byt by ttuy, (M
Level-2 equations
by = By td; 2
by = Pop * dy; A3)
where
Vi is the repeatedly measured variable at time t
for individual i,
b,; s the random intercept, or predicted score for
individual i when t=0,
Byi is the sample-level mean for the intercept,
d,;  is the deviation of individual i from the
sample mean intercept,
b,;  is the random slope, or rate-of-change, for
individual i for a one-unit change in t,
Boz is the sample-level mean for the slope,
d,;  is the deviation of individual i from the

sample mean slope,
t is a centered-time term, and
.+ 1s the time-specific residual score.
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Figure 3. Graphs showing median-annual total nitrogen concentrations in A, CAPT HICK and B, CASTLE study watersheds in
Fairfax County, Virginia, from 2009 through 2018; lines describe sources of variability. Study watershed station names are defined in table 1.



The second objective of using LME models, as outlined
in the previous paragraph, is achieved by augmenting the
linear-growth model with explanatory covariates that reduce
one or more of these three variance components in a manner
that improves, or at least does not degrade, the fit to the
observed data. Equations 4—6 describe a linear-growth model
with capacity to include predictors as fixed effects that can
vary over time, space, or both (table 2, table 3, table 5, and
table 6), while retaining the same random-effect structure as
the linear-growth model with no covariates, as described in
equations 1-3. Time-invariant predictors, for example water-
shed area, have no influence over the variability of individual
observations about a watershed-specific regression line;
they only can affect between-watershed differences in slope
and intercept. Thus, such variables and their corresponding
coefficients (notated as X, though X, and f,, through £,
respectively) can only appear in equations 5 (intercept; x=1)
and 6 (slope; x=2), which are level-2 equations; the benefit of
their inclusion is evidenced by the reduction in random slope
and intercept variances. Time-varying predictors vary over
time and, potentially, space. Those that vary over time but not
space can affect within-watershed variability over time but not
between-watershed differences in slope and intercept. These
variables, which exclusively represent county-wide climatic
predictors in this study, appear only in equation 4 (level-1),
notated as Z, — Z; with corresponding coefficients by — by,.
The benefit of the inclusion of time-varying predictors would
be evidenced in a reduction of residual variance in the models.

Several predictors vary over space and time. For
example, the percentage of impervious cover has generally
increased in the Captain Hickory Run at Route 681 near
Great Falls, Va. (CAPT HICK) and Castle Creek at Newman
Road at Clifton, Va. (CASTLE) watersheds from 2009 through
2018, but impervious cover in CAPT HICK remained consis-
tently higher than in CASTLE over this 10-year period (fig. 4).
To isolate their effects on random variance components,
such predictors were decomposed following recommended
centering techniques (Enders and Tofighi, 2007; Grimm and
others, 2016; Hoffman and Stawski, 2009). In brief, raw
predictor values were split into two separate components.
First, time-invariant average levels of the predictor were
computed for each watershed, then centered relative to the
overall population mean, such that the mean of the watershed
averages was zero. Second, the watershed-specific values of
the predictor over time were centered relative to each water-
shed’s mean value, such that the average in each watershed
was zero (fig. 4); hereafter, the former component is referred
to as “grand-mean” centered, and the latter as “watershed-
mean” centered. Time-invariant predictors were centered only
to their grand-mean; time-varying predictors were centered to
their grand-mean and watershed-mean. Grand-mean-centered
components of time-invariant predictor and time-varying
predictor variables, included through the level-2 slope and
intercept equations (eqs. 5 and 6), have the capacity to reduce
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random intercept and slope variances. Watershed-mean
time-varying predictor components (eq. 4) have the capacity to
reduce residual variance.

Level-1 equation:
Vi = byt by e+ (by* Zyg) + e+ (bf+2 *Zfﬁ) g (4)
Level-2 equations:

by, = Bo +(ﬁ]l*‘Xli)+ +(ﬂcl*)(ci)+dli (5)

by = ﬂ02+(ﬂ12*Xli)+ et cz*Xcz‘)"'de (6)

where
Vi is the repeatedly measured variable at time t
for individual i,
b,;  is the random intercept, or predicted score for
individual i when t=0,
Lo is the sample-level mean for the intercept,

B — B is the relation between time-invariant
predictors (X;; — X ;) and individual-level
intercept,

d,;  is the deviation of individual i from the
sample mean intercept,

b,;  is the random slope, or rate-of-change for
individual i for a one-unit change in t,

By, 1s the sample-level mean for the slope,

B, —B.  1sthe relation between time-invariant
predictors (X;;, — X;) and
individual-level slope,

dy;  is the deviation of individual i from the
sample-mean slope,

by—by, s the effect of time-varying
covariates (Z,; — Zg),

Z,,—Zy  are time-varying predictors, 1-f, at time t for
individual 1,

X,;—X,  are the time-invariant predictors, 1-c, for

individual i,
t is a centered-time term, and

u,; 1is the time-specific residual score.

The overarching goal of modeling water-quality
responses with these additional parameters is to identify
relations among watershed predictors and response variables.
Specifically, models were constructed to address the following
three relations: (1) predictors and average responses between
watersheds, (2) predictors and the linear rate-of-change in
responses between watersheds over the study period, and
(3) annual changes in predictors and responses within water-
sheds over the study period. Except where the random-effect
variance-covariance matrix converged to a perfectly linear
relation (referred to as a singularity error in LME-model litera-
ture) and required simplification, all models were fit following
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recommendations advising the use of a maximal random-effect
structure (Barr and others, 2013) and used a random intercept
and random-linear relation with time for each watershed.

A combination of predictor variables was selected for
consideration in LME models, largely guided by the evalua-
tion of individual predictor-response relations and by applying
professional judgement guided by previous Fairfax County
studies (Hyer and others, 2016; Jastram, 2014; Porter and
others, 2020b). After appropriate centering and decomposition,
all possible combinations of selected predictors were modeled.
Models that resulted in the largest variance reduction with
the fewest additional parameters were prioritized because
the linear-growth model described in equations 1-3 already
contains six parameters for a response dataset of about
140 observations. Likelihood-ratio tests and model Akaike
information criterion (AIC; Akaike, 1974) were used in model
comparisons to determine the value of an added predictor. The
usefulness of a predictor was also evaluated by examining the
95-percent confidence intervals of a coefficient to ensure that
these ranges do not include zero. For all selected models, stan-
dardized coefficients are reported following methods described
in Hoffman (2015) to determine the relative-effect size of
predictors on modeled responses. Conditional and marginal
R? values are reported for selected models and respectively
describe the proportion of total variance explained by fixed
and random effects and by only fixed effects (Nakagawa
and others, 2017). Tables used to evaluate relations between
predictor and response variables and guide the selection of
LME models are contained in appendix 1. Tables and figures
that support the interpretation of selected and alternative LME
models are contained in appendix 2.

Uncertainties and limitations of the predictor and
response datasets affect the identification and interpretation of
predictor-response relations. Except for climatic and water-
quality data, most predictor data represent little change or a
linear rate-of-change over the 10-year period; therefore, they
do not help to explain the interannual differences in responses
within watersheds. Therefore, temperature, precipitation, and
water-quality terms, such as WT and DO, may be preferentially
selected in LME models for their unique ability to reduce
within-watershed variances. Causal links between response
variables and annual measures of climate and water quality
may exist, but the inclusion of these terms might be affected by
the limited temporal accuracy of other predictor datasets.

Limitations of the LME model analysis also affect the
identification and interpretation of predictor-response rela-
tions. This study did not consider every possible combination
of predictors, predictor interactive effects, alternative random-
effect structures, or models that may offer additional insights.
LME models evaluate the strength of linear predictor-response
relations and likely underrepresent non-linear patterns that
may be present in the data. Strong correlations among predic-
tors challenge the ability of LME models to identify the most
influential predictors of a given response. It is convenient
to discuss the interpretation of a single model; however,
alternative models with similar performance often exist and
are acknowledged in this report. Finally, the legacy effects of
a predictor may heavily influence contemporary water-quality
responses, but, generally, were not considered.

All LME model development was performed in R v.4.0.3
(R Core Team, 2020) using the “lme4” package (Bates and
others, 2015). Standardized model coefficients were produced
with the “standardize parameters” function in the “effectsize”
package (Ben-Shachar and others, 2020).
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Figure 4. Graphs showing impervious cover in A, CAPT HICK and B, CASTLE study watersheds in
Fairfax County, Virginia, from 2009 through 2018 and representations of how this term is centered for
use in linear mixed-effect models. Study watershed station names are defined in table 1.

How did Landscape and Climatic
Conditions Change?

Urban activities and climatic conditions interact with
physical watershed properties to affect water-quality and
ecological responses in Fairfax County streams. Patterns
and changes in these predictors (table 3) from 2008 through
2018 were summarized and are described in the following
paragraphs. In general, the monitoring network reflected a
gradient of urban/suburban conditions, and the study period
captured interannual climatic differences and an expansion of
the built environment. Fairfax County’s population increased
by about 10 percent, or 100,000 people (Han and others,
2018), requiring new homes, roads, and infrastructure to
manage additional stormwater and wastewater (fig. 5 and 6).
Some form of urbanization, characterized as an expansion of
impervious surfaces, housing units, wastewater infrastructure,
and/or stormwater infrastructure, occurred in all study
watersheds throughout the study period (tables 7 and 8). Rates
of urbanization during the study period generally were smaller
than the increases in population and housing that occurred
throughout Fairfax County in previous decades (fig. 5).

Countywide annual measures of air temperature and
precipitation varied from 2008 through 2018. Total-annual
precipitation ranged from 33.6 inches (in.) in 2012 to 62.6 in.
in 2018 (fig. 7). The wettest years were associated with many
heavy and very heavy rainfall days, defined by Donat and
others (2013) as days receiving more than about 0.4 and
0.8 in. of precipitation, respectively (see predictors R10D and
R20D in table 3). Average-annual air temperature ranged from
12.9°Cin 2014 to 15.4 °C in 2012 (fig. 7). Years with warmer
average temperatures were generally associated with higher
maximum- and minimum-annual temperatures, fewer frost
days, and more summer days (see predictors TXx, TNn, FD,
and SU in table 3).

Most measures of urban activity were related to one
another (fig. 8). In general, more developed study watersheds
contained greater amounts of impervious land and turfgrass
cover and had higher densities of roadways, housing units,
and stormwater and sanitary-sewer infrastructure. Lesser-
developed study watersheds had more forested land and the
highest septic-system densities. Landscape characteristics
in 2008 (tables 7 and 8), were used in a hierarchical cluster
analysis to classify the study watersheds into 1 of 3 groups
(table 9). The intensity of development and impervious land
cover increased from groups 1 to 3. The most high-density
residential and commercial land uses were in group three
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watersheds: Old Courthouse Spring Branch near Vienna,

Va. (OCSB) and Big Rocky Run at Stringfellow Road near
Chantilly, Va. (BRR) (Jastram, 2014). The most open and
low-density residential land and the greatest septic-system
densities were in group one watersheds (CASTLE; Popes
Head Creek Tributary near Fairfax Station, Va. [PHCT]; Little
Difficult Run near Vienna, Va. [LIL DIFF]; CAPT HICK; and
South Fork Little Difficult Run above mouth near Vienna,

Va. [SFLIL]). The remaining 13 study watersheds in group
two were mostly residential and had a level of urbanization
common to Fairfax County.

Developed land, areas that contain a mixture of
constructed materials and vegetation (mostly in the form of
lawn grasses), covered about 56 percent of Fairfax County in
2008 and increased by about 1 percentage point, or 4.5 mi?,
through 2018 (table 7). Most of the increase came from
forested areas, which represented about 36 percent of Fairfax
County in 2008 and 35.2 percent in 2018. On average, the
study watersheds contained about 68 percent developed land
in 2008, with a minimum value of 32 percent in LIL DIFF
and a maximum value of 88 percent in BRR. Developed
land increased in most study watersheds through 2018.
Increases were as much as 2.2 percentage points (Rabbit
Branch Tributary above Lake Royal near Burke, Va. [RABT],
increased from 77.9 percent to 80.1 percent). Forested land in
2008 ranged from 9 percent in BRR to 62 percent in LIL DIFF
and decreased in nearly all study watersheds through 2018.

Evaluating Drivers of Hydrology, Water Quality, and Benthic Macroinvertebrates in Streams of Fairfax County, Va., 2007-18

Additional information about developed land was
characterized from turfgrass and impervious coverage.
Turfgrass covered about 31 percent of Fairfax County in
2008 and increased by about 2 percentage points, or 8.4 mi?,
through 2018 (table 7). Turfgrass cover in 2008 in the
study watersheds ranged from 22 percent in LIL DIFF to
49 percent in Horsepen Run above Horsepen Run Tributary
near Herndon, Va. (HPEN), representing an average value
of 38 percent. Turfgrass increased in all study watersheds
by an average of 2.2 percentage points. Impervious cover
represented about 21 percent of all land use in Fairfax County
in 2008 and increased by about 2 percentage points, or 7.6 mi,
through 2018 (table 7). Impervious cover in 2008 in the study
watersheds ranged from 6 percent in CASTLE to 50 percent
in OCSB, representing an average value of 26 percent.
Impervious cover increased in all study watersheds by an
average of about 2.1 percentage points through 2018.

The 4,700 mi of roads in Fairfax County in 2011
increased by 100 mi, or about 2 percent, through 2017. About
72 percent of Fairfax County’s roadway length is local roads,
but local road increases only represented about 28 percent
of the total increases from 2011 through 2017; interstates,
ramps, and major roadway length increased by 72 mi. Study
watersheds with the most impervious cover had the highest
roadway density and, in all watersheds, local roads repre-
sented most of the total roadway length. Total roadway length
increased in most study watersheds from 2011 through 2017
by about 1.5 percent.
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Figure 5. Graph showing observed and forecasted trends in the population and number of housing

units in Fairfax County, Virginia, from 1970 through 2045. Population and housing unit estimates from

Han and others (2018).
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Figure 6. Aerial imagery showing selected areas in the A, DIFF; B, BRR; and C, PSB study watersheds in
Fairfax County, Virginia, from 2009 and 2019. Study watershed station names are defined in table 1. Aerial
imagery provided by Fairfax County (2022).
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Table 7. Summary of selected land-use and land-cover properties in 20 study watersheds and Fairfax County, including values in 2008
and the change in values from 2008 through 2018.

[Station names are defined in table 1; predictor names are defined in table 3. %, percent]

DEV ALL (%) FOR (%) IMP (%) TURF (%)
Station Vazlll]lgsm Change! Vazltl;:sm Change! Vazl:ll:sm Change! vazl:;;sm Change!

BRR 288.4 21.6 39.1 3-0.8 435 1.9 35.8 22
CAPT HICK 55.6 0.0 40.6 0.0 13.9 2.1 422 2.0
CASTLE 41.6 0.8 56.1 -0.8 35.8 31.9 332 22
DEAD 72.8 0.2 25.5 -0.5 33.6 2.1 43.4 2.0
DIFF 61.0 1.5 34.5 -2.3 29.6 2.1 30.1 2.0
DOGUE 78.9 0.0 21.4 0.0 30.5 1.2 39.7 1.7
FLAT 85.9 0.3 11.2 0.0 30.5 1.9 47.8 2.2
FROG 86.2 0.0 13.3 -0.1 31.9 1.9 48.1 2.2
HPEN 78.7 0.0 19.7 0.1 22.7 4.8 248.8 24.7
INDIAN 73.6 0.2 24.6 —0.2 34.4 1.6 37.2 2.0
LIL DIFF 332.0 30.9 261.7 2-0.9 12.3 2.1 21.7 32.0
LONG 68.4 0.5 29.3 -0.7 25.8 1.9 40.1 1.7
OCSB 84.4 0.0 11.4 0.0 250.3 2.1 29.2 2.0
PHCT 433 0.0 55.7 -0.1 19.3 1.9 23.1 2.2
PSB 73.7 0.0 22.8 0.0 30.3 1.1 39.7 1.7
RABT 77.9 2.2 20.3 -1.4 30.6 1.0 48.3 1.7
SFLIL 41.6 0.6 53.2 -0.1 14.7 2.1 322 2.0
SGRLND 73.0 0.1 26.0 0.1 15.3 4.8 37.1 4.7
TRKYCK 75.0 0.7 21.9 0.6 31.5 1.6 353 2.0
WSB 69.4 0.1 29.3 0.3 22.2 1.9 44.5 2.2

Fairfax County totals 55.6 1.1 36.0 -0.8 21.0 1.9 30.5 2.1

IChange calculated as the difference of the 2018 and 2008 values, in predictor units.
>The highest 2008 station value, shaded in blue.

3The lowest 2008 station value, shaded in yellow.
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Table 8. Summary of selected housing, wastewater, and stormwater properties in 20 study watersheds and Fairfax County, including
values in 2008 and the change in values from 2008 through 2018.

[Station names are defined in table 1; predictor names are defined in table 3. n/mi2, number per square mile; mi/mi?, mile per square mile]

Station TOT HU (n/mi?) SAN SEWER LEN (mi/mi2) SEPTIC DEN (n/mi?) PIPE LEN (mi/mi?)
Value in2008 Change' Valuein2008 Change' Valuein2008 Change' Valuein2008 Change'

BRR? 32,672 3189 14.8 0.3 5.6 0.0 15.8 0.3
CAPT HICK 429 10.1 40.0 40.0 420 22.4 2.6 0.1
CASTLE 4141 —04 1.0 0.0 115 1.8 40.1 40.0
DEAD? 1,417 2.4 16.4 0.2 17.1 1.0 8.7 0.2
DIFF 1,170 367 5.8 0.3 208 15.8 9.1 0.2
DOGUE? 730 2.3 14.3 0.0 2.3 0.0 11.2 0.0
FLAT?2 1,423 30.9 13.8 0.3 8.6 0.0 11.8 0.1
FROG? 1,208 26.2 15.0 0.1 40.0 40.0 12.4 0.2
HPEN?2 1,228 29.5 14.5 0.4 5.9 0.0 10.1 0.4
INDIAN? 1,435 16.7 14.7 0.2 5.7 0.0 10.3 0.3
LIL DIFF 414 7.7 1.6 0.0 303 10.4 2.6 0.1
LONG? 1,127 37.4 14.5 0.1 19.7 0.3 10.5 0.0
OCSB? 1,130 741 13.9 0.0 7.6 0.7 316.7 30.1
PHCT 364 -2.1 0.7 0.0 349 1.0 3.1 0.0
PSB2 1,404 155 16.5 0.0 2.1 0.5 9.0 0.1
RABT? 1,403 0.0 318.6 30.0 40.0 40.0 12.3 0.0
SFLIL 494 2.2 0.1 0.1 3489 35.5 3.7 0.1
SGRLND? 408 21.8 7.9 0.4 57.6 3.1 4.6 0.0
TRKYCK?2 1,700 12.8 14.6 0.1 7.7 0.4 9.2 0.1
WSB2 815 9.4 11.0 0.0 65.6 52 8.0 0.1

Fairfax County totals 984 66.7 8.5 0.2 50.6 3.0 6.6 0.1

IChange calculated as the difference of the 2018 and 2008 values, in predictor units.
2Watershed is served primarily by a sanitary-sewer network.
3The highest 2008 station value, shaded in blue.

“The lowest 2008 station value, shaded in yellow.
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Figure 7. Bar graphs showing A, total-annual precipitation and B, average-annual air temperature in
Fairfax County, Virginia, from 2008 through 2018.
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Figure 8. Graphs showing the relations among selected predictors for 20 study watersheds in Fairfax County, Virginia, in
2013. Study watershed station names are defined in table 1.
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Table 9. Description of study watershed groups identified by a
hierarchical cluster analysis.

[Station names are identified in table 1]

Station Group description
CASTLE Group 1-Watersheds with low-density residential
PHCT development and open-space land uses.
Watersheds have low impervious cover and
LIL DIFF . . o
high septic system densities.
CAPT HICK
SFLIL
DOGUE Group 2-Watersheds with low- to medium-
LONG density residential development. Watersheds
typically have intermediate amounts of
WSB . ;
impervious cover, stormwater, and wastewater
PSB infrastructure compared with groups 1 and 3.
DEAD
TRKYCK
INDIAN
RABT
HPEN
FLAT
FROG
SGRLND
DIFF
OCSB Group 3-Watersheds with high-density
BRR residential and commercial land uses.

Watersheds have high impervious cover and
a high density of sanitary-sewer lines and
stormwater infrastructure.

About 26,500 new housing units were added in
Fairfax County from 2008 through 2018, an increase of
6.8 percent, mostly from the construction of multifamily
homes such as apartments, condominiums, and townhouses.
Total housing in 2008 in the study watersheds ranged from
about 140 housing units per square mile in CASTLE to
2,700 housing units per square mile in BRR (table 8); more
impervious watersheds typically have a higher housing
density in the form of multifamily homes (fig. 8). The number
of housing units increased in most study watersheds; the
largest increases of about 741 and 367 units per square mile
took place in OCSB and Difficult Run above Fox Lake near
Fairfax, Va. (DIFF), respectively.

Most wastewater generated in Fairfax County is
conveyed by a sanitary-sewer network to wastewater-treatment
plants. The gravity sewers and force mains network in 2008
consisted of about 3,300 mi but expanded by about 2 percent,
about 67 mi per square mile, through 2018 (table 8). Fairfax
County has an inspection, maintenance, and cleaning program
for their sanitary-sewer network. Hundreds of sewer miles are
cleaned each year to prevent backups and overflows; backups
and overflows have occurred about once per 100 miles

of sewer over the past 5 years, a rate below established
standards (Fairfax County, 2021). Most of the wastewater
generated in 14 of the 20 study watersheds is conveyed by the
sanitary-sewer network, but the other study watersheds are
served entirely or mostly by septic systems (table 8). In these
14 study watersheds, the average sanitary-sewer line density
was 14.3 mi per square mile; higher densities were in more
impervious watersheds (fig. 8). The sanitary-sewer network
expanded in most of these watersheds throughout the period
by an average of about 0.8 mi per square mile or 1.2 percent.
Wastewater not conveyed by the sanitary-sewer network
is treated by septic systems; residential parts of Fairfax
County with low amounts of impervious cover typically use
septic systems (fig. 8). About 20,100 septic systems were in
Fairfax County in 2008, which increased by nearly 3 systems
per square mile, or 6 percent, through 2018 (table 8). About
half of these additions were alternative systems, those that
were built with mechanisms to achieve greater reductions of
nitrogen in drain fields, although such systems represented a
small fraction of total Fairfax County septic systems. Almost
every study watershed has septic systems, but only six study
watersheds service all or most wastewater using septic systems
(table 8). The density of septic systems in these 6 watersheds
in 2008 ranged from about 115 systems per square mile in
CASTLE to 490 systems per square mile in SFLIL. The
number of septic systems increased in these 6 study water-
sheds through 2018: the largest changes being 22.4 systems
per mi? or a 5.3-percent increase in CAPT HICK and
15.8 systems per square mile or 7.6-percent increase in DIFF.
The Fairfax County stormwater network is designed to
route runoff from impervious surfaces to streams and water-
ways to minimize flooding, pollution, and sediment erosion.
The county performs routine inspections and maintenance of
this network, which results in the replacement or renewal of
pipes and the clearing and cleaning of stormwater structures
(Stormwater Planning Division, 2018). In 2008, the storm-
water network consisted of about 2,640 mi of pipes, most
of which are maintained by Fairfax County. About 35 mi of
stormwater pipes, 1.3 percent of the existing total, were added
to the county through 2018. The 2008 density of stormwater
pipes in the study watersheds ranged from about 0.1 mi of pipe
per square mile in CASTLE to 16.7 mi of pipe per square mile
in OCSB: a gradient consistent with the amount of impervious
cover in each watershed (fig. 8). This stormwater pipe network
increased slightly in most study watersheds (table 8).

What Water-Quality Management
Practices were Used?

Fairfax County uses a variety of management strategies
to protect and restore its water resources. Most of this respon-
sibility is addressed by the county’s stormwater-management
program, but many county programs also contribute to
positive water-resource outcomes.



The Fairfax County stormwater-management program
pursues its goals of protecting property, health, and safety and
improving the environment for public benefit through various
policies, programs, and projects. A comprehensive stormwater
regulation establishes guidelines for peak-flow volumes and
water-quality criteria, which includes specific requirements
for areas of new development and redevelopment. Programs
to monitor and assess water resources are designed to
characterize conditions, identify issues in local water bodies,
and inform management strategies. Programs to inspect and
maintain stormwater conveyance structures and facilities
help ensure that the stormwater network is functioning as
designed. Stormwater projects include non-structural compo-
nents, such as educational and outreach efforts that are used
to engage the public in resource protection, and structural
projects, such as upgrades to the stormwater network, flood
mitigation projects, stream stabilization projects, and projects
designed to improve water quality. Structural stormwater
projects that qualified for nitrogen, phosphorus, and (or)
sediment load-reduction credits by the Chesapeake Bay
Program are hereafter referred to as “management practices.”
Structural projects not credited with load reductions and the
effects of stormwater policies, programs, and non-structural
elements are still expected to affect water-quality conditions;
however, their combined effects are difficult to quantify and
are not directly considered in this report.

Management Practices in Fairfax County

There were 245 management practices completed
in Fairfax County from 2009 through 2018, representing
a total investment of about 87 million dollars (table 10).
Cumulatively, these practices treated runoff from about
47 mi? of land and were credited with reductions of about
33,000 1b of nitrogen, 8,300 Ib of phosphorus, and 1,600 tons
of sediment (fig. 9). These cumulative values represent the
additive credits from multiple practices completed over time,
assuming that credited load reductions from all practices
persist from year to year. Fairfax County has prioritized
stormwater management for decades, but the crediting of
nutrient and sediment load reductions associated with manage-
ment practices by the Chesapeake Bay Program did not start
until 2009 in response to local and regional total maximum
daily load regulations. Because the programmatic elements
of funding, planning, and construction of practices can take
multiple years, most Fairfax County management practices
were installed towards the end of the study period (fig. 10).
Management practices are associated with many important
benefits beyond credited nutrient reductions, including
aesthetic improvements, enhanced recreational opportunities,
removal of invasive vegetation, and educational benefits
(Kenney and others, 2012), but these services were not the
focus of this report.
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Fairfax County management practices were broadly clas-
sified as stormwater retrofits or channel-restoration practices
(table 4). Detention-based stormwater retrofits comprise a
suite of practices that reduce nitrogen, phosphorus, and (or)
sediment loads through physical or biochemical processes
by capturing stormwater runoff in temporary storage areas
(Chesapeake Bay Program, 2018). Detention-based storm-
water retrofits tend to be near surface waters and are designed
to achieve load reductions through filtering or settling.
Examples of detention-based stormwater retrofits include
wetlands, ponds, and filtering practices, which represent
traditional approaches to stormwater management; however,
these types of retrofits are challenging to install in areas with
existing development because of space limitations (National
Research Council, 2009), which has led to the construction of
some detention-based retrofits on rooftops or in underground
facilities in recent years. Infiltration-based stormwater
retrofits are in upland areas and achieve load reductions
by enhancing infiltration and evapotranspiration. The most
commonly used infiltration-based practices in Fairfax County
includes bioretention areas, permeable pavement, and areas of
land-use conversion. Land-use conversion generally consists
of managed pervious or impervious area being changed to
a native grassland or forested area. About twice as many
infiltration-based retrofits were installed in Fairfax County
than detention-based retrofits, but detention-based retrofits
were credited with about four times more nitrogen and
phosphorus load reduction and about eight times more sedi-
ment load reduction than infiltration-based retrofits (table 10).
Larger reduction credits are typically assigned to detention-
based practices because they treat more watershed area than
infiltration-based practices. Constraints on available land for
detention-based practices and the ability of infiltration-based
practices to address multiple components of the hydrologic
cycle (Jefferson and others, 2017) help explain the distribution
of Fairfax County’s investment during the study period.

Channel restorations represent a large component of
Fairfax County’s management-practice portfolio and include
outfall restorations and stream restorations. Outfalls represent
the discharge point where stormwater enters a water body,
and their restoration primarily focuses on achieving sediment
reductions by repairing and controlling bank erosion. Twenty-
six outfall restorations were completed in Fairfax County and
were credited with about 80 tons of sediment reduction and
hundreds of pounds of nitrogen and phosphorus reduction
(table 10). Stream restorations achieve water-quality load
reductions by retaining sediment and attached nutrients in
stable stream channels and floodplains that would otherwise
be eroded downstream and by increasing biological nitrogen
removal through instream processing, floodplain retention,
or vegetative uptake (Chesapeake Bay Program, 2018).
Fairfax County uses natural channel designs in their stream
restorations, which modifies the pattern, profile, and dimen-
sions of a disturbed stream section to achieve a more stable,
natural form. Stream restorations can require intensive
onsite construction, including hydrologic reconnection of
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the channel to the historical floodplain. Fairfax County uses in Fairfax County (table 10). Based on reductions credited
these opportunities to also improve the surrounding floodplain by the Chesapeake Bay Program, the average cost per pound
conditions by planting native trees and vegetation in riparian removal rate of stream restorations is lower than outfall

areas, removing invasive species, and rehabilitating trails or restorations, stormwater retrofits, and other treatment methods.
walkways. Nearly 11 mi of streams were restored in Fairfax Additionally, Fairfax County’s strategy of using stream resto-
County from 2009 through 2018, representing 38 practices rations as a primary stormwater-management tool is influenced
and investments of about 46 million dollars (table 10). Stream by the amount of streams on public land. Fairfax County’s
restorations represented about half of the dollars spent on all land is mostly privately owned; however, many miles of
management practices and accounted for more than 70 percent  stream channel are protected on park or county land and are,
of all credited nitrogen, phosphorus, and sediment reductions therefore, good candidates for restoration projects.

Table 10. Cumulative number, area treated, total cost, and credited load reductions of management-practice types completed in
Fairfax County from 2009 through 2018.

[mi?, square mile; TN, total nitrogen; b, pound; TP, total phosphorus; TSS, total suspended solids]

Management Number of Area Total TN credit TP credit TSS credit
practice type practices treated (mi?) cost received (Ib) received (Ib) received (tons)
Detention-based stormwater 60 4.2 $18,660,099 5,584 534 347
retrofit
Infiltration-based stormwater 121 0.3 $15,265,446 1,293 120 43.8
retrofit
Stream restoration 138 41.4 $46,215,306 25,403 7,283 1,086
Outfall restoration 26 0.9 $7,111,251 732 406 81.4
Total 245 46.9 $87,252,102 33,012 8,343 1,558

IThis number represents about 11 miles of restored streams.
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Figure 9. Graphs showing the cumulative credited reduction of A, total nitrogen; B, total phosphorus;
and C, total suspended solids for Fairfax County management practices completed from
2009 through 2018.
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Figure 10. Graph showing the cumulative number of stormwater-management practices in

Fairfax County, Virginia, from 2009 through 2018.

Management Practices in the Study Watersheds

Fifty-nine management practices were constructed in

10 of the 20 study watersheds from 2009 through 2018,

7 of these watersheds have been monitored since 2008

(table 11). Investments in these watersheds have been a

focus of Fairfax County’s stormwater-management program
because an overlap between management and monitoring
offers opportunities to evaluate the credited load reductions
against water-quality and ecological responses. The 20 study
watersheds represent only 10 percent of the county’s land
area but received 26 percent of all management-practice
investments. Furthermore, three of the study watersheds with
the largest cumulative credited TN, TP, and TSS reductions
are intensive-monitoring stations that have been studied since
2008: DIFF, Flatlick Branch above Frog Branch at Chantilly,
Va. (FLAT), and Dead Run at Whann Avenue near McLean,
Va. (DEAD). Ten of the twenty study watersheds received no
management-practice investments, offering an opportunity to
compare water-quality responses between watersheds with and
without management practices.

The number of completed management practices
increased over time in each study watershed, but the timing,
number, and type of practices and credited reductions differed
among watersheds (fig. 11, fig. 12, and fig. 13). In general,
most practices were completed toward the end of the study

period. Only 15 of the 59 practices in study watersheds
were completed from 2009 through 2013; an additional
44 practices were completed in the following 5 years. Of the
10 watersheds with at least 1 management practice, 4 (Indian
Run at Bren Mar Drive at Alexandria, Va. [INDIAN], Dogue
Creek Tributary at Woodley Drive at Mount Vernon, Va.,
Long Branch near Annandale, Va., and Turkeycock Run at
Edsall Road at Alexandria, VA) had no practices installed
during the first 5 years.

At least one stream restoration was completed in seven
study watersheds. Stream restorations accounted for most
of the total credited TN, TP, and TSS reductions in these
watersheds (table 12). Stream restorations were typically in
the upper reaches of each watershed, away from the moni-
toring stations at the watersheds’ outlets, exceptions being at
FLAT and INDIAN. About 6,000 ft of stream was restored
in FLAT as part of restorations completed in 2016 and 2018
(table 13). The 2016 restoration, Flatlick Phase I, restored
about 2,000 ft of stream and was about 3,000 ft upstream from
the monitoring station; the 2018 restoration, Flatlick Phase I,
restored about 4,000 ft of stream and included the monitoring
station reach. A previously restored stream section in INDIAN
was stabilized in 2014 (table 13), and bioretention cells were
constructed along this stream reach. The INDIAN monitoring
station is at the downstream extent of this stream reach.



Stormwater-retrofit practices, represented by infiltration-
based and detention-based practices, were installed in eight
study watersheds and treated less than 8 percent of watershed
area in each study watershed (table 14). Infiltration-based
practices were constructed in six study watersheds and
detention-based practices were constructed in five study
watersheds (table 14). Infiltration-based retrofit practices were
especially numerous in DIFF, where 12 such practices were
constructed, represented by permeable pavement, bioretention

Table 11.
2009 through 2018.
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areas, dry swales, vegetated roofs, rainwater harvesting, and
land-use conversion to a pollinator meadow. Infiltration-based
practices typically were installed in spatially clustered groups
throughout each watershed. In DIFF, most infiltration-based
practices were completed on the Fairfax County Government
Center campus in 2017. Likewise, in Paul Spring Branch
above North Branch near Gum Springs, Va. (PSB), all seven
infiltration-based practices were completed at an elementary
school in 2017.

Cumulative number, cost, and credited load reductions of management practices completed in 10 study watersheds from

[Station names are defined in table 1. mi2, square mile; TN, total nitrogen; 1b/mi2, pound per square mile; TP, total phosphorus; TSS, total suspended solids;

ton/mi?, tons per square mile]

Station Drainag_e Numb_er of Total T_N credit _ T_P credit _ T_SS credit )
area (mi2) practices cost received (Ib/mi?) received (Ib/mi?) received (ton/mi?)
DEAD! 2.1 7 $3,682,111 490 131 24.6
DIFF! 5.5 21 $5,892,044 259 48.4 11.3
FLAT! 4.2 5 $7,514,776 1,102 128 20.7
LONG!? 3.7 3 $1,714,734 84.9 30.9 5.3
BRR 3.4 4 $1,247,960 104 16.1 8.8
INDIAN 2.5 7 $975,891 54.6 11.5 2.0
PSB 1.9 9 $712,013 106 22.0 1.5
TRKYCK 2.6 1 $1,124,154 181 493 8.3
DOGUE? 0.4 1 $74,617 514 53 2.1
HPEN?2 1.2 1 $158,300 20.1 1.1 1.8

!Intensive monitoring station.

2Monitoring was established at this station in water year 2013.
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Bar graphs showing the cumulative credited reductions of total nitrogen from management
practices completed in 10 study watersheds in Fairfax County, Virginia, from 2009 through 2018. Study
watershed station names are defined in table 1.
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management practices completed in 10 study watersheds in Fairfax County, Virginia, from 2009 through
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Table 12. Number of completed stream restoration and non-stream restoration management practices and the percentage of all

management-practice load reduction credited to stream restorations in 10 study watersheds from 2009 through 2018.

[Station names are defined in table 1. TN, total nitrogen; TP, total phosphorus; TSS, total suspended solids]

35

Number of completed stream

Number of completed

Percentage of credited load reduction attributed to

Station restoration management non-stream restoration stream restoration
practices management practices N TP TSS
DEAD! 2 5 83 92 82
DIFF! 3 18 54 68 51
FLAT! 2 3 91 94 76
LONG!? 1 2 70 61 61
BRR 0 4 0 0 0
INDIAN 1 6 95 98 95
PSB 1 8 93 98 81
TRKYCK 1 0 100 100 100
DOGUE! 1 0 0 0
HPEN! 1 0 0 0

IIntensive monitoring station.

2Monitoring established at this station in water year 2013.

Table 13. Summary of stream restorations in seven study watersheds in Fairfax County, Virginia, from 2009 through 2018, including
project name, year completed, restored stream length, and credited load reduction.

[Station names are defined in table 1. ft, foot; TN, total nitrogen; 1b/yr, pound per year; TP, total phosphorus; TSS, total suspended solids; tons/yr, ton per year]

Station Project Restored TN credit TP credit TSS credit
name completed length (ft) received (Ib/yr) received, (Ib/yr) received, (tons/yr)

DEAD Dolley Madison Library 2010 1,400 505 93.7 15.2
Restoration

DEAD Dead Run Segment [ 2017 1,650 332 153 26.3
Restoration

DIFF Government Center 2012 1,000 325 63.7 10.5
Restoration

DIFF Oakton Estates Tributary 2015 300 127 18.8 3.2
Restoration

DIFF Lake Martin Tributary 2018 1,363 315 99.3 18.1
Restoration

FLAT Flatlick Phase I Restoration 2016 1,772 963 127 20.4

FLAT Flatlick Phase II Restoration 2018 4,275 3,258 379 46.0

INDIAN  Indian Run Stream Restoration 2014 590 127 27.6 4.8

LONG Long Branch Falls Park 2018 760 220 69.6 12.0
Restoration

PAUL Paul Spring Branch 2015 562 187 40.7 2.3
Restoration

TURKEY Turkeycock Run at Mason 2018 1,453 467 128 21.6

District Park Restoration
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Table 14. Summary of stormwater-retrofit practices in 10 study watersheds in Fairfax County, Virginia, from 2009 through 2018,
including number of practices and percentage of watershed area treated.

[Station names are defined in table 1. mi2, square mile; %, percent]

Number of infiltration-

Number of detention- Percentage of

Station Dralnag_e based stormwater-retrofit based stormwater-retrofit watershed area treau?.d

area (mi?) . . by stormwater-retrofit
practices practices .

practices

DEAD! 2.1 5 0 3.6
DIFF! 5.5 12 5 5.0
FLAT! 4.2 0 3 7.4
LONG!?2 3.7 0 0 0.0
BRR 34 1 3 6.2
INDIAN 2.5 6 0 0.1
PSB 1.9 7 1 0.3
TRKYCK 2.6 0 0 0.0
DOGUE? 0.4 1 0 0.6
HPENZ2 1.2 0 1 1.5

Intensive monitoring station.

2Monitoring established at this station in water year 2013.

How did Hydrology and Water Quality
Vary During Storm Events?

Hydrologic responses and nutrient and sediment EMCs
were evaluated during storm events to assess how conditions
varied among watersheds and over time. This work expands on
the analysis of streamflow by Porter and others (2020b), which
provides a thorough characterization of hydrologic conditions
observed in the study watersheds. Interpretations from that
report highlight the importance of storm conditions on hydro-
logic and water-quality responses and the need for an analysis
focused only on storm events, as most streamflow occurs as
stormflow and storm events deliver most of the nutrient and
sediment load to streams. The analysis described below may
help identify effects of management practices designed to
attenuate stormflow runoff. Management practices are often
designed to achieve nutrient and sediment load reductions by
lowering the quantity of stormwater runoff and altering the
shape of the hydrograph, benefits that have been observed in
similar watershed settings (Jefferson and others, 2017).

Differences Among Study Watersheds

The average number of annual storm events differed
among watersheds from August 2009 through March 2018. The
average number of storm events per year ranged from about 12
in CASTLE to 40 in OCSB, averaging 22 annual storm events
across all 14 watersheds. The average number of annual storm
events was higher in watersheds with more impervious surfaces
(fig. 14), likely because impervious surfaces quickly convert
precipitation to runoff (Booth and Jackson, 1997; O’Driscoll

and others, 2010; Paul and Meyer, 2001). A hydrograph’s
rising-limb duration is affected by runoff generation and was
shorter in watersheds with more impervious cover because
such watersheds provide less opportunity to slow runoff
through evaporation, transpiration, and infiltration (fig. 14).
Median rising-limb duration ranged from 1.8 hours in DEAD
to 4.8 hours in CASTLE. Falling-limb duration is affected by
the storage and release of runoff and was strongly correlated
with watershed area; median values ranged from 9.8 hours in
DEAD to 35.9 hours in DIFF (fig. 14). Larger watersheds can
store more water than smaller watersheds, and they have longer
stream networks that can increase the amount of time it takes
stormflow to be delivered to a downstream monitoring station.

In general, differences in storm-event hydrology among
the four intensive-monitoring watersheds were similar to
differences in annual hydrology described by Porter and
others (2020b). Normalized by watershed area, the median
stormflow peak and rising-limb rate-of-change was highest at
DEAD (table 15), the most impervious intensive-monitoring
watershed. The area-normalized median volume of streamflow
during storm events was highest in FLAT and DIFF, the largest
intensive-monitoring watersheds.

EMC:s representing flow-weighted average concentrations
that occurred during storm events, were generally higher
than concentrations observed during non-storm conditions
and differed among the four intensive-monitoring watersheds
(table 15). The EMCs of TP and SS were strongly correlated
with larger, flashier storm events, whereas the EMCs of TN
were less affected by storm hydrology (table 16), likely because
particulate material represents a larger fraction of TP and SS
concentrations than TN. The median TN and TP EMCs were
highest at SFLIL and lowest at DIFF. The median SS EMC was



How did Hydrology and Water Quality Vary During Storm Events?

about twice as high at SFLIL than other stations. Impervious
cover is lower at SFLIL than the other intensive-monitoring
stations, which likely limits the frequency of smaller, short-
duration storm events and explains why the watershed had
the fewest storm events over the period of record (table 15).
The absence of these smaller events may increase the storage
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of in-channel or near-channel sediment, which is delivered
during large storm events, resulting in high SS and TP EMCs
(Porter and others, 2020b). Differences in rates of streambank
erosion or changing stream channel geomorphology may also
contribute to these high concentrations but were not directly
evaluated in this study.
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Figure 14. Graphs showing the relations of median duration and average-annual number
of storm events to watershed area and percentage impervious cover in 14 study watersheds
in Fairfax County, Virginia, from August 2009 through March 2018. Study watershed station

names are defined in table 1.
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Table 15. Summary of the number of storm events, median storm-event hydrologic metrics, and median event-mean concentrations in
four study watersheds in Fairfax County, Virginia, from water years 2009 through 2017.

[Station names are defined in table 1. ft3/mi2, cubic foot per square mile; [ft3/s]/mi?, cubic foot per second per square mile; [[ft3/s]/hr]/mi?, cubic foot per second
per hour per square mile; mg/L, milligram per liter]

Number Median storm-event hydrologic metric Median event-mean concentration
Station  of storm Volume Peak ([ft}/s/  Rise rate ([[ft3/s)/ TN TP SS
events (ft¥/mi?) mi?) hr}/mi?) (mg/L) (mg/L) (mg/L)
DEAD 360 175,715 21.2 12.0 2.5 0.26 171
DIFF 274 439,810 12.2 34 1.8 0.10 137
FLAT 211 546,809 17.1 6.3 2.0 0.19 135
SFLIL 134 332,676 17.0 4.4 3.5 0.32 319

Table 16. Correlations between storm-event hydrologic responses and event-mean concentrations in four study watersheds in
Fairfax County, Virginia, from water years 2009 through 2017.

[Station names are defined in table 1]

Storm-event hydrologic metric

Station -
Volume Peak Rise rate
Total nitrogen event-mean concentration

DEAD 0.12 0.17 0.23

DIFF 0.39 10.42 0.28

FLAT 0.19 0.12 —0.01

SFLIL 0.15 0.19 0.18
Total phosphorus event-mean concentration

DEAD 10.46 10.72 10.72

DIFF 10.45 10.74 10.68

FLAT 0.20 10.44 10.41

SFLIL 0.14 10.42 10.49

Suspended sediment event-mean concentration

DEAD 10.59 10.79 10.70

DIFF 10.54 10.79 10.66

FLAT 10.42 10.59 10.40

SFLIL 0.28 10.53 10.54

ISpearman’s rho values greater than or equal to 0.40, shown in red.
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Relations with Season and Time

Seasonal variability was apparent by the number and
duration of storm events as a result of seasonal climatic
patterns. At most stations, summer months had more
storm events on average than other seasons of the year,
but the storm events were of a shorter duration (fig. 15).
Such hydrologic responses likely resulted from intense
short-duration precipitation events, which are more common
during periods of warm air temperature (Allen and Ingram,
2002; Trenberth and others, 2003). Seasonal variation in the
number of storms differed by station and may be affected
by the urban environment. Watersheds with high amounts
of impervious cover, such as DEAD, had more summertime
storm-event responses than those with lower impervious
cover, such as SFLIL, likely because impervious surfaces
provide an efficient route for the runoff of short-duration
precipitation events to streams (O’Driscoll and others, 2010).
Extreme precipitation events, representing short-duration,
very high-intensity precipitation, occur most frequently in
summer months (Janssen and others, 2016), have become
more common in recent years (Wuebbles and others, 2017),
and pose a substantial risk for flooding in urban areas as
flood-control infrastructure may not adequately handle such
events (Sridhar and others, 2019). Similarly, management
practices designed to attenuate runoff and reduce nutrients
and sediment may perform less efficiently during extreme
precipitation events (Hopkins and others, 2020; Loperfido
and others, 2014). These patterns highlight the importance of
considering seasonal differences in storm-event hydrology as
part of stormwater-management planning.

Median EMCs of TN, TP, and SS varied by month,
reflecting seasonal differences in biochemical processes
and hydrologic responses (fig. 16). Median TN EMCs
typically were highest in early spring and declined through
the growing season, a pattern consistent with effects of
biological processing and similar to the seasonal response of
nitrogen previously documented in Fairfax County streams
(Jastram, 2014; Porter and others, 2020b). The highest TP
EMCs were commonly observed in summer months, likely
a result of frequent, short-duration summer storm events
(fig. 15). Although storm-event TP concentrations were
mostly represented by particulate material, elevated TP
concentrations have been observed in Fairfax County streams
during non-storm conditions in warmer months. Such
patterns likely result from temperature-dependent processes
that release phosphorus from sediments to streams and from
biological processing (Porter and others, 2020b; Dodds,
2003). Similar to TP, SS EMCs were typically highest in
some summer months, again highlighting how intense
short-duration storm events can mobilize large amounts of
particulate material to streams.

The number of storm events in each watershed
varied from 2010 through 2017 (fig. 17). Normalized by
the average-annual number of storm events across the
14-station network, changes in the number of annual storms

would suggest that a station is experiencing a storm-event
hydrologic response more or less frequently. The number
of interannual storms events varied in each watershed, but
only the change in PSB, a decrease of about two storms
per year, represented a statistically significant linear trend
(p-value <0.05), though such information should be treated
with caution because results are based only on eight annual
observations per watershed.

Changes in the duration of storm events were small at
most stations from August 2009 through March 2018. Trends
in rising- and falling-limb duration were based on 100 to
350 storm events in each watershed, and only 2 watersheds
had a significant linear trend (p-value <0.05). The duration
of the falling limb decreased at BRR and PHCT by about
100 minutes per year (fig. 18). Shorter falling-limb durations
indicate that storm peaks return to base flow more quickly,
which may result from changes in landscape and (or)
climatic conditions. However, storm-event durations did not
change in most watersheds, despite a general expansion of
urban activities during the study period (table 7 and table 8).

Changes in storm-event streamflow metrics at four
intensive-monitoring stations from water years 2009 through
2017 generally indicate that hydrologic conditions improved
at DIFF and SFLIL and degraded at DEAD and FLAT
(fig. 19). Normalized by watershed area, storm events in
DEAD and FLAT tended to generate higher peak flows and
had a faster rising-limb rate of streamflow change than DIFF
or SFLIL (table 15). Both metrics increased over time in
DEAD and FLAT, indicating that storm events had higher
peak flows and reached peak streamflow more quickly in
later years in these watersheds. Changes in streamflow
volume during storm events were generally consistent with
changes in peak flow, though no change in streamflow
volume occurred in FLAT and SFLIL. The hydrologic
changes in DIFF are consistent with the desired effect of
many management practices: a reduction in peak flows
and a lower streamflow rate-of-change. Many management
practices were installed in DIFF during the study period
(table 11); however, similar hydrologic improvements
occurred in SFLIL, an adjacent watershed with no reported
practice implementation during the study period. Changes
in storm-event hydrology were likely affected by a
variety of factors, including urban activities and climatic
conditions (Bell and others, 2016; Paul and Meyer, 2001;
Willems and others, 2012). Impervious cover expanded
in all watersheds, but the expected hydrologic effects of
such changes, increased stormflow peaks and streamflow
rate of change, were only observed in DEAD and FLAT.
Increased impervious cover may have had a smaller impact
on hydrologic responses in DIFF and SFLIL because overall
impervious area in these watersheds was smaller than DEAD
and FLAT (table 7).

Changes in EMCs of TN, TP, and SS from water
years 2009 through 2017 were similar among the four
intensive-monitoring stations (fig. 20), despite the previously
described differences in storm-event hydrologic changes.
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In addition to the effects of rainfall volume and intensity,
which may have varied between watersheds, EMCs were
likely affected by differences in impervious cover among
the watersheds (Perera and others, 2021). The EMC of TN
decreased at FLAT by about 2 percent per year and was
unchanged in other watersheds. Despite faster and larger
storm events in FLAT and DEAD over the period of record
(fig. 19), the nitrogen concentrations in storm-event runoff
did not increase. At SFLIL and DIFF, reduced storm peaks
and slower streamflow rates of change also resulted in
no TN changes over the period of record. The lack of TN
change at SFLIL is in contrast to increasing TN concentra-
tions previously documented there over a similar period
during non-storm conditions (Porter and others, 2020b),
likely highlighting an increase in groundwater nitrate
during lower flows that is less influential during storm
conditions. Correlations between TN EMCs and streamflow
metrics support the lack of consistency between changes
in hydrology and concentration, as larger and faster storm
events were generally not associated with higher TN concen-
trations (table 16).

The EMC of TP increased by 4-8 percent per year in
all watersheds except FLAT (fig. 20). The TP increases in
DEAD, where SS also increased, may be driven by the larger

and flashier storm-event hydrologic responses observed in
this watershed (fig. 19). In all watersheds, EMCs of TP and
SS increased in relation to increased storm-event streamflow,
faster rise rates, and higher peak flows (table 16)—character-
istics that increase the transport of particulate materials
(Edwards and Owens, 1991). TP and SS have a weaker
relation to storm-event hydrology at FLAT than at DEAD,

so the larger and flashier storm-event hydrologic responses
in FLAT did not result in TP or SS increases. TP and SS

may be less susceptible to larger and faster storms in FLAT
than DEAD, because FLAT has shallower, flatter, and

wider stream valleys (Porter and others, 2020b). The lower
stormflow peaks and rate-of-change at DIFF and SFLIL
were associated with no changes in SS EMC and increases
in TP EMC (fig. 20). These patterns indicate that, although
storm-event peak flows and rate of streamflow change
declined over the period of record, storm events contained
higher TP concentrations in later years. Particulate material
represents the largest fraction of TP during storm events, but
the increased release of phosphorus stored in soils and the
decreased retention of phosphorus inputs in the landscape
can affect the availability of dissolved phosphorus in streams
and may contribute to these changing conditions.
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Figure 15. Graphs showing the A, average number of storm events and the Band C,
non-exceedance probabilities of rising- and falling-limb duration for months in 14 study watersheds
in Fairfax County, Virginia, from August 2009 through March 2018. Study watershed station names
are defined in table 1. Jan., January; Feb., February; Mar., March; Apr., April; Aug., August; Sept.,
September; Oct., October; Nov., November; Dec., December.
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Figure 16. Graphs showing the median monthly event-mean concentration of A, total nitrogen;

B, total phosphorus; and C, suspended sediment in four study watersheds in Fairfax County,
Virginia, from water years 2009 through 2018. Study watershed station names are defined in table 1.
Jan., January; Feb., February; Mar., March; Apr., April, Aug., August; Sept., September; Oct.,
October; Nov., November; Dec., December.
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Figure 17. Graphs showing the number of annual storm events in 14 study watersheds in Fairfax County, Virginia, relative to the
annual average value across all study watersheds, from 2010 through 2017. Study watershed station names are defined in table 1.
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Figure 18. Graph showing the falling-limb duration of storm events in two study watersheds in Fairfax County, Virginia, from
August 2009 through March 2018. Study watershed station names are defined in table 1.
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Figure 19. Graph showing the change in storm-event streamflow metrics in four study watersheds in Fairfax County, Virginia,
from water years 2009 through 2017. Study watershed station names are defined in table 1.
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Figure 20. Bar graph showing changes in event-mean concentrations of total
nitrogen, total phosphorus, and suspended sediment during storm events in four
study watersheds in Fairfax County, Virginia, from water years 2009 through 2017.
Study watershed station names are defined in table 1.

How did Water-Quality Loads Relate
to Nutrient Inputs and Management
Practices?

Effective management strategies target the most
important sources of nutrients and control how material is
delivered from the landscape to streams, information that
often is uncertain and difficult to quantify in urban landscapes.
Although point-source discharges are often well-controlled
and documented, nonpoint-urban sources are diverse, particu-
larly difficult to estimate, and less understood (Ator, 2019;
Carpenter and others, 1998; Walsh and others, 2005). Not all
watershed nutrient inputs reach streams. The relation between
nutrient inputs and loads delivered to streams can be described
as watershed nutrient retention, higher rates of retention are
associated with lower loads and a greater proportion of inputs
stored within or permanently removed from a watershed
(Caraco and others, 2003; Hobbie and others, 2017). Nutrient
retention rates are affected by a variety of physical watershed
properties urban activities, and seasonal, hydrologic,
ecological, and climatic conditions; lower retention rates in
urban watersheds were commonly associated with areas of
high impervious cover (Baron and others, 2013; Bratt and
others, 2017; Groffman and others, 2004; Hobbie and others,
2017; Pfeifer and Bennett, 2011; Wollheim and others, 2005).

Nutrient Inputs

Nitrogen and phosphorus inputs were estimated for
Fairfax County and the 20 study watersheds as the combina-
tion of point-source discharges, atmospheric deposition of
nitrogen, fertilizer, pet waste, septic effluent, and weathering
of phosphorus-bearing geologic materials (table 6). Potential
nutrient inputs not represented in this study include
atmospheric phosphorus inputs, septic phosphorus inputs,
sanitary-sewer line exfiltration, wildlife waste, and agricultural
inputs of manure and fertilizer. These inputs were not possible
to quantify from available data, have uncertain influences on
urban nutrient budgets, and (or) were assumed to represent
minor inputs in Fairfax County.

Nitrogen and phosphorus inputs in Fairfax County
were mostly nonpoint sources, but contributions of nonpoint
inputs varied among the 20 study watersheds (fig. 21). At the
county scale, nitrogen atmospheric deposition and phosphorus
fertilizer represented the single largest inputs (30 percent and
60 percent of all inputs in 2013, respectively). In the study
watersheds, fertilizer was commonly the largest phosphorus
input, whereas the largest nitrogen inputs were a combination
of atmospheric deposition, pet waste, fertilizer, or septic
effluent. The distribution of inputs reflects urban activities.
Septic inputs were typically largest in the least developed
watersheds, pet waste inputs were typically largest in the most
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impervious watersheds caused by high housing-unit densities,
and fertilizer inputs were typically largest in watersheds with
low- to medium-density residential land use because of high
turfgrass cover. Collectively, most of the nitrogen and phos-
phorus inputs in Fairfax County and the study watersheds were
contributed from the household landscape: a finding observed
in similar urban watersheds (Hobbie and others, 2017).

Nitrogen inputs in Fairfax County and most study
watersheds declined from 2008 through 2018, in comparison,
phosphorus inputs were relatively unchanged. Nitrogen
declines equal to or greater than 1.5 pounds per acre were
observed in half of the study watersheds as a result of
atmospheric deposition declines (fig. 224 and fig. 234). In
general, pet waste, fertilizer, and septic effluent nitrogen
sources did not decline. Nitrogen inputs increased in DIFF and
OCSB because of increases in turfgrass cover, housing units,
and septic systems (table 7 and table 8). Without the benefit of
atmospheric reductions, phosphorus inputs increased slightly
in six study watersheds or remained otherwise unchanged
(fig. 22B and fig. 23B).

Point-source discharges from wastewater-treatment
plants and other municipal/industrial sources are important
nutrient inputs because their loads are delivered directly to
streams. Point sources can represent a large fraction of urban
nutrient budgets, but their loads have generally declined
over time as a result of facility improvements, which has
improved water-quality throughout the Chesapeake Bay
watershed (Boynton and others, 2008; Lyerly and others,
2014) and within Fairfax County (Jones, 2020). Point sources
reported for all of Fairfax County include major wastewater-
treatment plant discharges from Blue Plains, Noman M.
Cole Pollution Control Plant, and Upper Occoquan Sewage
Authority, which discharge to the Potomac River, Pohick
Creek, and Bull Run, respectively (fig. 1). Point-source
inputs in Fairfax County represented about 25 percent of
all nitrogen and 5 percent of all phosphorus inputs (fig. 21)
and declined over the study period (fig. 23). There are no
point-source discharges in the study watersheds.

Total atmospheric deposition (wet plus dry fractions)
was the largest Fairfax County nitrogen input (30 percent
of all inputs in 2013) and one of the largest nitrogen inputs
in most study watersheds, ranging between 23 percent and
44 percent of all inputs in 2013 (fig. 21). These estimates
are similar to the estimates from other urban study areas
(Groffman and others, 2004; Hobbie and others, 2017,
Kaushal and others, 2011; Wollheim and others, 2005). Most
atmospheric nitrogen in Fairfax County is contributed by
dry depositional processes, a fraction that can be elevated in
urban areas from sources including powerplants and vehicles
(Walker and others, 2019). Such local dry deposition is
difficult to capture in regional monitoring networks, often
resulting in an underestimation of dry nitrogen deposition
in urban areas (Bettez and Groffman, 2013). Most forms
of atmospheric nitrogen have declined in recent decades as
a result of Clean Air Act Amendments (Burns and others,
2021); however, dry ammonia deposition from vehicle

sources has likely increased (Bettez and Groffman, 2013).
The contribution of atmospheric nitrogen to urban streams
can be highest during stormflows and lowest during base
flow (Kaushal and others, 2011), a pattern observed in
Fairfax County’s Difficult Run watershed (Hyer and others,
2016). Atmospheric contributions, however, are not always
dominant during stormflows, suggesting a complex relation
likely affected by precipitation intensity, seasonality, and
other nonpoint sources (Burns and others, 2009).

Fertilizer was the largest phosphorus input and one of
the largest nitrogen inputs in Fairfax County (60 percent
and 22 percent of all inputs in 2013, respectively), was a
large input in many study watersheds (fig. 21) and increased
during the study period in areas where turfgrass cover
expanded (table 7). Fertilizer is a large nitrogen input in
many urban watersheds (Groffman and others, 2004; Kaushal
and others, 2011; Wollheim and others, 2005), and although
elevated phosphorus concentrations have been associated
with fertilizer use (Garn, 2002; King and others, 2007), more
recent estimates of phosphorus fertilizer inputs are lower in
some urban areas because of legislative changes (Hobbie and
others, 2017). As of 2014, most fertilizers sold for residential
use in Virginia do not contain phosphorus (Harper, 2011);
however, the effect of this action was not reflected in the data
available for this study. Nutrient loads can be elevated in
streams draining fertilized areas, particularly during storms
that follow applications of fertilizer, but properly maintained
turfgrass can efficiently retain fertilizer inputs and minimize
surface and leaching losses to streams (Bachman and
others, 2016; Carey and others, 2013). In general, fertilizer
can be retained at higher rates than other applications that
bypass zones of denitrification, such as wastewater inputs
(Kaushal and others, 2011).

Septic systems represented a small fraction of nitrogen
inputs in Fairfax County and most study watersheds but was
among the largest input in the least developed watersheds
that lacked extensive sanitary-sewer networks (fig. 21). For
example, in SFLIL, CAPT HICK, PHCT, and LIL DIFF, all
lacking extensive sanitary-sewer networks, nitrogen from
onsite septic systems represented about 50 percent of all
nitrogen inputs, a figure broadly consistent with findings
elsewhere (Burns and others, 2005; Kaushal and others,
2006; Kaushal and others, 2011; Valiela and others, 1997;
Wollheim and others, 2005). Previous water-quality
investigations in Fairfax County identified a positive relation
between septic-system density and base-flow nitrate concen-
trations, with nitrate isotopes highlighting the dominance
of septic effluent during base-flow conditions (Hyer and
others, 2016; Porter and others, 2020b). Septic inputs do
not represent septic-system failures, but the discharge
from functioning systems, which remove only about
10—44 percent of TN from wastewater (Carey and others,
2013). More recently, septic systems are being built with
enhanced nitrogen removal capabilities, but as most septic
systems in Fairfax County were installed more than 30 years
ago, these alternative systems are not common. Septic
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system inputs have increased slightly over the study period
because of the addition of new systems (table 8). Nitrogen
removal from septic effluent occurs through denitrification, a
process that has been demonstrated in field settings (Aravena
and Robertson, 1998; Kaushal and others, 2011), but rates
are highly dependent on local conditions; systems placed in
close proximity to streams and watersheds with high water
tables are associated with more nitrogen delivery to streams
(Carey and others, 2013; Ye and others, 2017). Nitrogen
delivery rates may also increase as systems age, and older
systems are associated with greater rates of failure (Valiela
and others, 1997). Combined, these factors result in varying
rates of nitrogen retention—some septic-system nitrogen
delivery rates are similar to those of row-crop production
(Carey and others, 2013). Exfiltration of wastewater from
sanitary-sewer lines is difficult to quantify and was not
represented in this study; however, wastewater leaks can be
common in urban areas (Amick and Burgess, 2000; Fenz and
others, 2005; Kaushal and others, 2011).

Pet waste represented 16 percent of all nitrogen and
29 percent of all phosphorus inputs in Fairfax County in
2013, was the largest nutrient input in some of the most

urbanized Fairfax County watersheds (fig. 21), and increased
during the study period with the number of housing units
(table 8). Nitrogen and phosphorus inputs in OCSB increased
primarily because of the larger estimated pet populations
accompanying the new multifamily housing units that were
added to the watershed in 2018 (fig. 22). Pet waste has
been identified as an important nutrient input in other urban
watersheds (Baker and others, 2001; Hobbie and others,
2017), but often is not considered as part of nutrient budgets
(Groffman and others, 2004; Wollheim and others, 2005).
Phosphorus from geological materials contributed a
small amount of phosphorus loads to Fairfax County and
most study watershed streams, relative to other phosphorus
inputs (fig. 21). This source reflects the dissolution of
naturally occurring mineral phosphorus that has the potential
to reach streams, a process influenced by certain dissolved
elements, stream acidity, oxidizing or reducing conditions,
and mineral erosion rates (Denver and others, 2010).
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Figure 21.  Pie charts showing nitrogen and phosphorus inputs in 2013 in Fairfax County, Virginia and the 20 study watersheds. Study
watershed station names are defined in table 1. %, percent.
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Virginia, and the 20 study watersheds. Study watershed station names are defined in table 1.
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Water-Quality Loads and Nutrient Retention

Nutrient and sediment loads at the intensive-monitoring
stations were higher during years of more streamflow. Loads are
referred to throughout this section as a “yield” when normalized
by watershed area, which promotes comparison across stations.
From 2009 through 2018, relations between TN yield and
streamflow were similar among stations (fig. 24A), and changes
in TP yield per unit streamflow were larger at DEAD and
SFLIL than DIFF or FLAT (fig. 24B). SS had similar patterns
as TP (fig. 24C). SS and TP patterns may be related to rates of
streambank erosion, which can be a dominant spatially varying
sediment source in urban watersheds (Cashman and others,
2018; Noe and others, 2020). Broad, flat stream valleys are
common in FLAT and may reduce the mobilization of sediment
during stormflow events, comparatively, SFLIL may have
more available sediment stored in floodplains and in-channel
deposits that is mobilized during large stormflow events
(Porter and others, 2020b).
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Because nutrient loads are closely tied to streamflow
conditions, so too are nutrient retention rates; the lowest annual
retention rates are typically observed during years with the most
precipitation (fig. 25). Changes in annual TP retention were
generally larger than that of TN, reflecting the strong association
between streamflow, particulate material, and phosphorus
loads. For TP, all watersheds except FLAT had a negative
retention rate during the wettest study year, because more TP
load was exported to streams than applied to the landscape in
2018. Phosphorus inputs can be stored in watershed soils for
many years and, along with sediment mobilization, can greatly
affect loads in streams (Fanelli and others, 2019; Kleinman
and others, 2019). Sediment can be stored in a watershed for
days to millennia before being delivered downstream, and
shorter residence times are more common for in-channel
sediments compared with floodplain or upland sediments
(Noe and others, 2020).

These patterns are a reminder that nutrient loads and retention
rates are influenced by current and historical inputs (Chang and
others, 2021; Kleinman, 2017; Van Meter and others, 2017).
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Figure 24. Graphs showing the relations of A, total nitrogen; B, total phosphorus; and C, suspended-sediment yields to total
annual streamflow in five study watersheds in Fairfax County, Virginia. Study watershed station names are defined in table 1.
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Figure 25. Graphs showing A, nitrogen and B, phosphorus retention and annual precipitation in five study
watersheds in Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined in table 1.
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Average-annual nutrient yields and retention rates differed
among the intensive-monitoring stations from 2009 through
2018 (table 17). Average TN and TP yields were lowest at DIFF
(5,660 and 568 pounds per square mile per year [1b/mi%/yr],
respectively). The highest average TN yield occurred at SFLIL
(7,259 1b/mi*/yr), and the highest average TP yield occurred
at DEAD (756 lb/mi?/yr). Base-flow nutrient loads reflect the
delivery of nutrients in non-storm conditions, presumably
through groundwater for TN and from pathways, including the
release of soil-bound material, for TP. Average TN retention
rates varied from 65.0 percent in FLAT to 73.1 percent in
DIFF, values consistent with previous studies (Groffman and
others, 2004; Hobbie and others, 2017; Kaushal and others,
2011; Wollheim and others, 2005). Average TP retention rates
varied from 48.7 percent in SFLIL to 62.8 percent in FLAT.

Table 17. Average yield, load from base flow, and retention of
total nitrogen and total phosphorus from 2009 through 2018 in four
study watersheds in Fairfax County, Virginia.

[Station names are defined in table 1. TN, total nitrogen; TP, total phosphorus;
Ib/mi?/yr, pound per square mile]

The slightly greater tendency for TN retention, relative to TP,
has been observed in other studies and is likely related to the
efficient delivery of phosphorus through surface-water pathways
versus the slower delivery of nitrogen through groundwater
(Boardman and others, 2019; Hobbie and others, 2017).
Retention of TN and TP inputs at base flow was lowest in FLAT
(83.5 and 90.7 percent, respectively), which may be related to
shorter groundwater flow paths and a lower phosphorus soil
storage capacity in this shallow-soil watershed in the fractured
bedrock of the Triassic Lowlands. Previous studies have
documented an inverse relation between nutrient retention and
impervious cover in urban areas (Wollheim and others, 2005), a
relation that was not apparent in these five watersheds.

After minimizing variability associated with streamflow,
trends in water-quality yields from 2009 through 2018 may
better reflect the effects of landscape activities, including
the role of management practices. Flow-adjusted TN yields
declined at DEAD and FLAT by between 850 and 1,000 1b/mi?
over the 10-year study period, decreases of about 2 percent per
year (fig. 26 and table 18). Flow-adjusted TP yields increased at
DEAD, DIFF, and SFLIL by between 120 and 260 Ib/mi? over
the 10-year period, increases of about 8 or 9 percent per year.
Flow-adjusted SS yields increased at DEAD by about 120 tons

Station TN P per square mile over the 10-year period, a change of 8 percent
Yield (Ib/mi2/yr) per year. No other trends were significant at p-value < 0.05.
DEAD 5,687 756
DIFF 3,660 568 Table 18. Trends in total nitrogen, total phosphorus, and
FLAT 6,134 737 suspended-sediment flow-adjusted yields in four study
SFLIL 7,259 600 watersheds in Fairfax County, Virginia, from 2009 through 2018.
Load from base flow (percent) [Station names are defined in table 1. 1b/mi?, pound per square mile; TN,
DEAD 41.1 11.4 total nitrogen; <, less than; TP, total phosphorus; SS, suspended sediment;
DIFF 478 20.1 ton/mi2, ton per square mile]
FLAT 414 277 Station Trend magnitude’ Trend p-value
SFLIL 60.6 19.9 N (Ib/mi?)
Input retention (percent) DEAD 21,002 2<0.001
DEAD 66.7 58.8 DIFF 85.6 0.668
DIFF 73.1 61.2 FLAT 2-850 2<0.001
FLAT 65.0 62.8 SFLIL -18.6 0.94
SFLIL 72.9 48.7 TP (Ib/mi2)
Base-flow input retention (percent) DEAD 3263 30.001
DEAD 86.5 95.5 DIFF 3167 3<0.001
DIFF 87.6 931 FLAT 24.6 0.632
FLAT 83.5 90.7 SFLIL 3122 30.009
SFLIL 84.2 92.8 S {ton/mi?)
DEAD 3123 30.033
DIFF 88.8 0.063
FLAT 19.9 0.607
SFLIL 39.1 0.241

ITrend magnitude was calculated from the slope of a Thiel-Sen line
between 2009 and 2018.

2Improving trend result significant at p-value <0.10, shown in green.

3Degrading trend result significant at p-value <0.10, shown in orange.
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C, suspended-sediment yields in four study watersheds in Fairfax County, Virginia, from 2009
through 2018. Study watershed station names are defined in table 1.
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Changes in flow-adjusted nutrient loads result from Table 19. Correlations between annual flow-adjusted nutrient
differing amounts of nitrogen and phosphorus inputs and (or) loads, nutrient inputs, and nutrient retention in four study
differing rates of nutrient retention. Correlations between watersheds in Fairfax County, Virginia, from 2009 through 2018.
annual nutrient inputs and flow-adjusted loads from 2009

.. . Station names are defined in table 1. r, correlation coefficient; TN, total
through 2018 were positive at all stations except SFLIL, [ P Al e 1 e 0 e

nitrogen; TP, total phosphorus; <, less than]

indicating that flow-adjusted loads were higher in years with
more inputs in all but this station (table 19). The strength of
these correlations varied among stations, but was generally

more positive for TN than TP, suggesting that flow-adjusted

Station

Spearman’s r

p-value

Correlation between flow-adjusted TN load and TN input

TN loads may be more strongly affected by changes in DEAD 0.60 0.067
inputs than TP. Weak and (or) negative correlations between DIFF 0.53 0.117
inputs and flow-adjusted loads may result from nitrogen FLAT 0.67 10.033
storage in groundwater, phosphorus storage in soil, and SFLIL ~0.01 0.987

sediment storage in floodplains and channels; these storage
types are associated with lag times that often exceed annual

Correlation between flow-adjusted TN load and TN retention?

timescales (Kleinman, 2017; Van Meter and others, 2017). DEAD —0.85 10.002
After adjusting for streamflow, TN and TP loads had nega- DIFF -0.85 10.002
tive correlations with rates of nutrient retention, reflecting FLAT ~0.75 10.013
a pattern of higher loads in years with lower retention SFLIL 082 10,004

rates. These correlations were stronger for TP than TN at
all stations; annual variability in flow-adjusted TP loads is

Correlation between flow-adjusted TP load and TP input

highly dependent on the amount of phosphorus stored in and DEAD 0.08 0.817
released from a watershed. DIFF 0.74 10.014

After adjusting for streamflow, annual TP retention FLAT 0.46 0.182
declined from 2009 through 2018 at most stations, in SFLIL ~0.18 0624

comparison, annual TN retention was relatively unchanged
(fig. 27). TN retention was stable in DIFF and SFLIL but

Correlation between flow-adjusted TP load and TP retention?

increased in FLAT and DEAD: patterns that corresponded DEAD —0.99 1<0.001
with changes in yield in each watershed (fig. 26). DIFF -0.98 1<0.001
TP retention declined in all watersheds except FLAT, FLAT -1.00 1<0.001
corresponding with increases in TP loads in DEAD, DIFF SFLIL ~1.00 1<0.001

and SFLIL (fig. 26).

Ip-values <0.05, shown in red.

2Retention is calculated using flow-adjusted loads.
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Figure 27. Graphs showing the percentage of annual A, total nitrogen and B, total phosphorus

inputs retained in four study watersheds in Fairfax County, Virginia, from 2009 through 2018.
Input retention is calculated using flow-adjusted loads. Study watershed station names are

defined in table 1.

Water-Quality Loads and Management
Practices

Credited management-practice effects were not apparent
in annual nutrient and sediment loads calculated for the
intensive-monitoring stations from 2009 through 2018. The
cumulative reductions of TN, TP, and SS credited to manage-
ment practices represented less than 10 percent of the 10-year
median load at all stations in most years (fig. 28). Credited
reductions represented the highest percentage of loads in recent
years when several stream restoration practices were completed
(table 13). Annual changes in flow-adjusted yields typically
differed from credited reductions. From 2009 through 2018,
changes in yield credited to management-practice reductions
were always negative, whereas flow-adjusted yields followed
more complex trajectories (fig. 29). Compared to other stations,
SFLIL, a station where no management practices were installed,
had relatively small changes in flow-adjusted TN yields.
Flow-adjusted TN yields were higher in 2018 than 2009 in
DIFF by about 200 Ib/mi?, despite credited reductions of about
260 Ib/mi?. Flow-adjusted TN yields were lower in 2018 than
2009 in DEAD and FLAT; changes at FLAT were relatively
well aligned with credited TN management-practice reductions.
Flow-adjusted TP and SS yields were higher in 2018 than 2009

at all stations, despite credited management-practice reductions.
At most stations, increases in TP and SS flow-adjusted yields
were much larger than credited practice reductions.

Monthly flow-adjusted yields from 2009 through 2018 did
not consistently align with the timing of management-practice
implementation. The distribution of monthly flow-adjusted
TN yields was lower at DEAD after 2015 and FLAT after
2012 (fig. 30): a significant change point detected by a non-
parametric test (p-value <0.05). Management practices were not
clearly the driver of these lower yields, because most practices
were installed after the detected change points. A significant
trend or change point was not identified at SFLIL or DIFF for
flow-adjusted TN yields, and many management practices
were installed in DIFF from 2012 through 2018. Flow-adjusted
TP yields increased at DEAD, DIFF, and SFLIL (table 18),
and monthly flow-adjusted yields increased at DEAD and
DIFF after 2012 (fig. 31). Flow-adjusted SS yields increased
in DEAD (table 18), and a higher distribution of values was
observed after 2012 (fig. 32). Trends and changes in TP and SS
flow-adjusted yields were not clearly related to the timing of
management-practice completion.
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phosphorus; and C, suspended-sediment load credited by cumulative stormwater
management-practice reductions in three study watersheds in Fairfax County, Virginia,
from 2009 through 2018. Study watershed station names are defined in table 1.
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Figure 31. Graphs showing monthly flow-adjusted total phosphorus yields with detected
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watershed Station names are defined in table 1.
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Figure 32. Graphs showing monthly flow-adjusted suspended-sediment yields with detected
change points from a non-parametric analysis and the timing of completed management
practices in four study watersheds in Fairfax County, Virginia, from 2009 through 2018. Study
watershed station names are defined in table 1.

What Factors Affected Water-Quality
and Benthic-Macroinvertebrate
Responses?

A better understanding of the factors affecting water-
quality and ecological responses in Fairfax County streams
is needed to inform watershed-management strategies. To
meet this objective, the following sections describe how TN,
TP, SS, SC, and benthic-macroinvertebrate IBI scores differ

among study watersheds, vary over the study period, and

relate to landscape and climatic conditions. Median-annual
water-quality values are described in the following sections,

which represent temporal responses that are consistent
with trends reported by Porter and others (2020b) for a

similar period. Although the monthly water-quality samples

represented a range of hydrologic conditions commonly
observed across Fairfax County, they do not represent the

63

highest streamflow conditions; therefore, spatial and temporal
patterns of median-annual concentrations differ from annual

loads (fig. 33).
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Figure 33. Graphs showing relations of median-annual
concentrations to annual yields for A, total nitrogen; B, total
phosphorus; and C, suspended sediment in five study watersheds
in Fairfax County, Virginia, from 2009 through 2018. Study
watershed station names are defined in table 1.

Nitrogen

Nitrogen is an essential nutrient for plant and animal
growth, but, in excess quantities, can contribute to a range of
negative ecosystem outcomes that harm biotic communities
(Conley and others, 2009; Howarth and Paerl, 2008). Many
urban and suburban streams have elevated nitrogen levels,
and, while nitrogen reductions have been achieved from
wastewater treatment-plant improvements, many streams
still suffer from nonpoint inputs and pressures of continued
urban growth (Paul and Meyer, 2001). The delivery of
nitrogen to urban streams is controlled by multiple factors;
understanding these factors requires a better understanding
of nitrogen sources and nitrogen biogeochemical trans-
formations to inform stormwater-management strategies
(Yang and Lusk, 2018).

Patterns of Observed Responses

TN concentrations differed among study watersheds,
varied seasonally, and were strongly related to streamflow
(Porter and others, 2020b). Median-annual TN concentrations
below about 2 mg/L typically occurred in most watersheds,
but concentrations above 3 mg/L were observed in CAPT
HICK and SFLIL (fig. 34). More than 90 percent of the TN in
the monthly samples was typically dissolved nitrogen, mostly
nitrate. Concentrations of TN and nitrate were commonly lower
in warmer months than cooler months, likely reflecting nitrate
loss through plant uptake and denitrification. TN concentrations
typically increased with streamflow, whereas nitrate concentra-
tions decreased (fig. 35). Higher stormflow TN concentrations
likely result from surface-water runoff that carries leaves,
grass clippings, woody debris, dry atmospheric nitrogen
deposition, and other materials containing particulate forms of
nitrogen to streams.

Nitrogen-concentration trends were evaluated using
monthly water-quality samples collected from April 2008
through March 2018 to describe how conditions changed over
time in 14 watersheds with 10 years of data, analyses, and inter-
pretations originally conducted by Porter and others (2020b;
table 20). After adjusting for streamflow, TN concentrations
declined in 5, increased in 1, and had no trend in the remaining
8 watersheds. No network-wide trend in TN was detected with a
regional Seasonal-Kendall analysis. TN decreases ranged from
about —2 percent to —4 percent per year; the largest 10-year
decline of about 0.5 mg/L was in DEAD. The TN increase in
SFLIL represented a change of about 2 percent per year, or an
increase of about 0.6 mg/L. The increase in this watershed is
notable as SFLIL had higher average nitrogen concentrations
relative to the rest of the monitoring network. At all stations, TN
trends were greatly affected by nitrate concentrations. Nitrate
decreased network-wide by -1.3 percent per year. Flow-adjusted
nitrate concentrations increased only in SFLIL and CAPT
HICK (by 3 percent and 1 percent per year, respectively): the
two watersheds with the highest average nitrate concentrations.
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Nitrate decreases occurred in four watersheds; the largest
percentage of decrease was —6 percent in BRR, and the largest
total decrease was —0.6 mg/L in DEAD.

Between-watershed differences in median-annual TN
concentrations were typically larger than year-to-year changes
within watersheds (fig. 34). These two sources of variability,
representing spatial differences among study watersheds and
temporal differences from 2009 through 2018, were described
by a linear-growth model (table 21). This model indicated that
the average TN concentration across all watersheds in 2009
was 1.92 mg/L and that the linear rate-of-change could not be
differentiated from zero. Random-effect variances describe

a dataset where group-level variance (0.929), representing
between-watershed differences in intercept, accounted for
most total model variance (0.961). The variances representing
TN change over time, differences in between-watershed slope
(0.001) and within-watershed annual changes (0.031), were
small. The median-annual TN changes that occurred from
2009 through 2018 included TN decreases in DEAD and
increases in SFLIL (fig. 36). The AIC of the linear-growth
model (12.06) was compared against models that included
additional predictors; more parsimonious models reduced the
random-effect variances.
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Figure 34. Boxplots showing the median-annual total nitrogen concentrations of 20 study watersheds in Fairfax County,

Virginia. Study watershed station names are defined in table 1.
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Table 20. Flow-adjusted total nitrogen and nitrate concentration trends in 14 study watersheds in Fairfax County, Virginia, from

March 2008 through April 2018.

[Station names are defined in table 1. mg/L, milligram per liter; %, percent]

67

Total nitrogen concentration

Nitrate concentration

Station 10-year change (mg/L) Annual change (%) 10-year change (mg/L) Annual change (%)
BRR 1-0.36 1-4.3 1-0.27 1-6.0
CAPT HICK 0.32 0.7 20.51 21.1
CASTLE -0.01 -0.1 —0.04 -0.4
DEAD 1-0.45 1-1.8 1-0.59 1-2.9
DIFF —-0.03 -0.2 -0.14 -1.4
FLAT 1-0.41 1-2.7 1-0.40 1-4.0
FROG —0.08 -0.5 -0.22 -1.7
INDIAN 1-0.16 1-1.6 -0.13 -2.0
LIL DIFF —0.16 -0.7 0.07 0.4
OCSB —0.20 -1.3 —0.16 -1.3
PHCT 0.33 1.5 0.10 0.5
PSB 0.35 3.5 0.27 5.2
SFLIL 20.61 2.1 20.78 23.0
TRKYCK 1-0.19 1-1.9 1-0.13 1-1.8
Network change? —0.12 -0.6 1-0.13 =13

Improving trend result significant at p-value <0.10, shown in green.
2Degrading trend result significant at p-value <0.10, shown in orange.

3Network change based on a regional analysis of 14 station trends.

Table 21.

Results of the total nitrogen linear-growth model,

including fixed-effect estimates, 95-percent confidence intervals,
random-effect variances, and the model’s Akaike information

criterion.

[The linear-growth model is defined in equations 1-3. AIC, Akaike informa-

tion criterion]

Fixed effects

Estimate

Predictor (95-percent confidence interval)
Intercept 1.92 (1.42-2.43)
Year 0.00 (—0.02-0.01)
Random-effect variance components

Type Estimate
Residual 0.031
Group level 0.929
Rate of change 0.001

Model performance

Statistic

Value

AIC

12.06
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Figure 36. Graphs showing centered values of median-annual total nitrogen and nitrate concentrations in 14 study watersheds in
Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined in table 1.

Relations to Predictor Variables

Between-watershed TN differences were likely affected
by a combination of human and natural factors, patterns that
were explored by comparing average predictor values to TN
concentrations from 2014 through 2018 at 20 study watersheds
(app. 1, table 1.1). Septic-system density (SEPTIC DEN,
r=0.74; fig. 37A), the estimated nitrogen input from septic
systems (N SEPTIC, r=0.74), the sum of all nitrogen inputs
(N TOT IN, =0.66) and the length of sanitary-sewer lines
(SAN SEWER LEN, =—0.62) had the strongest correlations
with TN, suggesting that between-watershed TN differences
may be related to wastewater infrastructure. Septic-system
effluent is likely an important factor in some watersheds
with the highest TN concentrations, an influence previously
discussed in this report, in previous Fairfax County studies

(Hyer and others, 2016; Porter and others, 2020b), and in
related water-quality investigations (Burns and others, 2005;
Kaushal and others, 2006; Kaushal and others, 2011; Valiela
and others, 1997; Wollheim and others, 2005). Negative corre-
lations between TN and predictors such as impervious cover
(IMP, =—0.48; fig. 37B), developed land use (DEV ALL,
r=—0.47), roadway length (TOT ROAD, r=—0.54), housing
units (TOT HU, =—0.57), and the amount of stormwater
infrastructure (PIPE LEN, 7=—0.52) demonstrate that more
urbanized watersheds had lower average TN concentrations.
Such conditions may occur because these watersheds
contained the largest amount of infrastructure to control
stormwater runoff, had the smallest fraction of wastewater
served by septic systems, or otherwise limited the sources or
delivery of nitrogen to streams.
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Denitrification, the permanent removal of nitrogen
through conversion to atmospheric gas, can represent a
dominant nitrogen loss term in mid-Atlantic watersheds
(Van Breemen and others, 2002) and may affect between-
watershed differences in TN concentrations. Considering this
process, the inverse relation between TN and urbanization
seems unusual, because more impervious watersheds
commonly deliver increased amounts of water through
surface runoff and limit opportunities for denitrification and
other microbial pathways that affect nitrogen availability
and mobility (Burgin and Hamilton, 2007). Similar rates of
denitrification can occur, however, in urban areas as in lesser
developed watersheds; urban denitrification rates are strongly
affected by near-stream environments such as floodplains and
detention basins (Groffman and Crawford, 2003). Therefore,
even in highly impervious watersheds, denitrification
opportunities exist if riparian zones allow for infiltration and
hyporheic exchange, an important process in Fairfax County
where many stream valleys are designated as park land and are
afforded protection from urban development. Denitrification
potential is often greatest in areas with saturated soils, abun-
dant organic matter, and warmer stream and air temperatures
(Bowden, 1987; Burgin and Hamilton, 2007; Pilegaard, 2013).
Correlations among predictors representing these features
and median TN concentrations offered mixed evidence for
the role of denitrification (app. 1, table 1.1). These patterns
cannot be used to discount the importance of denitrification
because denitrification rates are highly variable in urban areas
(Groffman and Crawford, 2003) and predictor data used to
summarize soil properties do not represent spatial variability
within a watershed or throughout soil horizons.

Some temporally averaged measures of wastewater
and urbanization were related to the 2009 through 2018
percentage change in median-annual TN concentrations
(app. 1, table 1.2). Average impervious cover had the strongest
correlation to TN percentage change (IMP, =—0.84; fig. 38A),
indicating that declines in TN concentration were larger in
more impervious watersheds. Conversely, the correlation of
TN to septic-system density (SEPTIC DEN, »=0.70; fig. 38B)
showed that concentration increases were larger in watersheds
primarily served by septic systems. Responses at OCSB
and SFLIL demonstrated these patterns. OCSB, one of the
most impervious watersheds, was served by a sanitary-sewer
network and had a TN decline of about 3 percent per year.

In contrast to these stations, SFLIL had a smaller amount of
impervious cover and a high density of septic systems and had
a TN increase of about 2 percent per year.

Correlations between annual measures of urbanization
and median-annual TN concentrations from 2009 through
2018 varied by watershed; most predictors had no consistent
relation to TN changes over time (app. 1, table 1.3). For
example, impervious cover increased in OCSB and SFLIL
from 2009 through 2018, but TN concentrations declined in
OCSB (r=—0.71) and increased in SFLIL (7=0.68). Annual
changes in the number of septic systems were not correlated
with TN changes at most watersheds (SEPTIC DEN, median

r=0.00); however, most watersheds were predominantly
served by sanitary sewers, and septic-system increases may
affect TN concentrations only in watersheds with elevated
septic-system density. Median TN concentrations and the
number of septic systems increased in SFLIL and CAPT
HICK from 2009 through 2018, watersheds with hundreds of
septic systems per square mile (table 8), resulting in positive
correlations (#=0.63 and 7=0.33, respectively). However,
increased septic effluent contributed by new systems may not
be the primary driver of increased TN concentrations in these
watersheds because fewer than 30 new systems were installed
in each watershed over the 10-year period. Not to discount the
potentially important relations between septic systems and TN,
it is possible that stream conditions were responding to past
changes in septic infrastructure, nitrogen removal rates have
declined in aging systems, or that effluent was delivered to
streams more efficiently.

Annual changes in some spatially averaged climatic
predictors were correlated with annual changes in median TN
concentration across the 14 watersheds (app. 1, table 1.3).
Years with more total precipitation and, a related measure,
more days with total precipitation greater than or equal to
about 0.4 in. (hereafter referred to as “heavy rainfall days”),
were associated with higher annual TN concentrations in
most watersheds. Thirteen of the fourteen watersheds had
a positive correlation between TN and heavy rainfall days
(R10D, median =0.54), and only CAPT HICK had a negative
relation (fig. 39). Years with more heavy rainfall produced
more storm responses and stormwater runoff, hydrologic
conditions that can produce elevated TN concentrations
(fig. 35) and can result in the lowest retention of nitrogen
inputs on the landscape (fig. 25). These patterns, which are
similar to patterns reported from other small urban watersheds
(Kaushal and others, 2008a), may reflect increased delivery of
stored nitrogen to streams from soils and groundwater or the
influence of atmospheric deposition, a nitrogen input that was
higher in wetter years. Annual changes in atmospheric deposi-
tion had a positive relation with annual changes in TN concen-
tration in most watersheds. Correlations were stronger with
wet deposition (N WET DEPO, median »=0.50; fig. 39) than
total deposition, which includes the dry deposition fraction
(N TOT DEPO, median =0.35). Atmospheric deposition can
be an important nitrogen input in urban watersheds, especially
during high-flow events that deliver surface runoff to streams
(Kaushal and others, 2011): a process previously documented
at Fairfax County streams (Hyer and others, 2016).

Years with higher average air temperature had lower
median TN concentrations in most watersheds (AIR TEMP,
median 7=—0.31; app. 1, table 1.3). This association was also
in some measures of temperature extremes, where colder
temperatures during the coldest night of the year (TNn,
median #=—0.45) and more frost days per year (FD, median
r=0.47) were correlated with lower median TN concentrations.
Thirteen of fourteen watersheds had a positive correlation
between the number of frost days and TN, but only CAPT
HICK had a negative correlation (fig. 39). The unique negative



Evaluating Drivers of Hydrology, Water Quality, and Benthic Macroinvertebrates in Streams of Fairfax County, Va., 2007-18

correlation at CAPT HICK between annual TN and annual
climatic predictors suggests that drivers of TN concentration
in this watershed may differ from others in the monitoring
network. Relations between warmer air temperature and lower
TN concentrations are consistent with effects of denitrification
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Figure 37. Graphs showing relations of A, septic-system
density and B, impervious cover to total nitrogen
concentrations in 20 study watersheds in Fairfax County,
Virginia; all values represent average conditions from
2014 through 2018. Study watershed station names are
defined in table 1.

(Pilegaard, 2013) and are similar to relations between air
temperature and flow-normalized total nitrogen load reported
for streams throughout the Chesapeake Bay watershed
(Chanat and Yang, 2018).
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Figure 38. Graphs showing relations of A, impervious
cover and B, septic-system density (values represent
averages from 2009 through 2018) to changes

in median-annual total nitrogen concentrations

from 2009 through 2018 in 14 study watersheds in
Fairfax County, Virginia. Study watershed station names
are defined in table 1.
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Explanation of Variability

Based on the information described above, six
predictors were included in LME models to describe the
spatiotemporal variability of median-annual TN concentra-
tions: (1) median-annual streamflow, (2) number of heavy
rainfall days, (3) number of frost days, (4) impervious cover,
(5) wet atmospheric nitrogen deposition, and (6) septic-
system density. Median-annual streamflow was used to
evaluate whether median-annual TN was affected by varying
flow conditions because varying flow conditions can mask
the role of other factors. Combined with the six parameters
of the linear-growth model, all possible model combinations
of the six additional predictors were considered. Models with
the lowest AIC included a similar combination of terms and
performed similarly (app. 2, table 2.1).

Many similarly performing models described the
spatiotemporal variability of median-annual TN concentra-
tions at the 14 study watersheds from 2009 through 2018,
but interpretations from a single model can help inform
watershed management. A 9-parameter model that included
fixed-effect terms for the number of heavy rainfall days and
septic-system density was the simplest model form among
the top-performing models; more complex models did not
offer a substantial improvement over this combination of
predictors (app. 2, fig. 2.1). With the exception of a fixed
effect to represent the linear rate of TN change over time, the
slope term included in all models, the 95-percent confidence

intervals of all fixed-effect parameters in the selected model
did not include zero, suggesting an interpretable positive or
negative effect on TN (table 22).

The fixed-effect terms in the selected model explained
58 percent of the spatiotemporal variability in median-annual
TN concentration (table 22). Compared to the linear-growth
model (table 21), the selected model explained an additional
30 percent of the annual within-watershed variance, an
additional 49 percent of the between-watershed intercept
variance, and an additional 79 percent of the between-
watershed slope variance. Observed and predicted responses
plotted against time were used to visually assess the selected
model’s performance in each watershed (app. 2, fig. 2.2).
The selected model residuals for most stations appear evenly
distributed around zero in most years: an improvement
compared with predictions from the linear-growth model
(fig. 40). The distribution of residuals around zero in the
linear growth model is related to extremes in the annual
record of heavy rainfall days (fig. 41A).

The selected model estimated two effects of septic-
system density on median-annual TN concentrations.
In watersheds with above average septic-system densities
(1) concentrations were higher than average and (2) concen-
tration increases from 2009 through 2018 were larger. These
effects are consistent with the observed relations between
septic-system density and median-annual TN concentrations
(fig. 37A and fig. 38B). The influence of septic systems on
differences in TN concentration between watersheds has
been reported in Fairfax County streams (Hyer and others,
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2016; Porter and others, 2020b), but their potential effect
on concentration changes over time has not been previously
explored. The number of septic systems generally increased
over time in each study watershed, but annual changes in
septic density were not a predictor of median-annual TN
concentrations. A few hypotheses can be deduced from
these patterns: (1) TN concentrations are responding to the
expansion of septic infrastructure that occurred in previous
years, (2) TN concentrations are responding to changes

in the delivery of groundwater concentrations of septic
effluent, and (or) (3) TN concentrations are responding

to changes in other landscape or climatic drivers, which

are co-located or processed differently in areas with high
septic-system density.

The selected model estimated that, on average,
median-annual TN concentrations were higher during years
with more heavy rainfall days (table 22), consistent with
observed patterns in most watersheds (fig. 39). The annual
number of heavy rainfall days was the only modeled effect
that caused estimated values to deviate from a perfectly
straight line (app. 2, fig. 2.2). The number of heavy rainfall
days may affect annual TN concentrations in Fairfax County
streams for a variety of reasons. First, it should be noted that
relations between TN and the number of heavy rainfall days
were similar to TN and average-annual precipitation (PRCP;
app. 1, table 1.3), so, more broadly, precipitation may be an
important driver of TN concentrations. Wetter years may
deliver more nitrogen to streams because of (1) the direct
runoff of inputs from the landscape, (2) the flushing of
inputs that were previously stored in soils or groundwater,
and (or) (3) changes in biogeochemical processes that limit
removal rates of nitrogen. TN concentrations were typically
higher during elevated streamflow (fig. 35), but it is unlikely
that the modeled precipitation effect reflects the effect of
direct runoff, because the model was built from samples
mostly collected during non-storm conditions. An additional
driver of TN during wet years is the increased delivery of
atmospheric nitrogen. Annual relations between TN and wet
atmospheric nitrogen deposition were similar to the annual
relations between TN and the number of heavy rainfall days
(fig. 39), and many alternative models included an effect for
wet-nitrogen deposition (app. 2, table 2.1).

Table 22. Results of a total nitrogen linear mixed-effect model
selected for interpretation, including 95-percent confidence
intervals, fixed-effect estimates, random-effect variances, and
the model’s Akaike information criterion.

[Linear mixed-effect models are described in equations 4-6. Predictors are
described in table 3. bs, the effect of a predictor on within-watershed vari-
ability; b, the effect of a predictor on between-watershed intercept differ-
ences; b,, the effect of a predictor on between-watershed slope differences;
R2, coefficient of determination; AIC, Akaike information criterion]

Fixed effects

Standardized estimate
(95-percent confidence interval)

Predictor
(variance explained)

Intercept 10.00 (0.00-0.00)
Year ~0.09 (—0.24-0.06)
R10D (b) 0.47 (0.34-0.60)
SEPTIC DEN (b,) 0.67 (0.35-0.91)
SEPTIC DEN (b,) 0.63 (0.31-1.03)
Random-effect variance components
Type Estimate
Residual 20.021 (32.3)

Group level 20.477 (48.7)

Rate of change 20.000 (100)

Model performance

Statistic Value
Marginal R2 0.58
Conditional R? 0.98
AIC 3-48.89 (60.95)

IThe non-standardized intercept estimate is 1.93.

2Numbers in parentheses indicate reduction of corresponding variance
from the linear-growth model with no covariates, in percent.

3Number in parentheses indicates absolute reduction in AIC from the
linear-growth model with no covariates.
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Figure 40. Graphs showing model residuals from A, the total nitrogen linear-growth model
and B, the selected total nitrogen linear mixed-effect model in 14 study watersheds in
Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined
intable 1.
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Figure 41. Graphs showing centered parameters used

in the selected total nitrogen linear mixed-effect model:

A, the number of heavy rainfall days from 2009 through 2018
and B, septic-system density in 14 study watersheds in
Fairfax County, Virginia. Study watershed station names are
defined in table 1.
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Management-Practice Effects

Stormwater-retrofit and channel-restoration practices
to reduce nitrogen were installed in seven study watersheds
from 2009 through 2018 and, normalized by watershed
area, are expected to lower TN yields by tens to thousands
of pounds. These credited reductions do not coincide with
decreases in median-annual TN concentrations in most study
watersheds (fig. 42). Credited TN reductions were considered
as a predictor of median-annual TN concentrations in the

1,500

previously described LME model to assess their potential
effect on observed conditions, relative to other environmental
and anthropogenic drivers. Specifically, the model considered
the annual effect of cumulative TN reductions on differences
in median-annual TN concentrations from 2009 through
2018 in 14 watersheds. A model including the effect of
credited management-practice TN reductions did not reduce
the AIC of the previously described model (—47.25 compared
to —48.89), and the coefficient was not significantly different
from zero (table 23).
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Figure 42. Graphs showing the cumulative credited total nitrogen yield reductions from management practices and
median-annual total nitrogen concentrations in seven study watersheds in Fairfax County, Virginia, from 2009 through

2018. Study watershed station names are defined in table 1.
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Table 23. Results of a total nitrogen linear mixed-effect model
with credited management-practice total nitrogen reductions,
including 95-percent confidence intervals, fixed-effect estimates,
random-effect variances, and the model’s Akaike information
criterion.

[Linear mixed-effect models are described in equations 4-6. Predictors are
described in tables 3 and 5. bs, the effect of a predictor on within-watershed
variability; b;, the effect of a predictor on between-watershed intercept dif-
ferences; b,, the effect of a predictor on between-watershed slope differences;
R2, coefficient of determination; AIC, Akaike information criterion]

Fixed effects

Standardized estimate
(95-percent confidence interval)

Predictor
(variance explained)

Intercept 10.00 (0.00-0.00)
Year (b,) —0.07 (—0.23-0.09)
R10D (b,) 0.47 (0.34-0.61)
SEPTIC DEN (b)) 0.67 (0.31-1.03)
SEPTIC DEN (b,) 0.61 (0.33-0.89)
TN TOT BMP (b,) —0.05 (-0.19-0.10)
Random-effect variance components
Type Estimate

Residual 0.021

Group level 0.476

Rate of change 0.000

Model performance

Statistic Value
Marginal R? 0.58
Conditional R? 0.98
AIC —47.25

IThe non-standardized intercept estimate is 1.93.

Phosphorus

Phosphorus is an essential nutrient for plant and animal
growth but, in excess quantities, can contribute to a range of
negative ecosystem outcomes that harm biotic communities
(Conley and others, 2009; Howarth and Paerl, 2008). Many
urban and suburban streams have elevated phosphorus levels,
and although nutrient reductions have been achieved by
wastewater-treatment plant improvements, many streams
still suffer from effects of nonpoint inputs and pressures
of continued urban growth (Paul and Meyer, 2001). The
delivery of phosphorus to urban streams is controlled by
multiple factors; understanding these factors requires a better

understanding of phosphorus sources and phosphorus biogeo-
chemical transformations to inform stormwater-management
strategies (Yang and Lusk, 2018).

Patterns of Observed Responses

TP concentrations, a measure of all dissolved and
particulate phosphorus forms in the water column, differed
among study watersheds, varied seasonally, and were
strongly related to streamflow (Porter and others, 2020b).
Median-annual TP concentrations were typically below
about 0.03 mg/L in most watersheds, and concentrations
as much as 0.06 mg/L were commonly observed in FLAT
and Frog Branch above Flatlick Branch at Chantilly, Va.
(FROG) (fig. 43). Dissolved phosphorus, predominately in
the bioavailable form of orthophosphate, represented most of
the non-storm TP concentration in most of the watersheds.
Higher orthophosphate concentrations were observed in some
streams during warmer months, likely because of temperature-
dependent processes that affect the solubility of phosphorus
minerals and the desorption of orthophosphate from sediments
(Duan and others, 2012). Despite a similar seasonal pattern
and range of WT observed at all stations, seasonal differences
in orthophosphate were largest in FROG, FLAT, and HPEN
(fig. 44). TP concentrations at all stations were highest during
high flows because the increased delivery of sediment carries
more phosphorus (fig. 45).

Phosphorus concentration trends were evaluated using
monthly water-quality samples collected from April 2008
through March 2018 to describe how conditions changed
over time in 14 watersheds with 10 years of data, analyses
and interpretations originally conducted by Porter and
others (2020b; table 24). After adjusting for streamflow,

TP concentrations increased in 4, declined in 1, and had no
trend in 9 watersheds. A network-wide increasing TP trend

of 0.008 mg/L, an increase of 3.9 percent over the 10-year
period, was determined by a regional Seasonal-Kendall
analysis. The largest TP concentration increases of about

0.02 mg/L occurred in INDIAN and PSB. The only significant
decrease occurred in FROG, a decline of about 0.04 mg/L.
That decline is notable because this watershed typically had
the highest median annual TP concentrations in the monitoring
network (fig. 43). At stations other than FLAT, changes in TP
were consistent with changes in orthophosphate (table 24).

In FLAT, increases in TP at the end of the study period

were likely caused by increases in particulate material and
coincided with the completion of a stream restoration near the
monitoring station (Porter and others, 2020b; fig. 46).
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Table 24. Flow-adjusted total phosphorus and orthophosphate concentration trends in 14 study watersheds in Fairfax County, Virginia,

from March 2008 through April 2018.

[Station names are defined in table 1. mg/L, milligram per liter; %, percent]

Station Total phosphorus Orthophosphate
10-year change (mg/L) Annual change (%) 10-year change (mg/L) Annual change (%)

BRR —0.002 -0.7 0.002 1.8
CAPT HICK 10.012 7.9 0.003 2.2
CASTLE 10.015 17.6 0.005 4.2
DEAD 0.011 3.6 10.011 15.0
DIFF 0.008 59 0.003 4.9
FLAT 0.007 1.2 —0.010 -2.3
FROG 2—0.035 =4.6 2-0.037 =57
INDIAN 10.019 110.1 10.008 19.0
LIL DIFF 0.007 4.2 0.003 3.7
OCSB 0.003 1.6 10.006 15.6
PHCT 0.010 5.5 0.003 3.0
PSB 10.020 16.5 10.009 18.7
SFLIL 0.003 2.0 0.004 4.5
TRKYCK 0.000 -0.3 —0.001 -1.4
Network change? 10.008 13.9 10.003 13.9

'Degrading trend result significant at p-value <0.10, shown in orange.

2Improving trend result significant at p-value <0.10, shown in green.

3Network change based on a regional analysis of 14 station trends.
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Figure 46. Graph showing flow-adjusted total phosphorus and suspended-sediment

concentrations in Flatlick Branch above Frog Branch at Chantilly, Virginia, from April 2008
through March 2018. Feb., February; Apr., April.
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Between-watershed differences in median-annual TP
concentrations were typically larger than year-to-year changes
within watersheds (fig. 43). These two sources of variability,
representing spatial differences among study watersheds and
temporal differences from 2009 through 2018, were described
by a linear-growth model (table 25). The TP linear-growth
model, and all subsequent TP LME models, represent TP
concentrations multiplied by a factor of 100, which allows
fixed- and random-effect estimates to be interpreted using
fewer decimal places. The TP linear-growth model indicated
that the average TP concentration across all watersheds in
2009 was 0.025 mg/L and that the linear rate-of-change could
not be differentiated from zero. Random-effect variances
describe a dataset where group-level variance (3.700),
representing between-watershed differences in intercept,

accounted for most of the total model variance (4.059).
Variances representing TP change over time, differences

in between-watershed slope (0.004) and within-watershed
annual changes (0.355), were small. The median-annual TP
and orthophosphate changes that occurred from 2009 through
2018 included large declines in FROG and smaller increases
in most other watersheds (fig. 47). Changes in orthophosphate
were consistent with changes in TP in all watersheds except
FLAT, suggesting that changes in particulate phosphorus may
have affected TP trends in this watershed. The AIC of the
linear-growth model (335.42) was compared against models
that included additional predictors; more parsimonious
models reduced the between- and within-watershed random-
effect variances.

Table 25. Results of the total phosphorus linear-growth model,
including fixed-effect estimates, 95-percent confidence intervals,
random-effect variances, and the model’s Akaike information

criterion.

[The linear-growth model is defined in equations 1-3. AIC, Akaike informa-

tion criterion]

Fixed effects

Predictor

Estimate

(95-percent confidence interval)

Intercept

Year

2.52 (1.49-3.54)
0.04 (—0.01-0.09)

Random-effect variance components

Type

Estimate

Residual
Group level

Rate of change

0.355
3.700
0.004

Model performance

Statistic

Value

AIC

335.42
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watersheds in Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined in table 1.
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Relations to Predictor Variables

Between-watershed TP differences were likely affected
by a combination of human and natural factors; patterns that
were explored by comparing average predictor values and TP
concentrations from 2014 through 2018 at 20 study watersheds
(app. 1, table 1.4). The percentage of a watershed within the
Triassic Lowlands (TRIASSIC, »=0.75) had the strongest
correlation with TP: a pattern previously observed and reported
(Jastram, 2014; Porter and others, 2020b). Aside from differ-
ences in sediment transport, likely to be a minor influence on
these median-annual TP concentrations, TP concentrations may
be higher in Triassic Lowland streams for one or a combination
of reasons: (1) they contain more nonpoint-phosphorus inputs,
(2) they contain more naturally occurring phosphorus minerals
that are contributed to streams as dissolved phosphorus through
dissolution pathways, and (or) (3) their geologic, ecological,
or water-quality properties result in greater rates of dissolved
phosphorus mobilization to streams. Some evidence for this
last point can be drawn from the previous discussion of nutrient
input retention rates in the five intensive-monitoring stations,
where FLAT had a slightly lower percentage of nitrogen and
phosphorus inputs retained during base-flow conditions than
SFLIL, DEAD, or DIFF (table 17).

Phosphorus concentrations may be higher in Triassic
Lowland watersheds because of contributions from phosphorus-
bearing minerals to streams. Phosphorus is naturally occurring
in many minerals, most commonly in apatite and feldspars, and

although most of this material is insoluble and not delivered to
streams, the weathering of phosphorus-bearing minerals can
contribute to elevated phosphorus concentrations in streams
(Denver and others, 2010). Fairfax County streams in the
Triassic Lowlands have higher naturally occurring dissolved
solid concentrations, likely contributed by soluble carbonate
minerals (Larson, 1978); however, the phosphorus content

of these minerals is uncertain. Not all weathered phosphorus
reaches streams because inorganic dissolved phosphorus can
quickly attach to surfaces of other solids (“adsorption”), be
converted to organic material (“immobilization”), or form
complexes with metal compounds (“precipitation”; Denver and
others, 2010). These complex biogeochemical interactions are
reversible and variable across space and time based on local soil
and environmental conditions.

Estimates of naturally occurring phosphorus contributions
to streams can be made from data that describe concentrations
of bed-sediment samples collected from small, undeveloped
watersheds (Nardi, 2014). Phosphorus concentrations estimated
from these data are highest in the Triassic Lowland study
watersheds (FLAT, FROG, HPEN, and Sugarland Run Tributary
below Crayton Road near Herndon, Va. [SGRLND]) and
some Piedmont watersheds and lowest in the Coastal Plain
(fig. 48A). An alternative representation of mineral phosphorus
contributions is available from data that describe phosphorus
concentrations in A and C soil horizons (Terziotti, 2019). Soil
phosphorus concentrations estimated by these data do not
differ by geologic terrane (fig. 48B).
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Figure 48. Bar graphs showing estimated A, bed-sediment phosphorus concentrations and B, soil phosphorus
concentrations in 20 study watersheds in Fairfax County, Virginia. Study watershed station names are defined
in table 1. Bed-sediment phosphorus concentrations are from Nardi (2014). Soil phosphorus concentrations are

from Terziotti (2019).
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Estimates of bed-sediment and soil phosphorus concentrations
were not strongly correlated with between-watershed differ-
ences in median-annual TP concentrations (app. 1, table 1.4;
P GEOL, =0.39; P SOIL A, r=0.24; and P SOIL C, =—0.08).

Historical water-quality samples offered additional
insights about the contribution of phosphorus from natural or
anthropogenic sources. Water-quality samples were collected
from 49 Fairfax County streams during a period of low flow in
August 1977 (Larson, 1978). Fairfax County’s population and
number of housing units has more than doubled since the late
1970s (fig. 5; Han and others, 2018), so these water-quality
samples may reflect lower urban impacts. Orthophosphate
concentrations in the historical data were lower than concentra-
tions measured in August of the current study (fig. 49).

Four of the five orthophosphate concentrations collected in 1977
from Triassic Lowland watersheds were below 0.02 mg/L, and
one sample had a concentration of 0.08 mg/L, a value similar

to conditions in FLAT, FROG, and HPEN during the study
period. No stations in the current study were sampled in 1977,
but a concentration below the 0.01 mg/L detection limit was
measured in 1977 from a station on Flatlick Branch (USGS
station ID 01656900), about 400 ft downstream from the current
FLAT monitoring station. Compared with higher concentrations
in FLAT during the study period, this historical concentration
suggests that orthophosphate concentrations may have increased
in FLAT because of human-derived inputs in addition to
possible contributions from natural-mineral dissolution.

The shallow soils and fractured bedrock common in
Triassic Lowland watersheds may offer fewer opportunities
for the retention of phosphorus in the soil and allow nonpoint-
phosphorus inputs to reach streams quickly and efficiently.
Compared to Piedmont watersheds with thicker soil layers,
Triassic Lowland watersheds have shallow fractured bedrock
that is poorly buffered from surface inputs (Froelich and
Zenone, 1985b). In the Triassic Lowland study watersheds

>50% of watershed within

the Triassic Lowlands
0.10

(FLAT, FROG, HPEN, and SGRLND), the average soil depth
was about 45 in., compared with about 60 in. in other water-
sheds (table 26). Soil depth had a strong negative correlation
with between-watershed, median-annual TP concentrations
(app. 1, table 1.4; SOIL DEPTH, »=—0.70; fig. 50A).

Some additional properties that describe physical
soil structure and soil chemical composition were related
to between-watershed differences in median-annual TP
concentrations (app. 1, table 1.4) and may represent
conditions that promote the mobilization of phosphorus to
groundwater and streams. Phosphorus concentrations in
streams can be high in areas with sandy soils because these
areas have low phosphorus adsorption rates (Withers and
Jarvie, 2008). The negative correlation of median-annual
TP concentrations and soil sand content (SAND, =—-0.71),
however, suggests that sand content, which is lowest in
Triassic Lowland watersheds (table 26), may not be a driver of
between-watershed TP differences. Watershed soils containing
aluminum and iron can increase phosphorus retention, because
dissolved phosphorus binds and forms insoluble complexes
with these ions (Borggaard and others, 2004; Denver and
others, 2010). Stream concentrations of aluminum and iron
were not measured during the study period, but historical
samples collected in Fairfax County between 1954 and 1979
(Froelich and Zenone, 1985b) indicate that some Triassic
Lowland watersheds have lower dissolved iron groundwater
concentrations than Piedmont or Coastal Plain watersheds
(fig. 51). Watersheds in the Triassic Lowlands contained more
soil organic matter than other study watersheds (table 26), a
property that can increase dissolved phosphorus availability
(Deb and Datta, 1967; Nziguheba and others, 1998; Yang and
others, 2019; Ye and others, 2006). Despite this influence,
differences in soil organic matter percentage were not corre-
lated with between-watershed differences in median-annual
TP concentrations (OM, =0.26).
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Figure 49. Graph showing orthophosphate concentrations measured in Fairfax County streams in August of 1977 and in
20 study watersheds in Fairfax County, Virginia, from 2009 through 2018. Orthophosphate concentration measurements in
1977 are from Larson (1978). Study watershed station names are defined in table 1. %, percent; mg/L, milligrams per liter.
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Table 26. Summary of average watershed soil depth, sand content, organic matter content, and cation-exchange capacity in 20 study
watersheds in Fairfax County, Virginia.

[Station names are defined in table 1, predictor names are defined in table 2]

Station Soil depth (inch) Sand content (percent) OM content (percent) CEC (dimensionless)
Triassic Lowlands
FLAT 145.6 132.1 250.3 212.5
FROG 145.7 130.3 252.1 212.4
HPEN 146.3 131.9 48.7 212.0
SGRLND 47.5 36.3 250.3 11.3
Piedmont
BRR 56.4 37.9 45.1 5.9
CAPT HICK 261.1 42.7 47.5 3.0
CASTLE 59.2 38.3 443 34
DEAD 60.2 243.2 47.2 1.2
DIFF 58.4 41.5 45.2 3.7
INDIAN 60.0 423 40.8 0.8
LIL DIFF 60.2 38.9 43.7 3.6
LONG 261.1 42.1 45.5 3.0
OCSB 60.7 243.5 47.4 2.2
PHCT 59.8 413 44.9 10.3
RABT 59.8 42.2 45.7 10.3
SFLIL 59.3 41.4 46.5 4.2
WSB 260.8 38.9 40.7 3.1
Coastal Plain
DOGUE 60.0 38.1 132.2 1.0
PSB 60.0 243.0 136.2 10.5
TRKYCK 60.0 42.6 138.5 0.7

IThe three lowest column values, shaded in yellow.

2The three highest column values, shaded in blue.
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The capacity of soils to retain water may affect
phosphorus retention in multiple ways. Fluctuations between
wet and dry conditions can increase rates of phosphorus
leaching from soils (Kinsman-Costello and others, 2016;
Young and Ross, 2001); lower rates of leaching are typically
associated with soils that have slower water transport times
(Djodjic and others, 2004). Soils that remain saturated
and form reducing conditions, however, can increase the
leaching of phosphorus bound to iron (Shenker and others,
2005; Willett, 1989). Properties that describe the storage
and retention of soil water were correlated with between-
watershed differences in average-annual TP concentrations
(app. 1, table 1.4). TP concentrations were typically higher
in watersheds with higher soil field capacities (FC, 7=0.70),
lower rates of vertical hydraulic conductivity (KV, r=—0.74),
and lower amounts of plant-available water (AWC, =—0.67).
Triassic Lowland watersheds generally had the highest FC and
the lowest AWC and KV values of all study watersheds.

Biogeochemical transformations of phosphorus between
soluble and insoluble forms affect phosphorus delivery to
streams and are influenced by WT, DO, stream acidity, and
microbial communities. Median-annual TP concentrations
were higher in streams with higher WT at the time of sample
collection (WT, =0.52). This relation is consistent with
studies demonstrating that temperature affects the release
of phosphorus from sediment and that biotic processes
enhance phosphorus availability (Duan and others, 2012;
Duan and Kaushal, 2013; Withers and Jarvie, 2008). Median
TP concentrations were higher in streams with lower median
DO concentrations at the time of sample collection (DO,
r=—0.61; fig. 50B). This relation may be related to the previ-
ously described relation between TP and WT because warmer
water contains less DO. However, differences in oxidizing or
reducing conditions can also affect phosphorus availability,
with lower DO concentrations favoring phosphorus release
from sediments (Duan and others, 2012; Withers and Jarvie,
2008). The range of DO concentrations commonly observed
in Fairfax County streams reflects oxic conditions (fig. 44C),
but steep declines in DO can occur within some shallow
streambeds (House, 2003), resulting in lower DO concentra-
tions in groundwater than surface water (Denver and others,
2010). Even temporary anoxic conditions that develop near the
sediment surface can increase the release of phosphorus from
sediments (James and Barko, 2004). Phosphorus availability
can also change through pH-dependent processes, but the
correlation between median-annual TP concentrations and pH
values was not significant (pH, »=0.18).

The phosphorus input of fertilizer was positively corre-
lated with between-watershed differences in median-annual
TP concentrations (P FERT, 7=0.65). Properly maintained
turfgrass can efficiently retain fertilizer inputs, but fertilizer
leaching and delivery to streams can occur in response to
over applications or applications that precede storm events
(Bachman and others, 2016). Phosphorus loading to streams
can also increase after years of fertilizer applications that
result in phosphorus-saturated soils, which describe soils

without available phosphorus-bonding sites (Soldat and
Petrovic, 2008). Phosphorus inputs from turfgrass fertilizer
may have declined in recent years because of legislative
restrictions on the sale of most residential fertilizers containing
phosphorus (Harper, 2011), but it can take years to reverse the
effects of phosphorus-saturated soils (Kleinman and others,
2011; Sharpley and others, 2013).

Turfgrass area also was positively correlated to median-
annual TP concentrations (TURF, r=0.65; fig. 50C) and had
the same correlation as fertilizer inputs, because amounts
of applied fertilizer were derived directly from the turfgrass
cover. Phosphorus inputs may be underrepresented in FLAT
if total fertilizer applications are higher on golf courses than
residential lawns, because a 200-acre golf course is within
the watershed about 2 mi upstream from the monitoring
station. Nutrient export from golf courses, however, can be
highly variable and, like other managed turfgrass systems,
is dependent on proper application and irrigation practices
(Bock and Easton, 2020). In addition to representing
phosphorus-fertilizer applications, the correlation between
median-annual TP concentrations and turfgrass cover may
result from other nonpoint inputs of phosphorus associated
with residential activities. Sanitary-sewer densities were
higher in watersheds with more turfgrass and were correlated
with between-watershed differences in median-annual TP
concentration (SAN SEWER LEN, r=0.53). Sanitary-sewer
leaks in urban areas can deliver nutrients to streams (Kaushal
and others, 2011), but their contributions are difficult to
quantify (Amick and Burgess, 2000; Fenz and others, 2005)
and may be less common in Fairfax County, which has a very
low rate of reported sanitary-sewer overflows and backups
(Fairfax County, 2021).

Some physical watershed properties were correlated with
the 2009 through 2018 percentage change of median-annual
TP concentrations (app. 1, table 1.5), which may describe
the effects of phosphorus being stored and released from
soils. Larger TP increases occurred in watersheds with lower
soil cation-exchange capacities (CEC, =—0.67; fig. 52A),
which measures ability of a soil to hold positively charged
ions. Watersheds in the Triassic Lowlands had the highest
cation-exchange capacities (table 26) because these soils
contained higher amounts of organic material, silts, and
clays that contribute to negatively charged soil structures.
Therefore, larger TP increases occurred in watersheds with
more sandy soils (SAND, »=0.59) and less organic matter
(OM, r=—0.60). The positive relation between TP percentage
change and average soil depth (SOIL DEPTH, »=0.55;
fig. 52B) would have been much stronger but for the TP
increase that occurred in FLAT.

Annual climatic conditions were correlated with changes
in median TP concentrations from 2009 through 2018 (app. 1,
table 1.6; and fig. 53). Median TP concentrations were higher
in warmer years (AIR TEMP, median »=0.38) and in years
with less precipitation (PRCP, median /=—0.33) in most
watersheds. The relation with air temperature is consistent
with the previously described effects of temperature-dependent
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phosphorus releases, driven by abiotic and biotic processes.
The inverse relation between TP and annual precipitation

may be driven by phosphorus geochemical transformations.
Although years with more precipitation produce many storm
events that can deliver high phosphorus concentrations to
streams through sediment runoff and erosion, the phosphorus
concentrations considered here are reflective of base-flow
conditions and are not likely affected by such processes. Under
these longer-term low-flow conditions, differences in TP
concentration may be affected by differences in precipitation,
as streambed sediments wet and dry and cycle between anoxic
and oxic conditions. Although the net effect of these processes
on phosphorus mobilization are difficult to predict (Kinsman-
Costello and others, 2016), the release of phosphorus from
organic matter through microbial mineralization can increase
when anoxic sediments are dried (Baldwin and Mitchell,
2000; Dieter and others, 2015). Conversely, dry years and oxic
conditions may be associated with the increased storage of
phosphorus in bed sediments and lower stream concentrations
of phosphorus (House, 2003).

Annual changes in some measures of urban land use were
correlated with changes in median-annual TP concentrations
from 2009 through 2018 (app. 1, table 1.6). Increases in the
amount of impervious cover were associated with higher TP
concentrations (IMP, median 7=0.37; fig. 53) in most water-
sheds. Increased impervious cover may account for increased
applications of phosphorus inputs, more efficient delivery
of phosphorus inputs to streams, or effects of salinization on
phosphorus mobilization. Stream salinity, measured as SC,
was higher in the more impervious study watersheds, and large
pulses of SC were observed during some winter storm events,
which was consistent with the effects of road-salt application
(Porter and others, 2020b). SC increased in the study water-
sheds over the past 10 years (Porter and others, 2020b); these
increases can mobilize phosphorus (along with other cations
and nutrients) to urban streams through various ion-exchange
and biogeochemical pathways (Duan and Kaushal, 2015; Haq
and others, 2018). Sodium, a common component of road salt,
can preferentially displace some trivalent and divalent cations,
including aluminum, iron, and calcium (Amrhein and others,
1992; Shanley, 1994), which commonly bind with phosphorus
to form insoluble compounds. The stability of these phosphate
complexes decreases with increasing salinity and can result in
higher dissolved phosphorus concentrations in streams (Duan
and Kaushal, 2015; Haq and others, 2018). Watersheds with
low soil cation-exchange capacities, where TP concentration
increases were largest (fig. 52A), may be more susceptible
to these ion-exchange processes. The correlations between
median-annual SC and median-annual TP concentrations were
inconsistent across the study watersheds (app. 1, table 1.6),
suggesting that potential salinization effects on phosphorus
mobilization are locally variable, poorly represented by
median-annual conditions, offset by other predictors, affected
by salinity in previous years, or not strongly influential.
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Figure 52. Graphs showing relations of 4, soil
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represent averages from 2009 through 2018) to changes in
median-annual total phosphorus concentrations from 2009
through 2018 in 14 study watersheds in Fairfax County, Virginia.
Study watershed station names are defined in table 1.
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Explanation of Variability

Based on the information described above, seven
predictors were included in LME models to describe
the spatiotemporal variability of median-annual
TP concentrations: (1) total-annual precipitation,

(2) average-annual air temperature, (3) DO, (4) soil depth,
(5) bed-sediment phosphorus concentrations, (6) impervious
cover, and (7) turfgrass cover. Combined with the six param-
eters of the linear-growth model, all possible model combi-
nations of the seven additional predictors were considered.
Models with the lowest AIC included a similar combination
of terms and performed similarly (app. 2, table 2.2). This
model-building process was repeated after excluding FLAT
because the phosphorus increases in this watershed were
unique; the structure of top-performing models was similar
to those including FLAT.

Many similarly performing models described the
spatiotemporal variability of median-annual TP concentra-
tions in the 14 study watersheds from 2009 through 2018,
but interpretations from a single model can help inform
watershed management. An 11-parameter model was selected
for interpretation after considering the results of models
with and without FLAT and the most likely factors that
may be influencing TP concentrations. This model included
fixed-effect terms for total-annual precipitation, soil depth,
stream DO concentration, and turfgrass cover (table 27).
Alternative models with the same or fewer parameters had
similar AIC values, but the inclusion of more parameters did

not offer meaningful improvements in model performance
(app. 2, fig. 2.3). The 95-percent confidence interval of all
model coefficients, except the effect of soil depth on the
linear rate of TP change over time (SOIL DEPTH, b,), did
not include zero. The effect of soil depth on the linear rate of
TP change over time was consistently identified in models
that did not include FLAT and was therefore included in the
selected model of 14 watersheds. Additional predictors not
included during initial model development were iteratively
considered but did not improve the selected model’s
performance. These predictors included effects of median-
annual streamflow, cation-exchange capacity, organic matter,
available water capacity, WT, SC, and the number of dry
stormwater ponds.

The fixed-effect terms in the selected model explained
85 percent of the spatiotemporal variability in median-annual
TP concentrations (table 27). Compared to the linear-growth
model (table 25), the selected model explained an additional
96 percent of the between-watershed intercept variance, an
additional 8 percent of the annual within-watershed variance,
and an additional 29 percent of the between-watershed slope
variance. Observed and predicted responses plotted against
time were used to visually assess the selected model’s
performance in each watershed (app. 2, fig. 2.4). Notably,
the model did not accurately estimate the increase in TP
concentrations in FLAT that occurred towards the end of
the study period. The selected model residuals for most
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stations were evenly distributed around zero in most years:
an improvement compared with predictions from the linear-
growth model (fig. 54).

The fixed effects in the selected model describe the
average effect of average-annual precipitation, soil depth,
turfgrass cover, and stream DO concentration on median-
annual TP concentrations in 14 watersheds (table 27):
predictors that vary over space and time (fig. 55). The
largest model effect sizes corresponded to effects of soil
depth; watersheds with deeper soils had lower TP concentra-
tions (SOIL DEPTH b,, —0.77) and a more positive TP
increase from 2009 through 2018 (SOIL DEPTH b,, 0.31).
Watersheds with higher average DO concentrations and
lower average turfgrass cover were associated with lower
TP concentrations. The effect of annual precipitation on
TP changes within watersheds over time (PRCP b,, —0.23)
was similar in magnitude to that of the model slope (Year
b, 0.23), highlighting that, on average, TP concentrations
were higher in years with less precipitation and in later years
of the study period. The positive slope coefficient suggests
that TP increases may be affected by additional factors not
represented in the model. Annual precipitation was the only
modeled effect that caused estimated values to deviate from
a perfectly straight line (app. 2, fig. 2.4). The interpretation
of these terms was similar to a model of 13 study watersheds
that excluded FLAT (app. 2, table 2.3).

The modeled effects of soil depth, turfgrass cover,

DO concentration, and annual precipitation may be better
understood by considering the retention of phosphorus on
the landscape and phosphorus inputs. The modeled effect of
turfgrass cover may suggest that phosphorus concentrations
are higher in watersheds that receive more fertilizer applica-
tions. The modeled effects of soil depth describe lower
average phosphorus concentrations that increased more
positively over time in watersheds with deeper soils. Because
deeper soils may store more phosphorus, changes in TP over
time in Fairfax County streams may be affected by the reten-
tion or release of soil-bound phosphorus. The storage and
release of phosphorus in a watershed is also controlled by
environmental conditions such as temperature, DO, acidity,
wetness, and microbial communities (House, 2003; Withers
and Jarvie, 2008). The selected model identified two such
effects: that TP concentrations were lower in watersheds with
higher stream DO concentrations and that years with less
precipitation were associated with higher TP concentrations.
Lower DO concentrations can produce anoxic conditions that
favor phosphorus release from sediments (Duan and others,
2012; Withers and Jarvie, 2008). The association between
annual changes in precipitation and TP concentrations

may be explained by the mineralization of organic matter,
which is expected to occur more readily in drier conditions,
releasing dissolved phosphorus from soils (Baldwin and
Mitchell, 2000; Dieter and others, 2015). However, the net
effect of precipitation on phosphorus mobilization is difficult
to predict (Kinsman-Costello and others, 2016) and these
effects are likely overwhelmed by the delivery of particulate

phosphorus to streams during high-flow events. The positive
slope term (Year b;) suggests that the modeled landscape and
climatic factors do not completely account for an average
increase in TP concentrations from 2009 through 2018.

Table 27. Results of a total phosphorus linear mixed-effect
model selected for interpretation, including 95-percent
confidence intervals, fixed-effect estimates, random-effect
variances, and the model’s Akaike information criterion.

[Linear mixed-effect models are described in equations 4-6. Predictors are
described in tables 2 and 3. bs, the effect of a predictor on within-watershed
variability; b;, the effect of a predictor on between-watershed intercept dif-
ferences; b,, the effect of a predictor on between-watershed slope differences;
R2, coefficient of determination; AIC, Akaike information criterion]

Fixed effects

Standardized estimate
(95-percent confidence interval)

Predictor
(variance explained)

Intercept 10.00 (0.00-0.00)
Year (b,) 0.23 (0.03-0.42)
PRCP (b,) —0.23 (=0.39——0.08)
SOIL DEPTH (b,) —0.77 (=0.95——0.58)
SOIL DEPTH (b,) 0.31 (-0.05-0.67)
TUREF (b,) 0.18 (0.01-0.35)
DO (b)) —0.27 (-0.42——0.11)

Random-effect variance components

Type Estimate

Residual 20.328 (7.6)

Group level 20.133 (96.4)
20.003 (25.0)

Model performance

Rate of change

Statistic Value
Marginal R? 0.85
Conditional R2 0.91

AIC 3295.92 (39.50)

IThe non-standardized intercept estimate is 2.48.

“Numbers in parentheses indicate reduction of corresponding variance
from the linear-growth model with no covariates, in percent.

3Number in parentheses indicates absolute reduction in AIC from the
linear-growth model with no covariates.
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Management-Practice Effects

Stormwater-retrofit and channel-restoration practices to
reduce phosphorus were installed in seven study watersheds
from 2009 through 2018 and, normalized by watershed area,
were expected to lower TP yields by tens to hundreds of
pounds. Despite the credited reductions, median annual TP
concentrations typically did not decrease in these watersheds
(fig. 56). Credited TP reductions were considered as a
predictor of median-annual TP concentrations in the previ-
ously described LME model to assess their potential effect
on observed conditions, relative to other environmental and
anthropogenic drivers. Specifically, the model considered the
annual effect of cumulative TP reductions on differences in
median-annual TP concentrations from 2009 through 2018 in
14 watersheds. The AIC of a model including TP reductions

credited to management practices was nearly 10 units lower
than the previously described model (table 28). The modeled
effect of management practices was positive, suggesting that
credited reductions increase stream phosphorus concentra-
tions; however, this relation was heavily affected by patterns
in FLAT. Among the seven watersheds with credited phos-
phorus reductions, the modeled relation between phosphorus
concentrations and credited reductions can be best seen at
FLAT, where increases in credited TP reductions coincided
with increases in median TP concentrations from 2016
through 2018 (fig. 56). After removing FLAT and refitting
the model to 13 study watersheds, the credited phosphorus
reduction term did not improve the modeled representation
of TP concentrations (AIC of 247.16 versus 245.21 in a
simpler model; app. 2, table 2.3), and the term was not
significantly different from zero (app. 2, table 2.4).
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Figure 56. Graphs showing the cumulative credited total phosphorus yield reductions from management practices and
median-annual total phosphorus concentrations in seven study watersheds in Fairfax County, Virginia, from 2009 through

2018. Study watershed station names are defined in table 1.



What Factors Affected Water-Quality and Benthic-Macroinvertebrate Responses? 93

Table 28. Results of a total phosphorus linear mixed-effect
model with credited management-practice total phosphorus
reductions, including 95-percent confidence intervals and
fixed-effect estimates, random-effect variances, and the model’s
Akaike information criterion.

[Linear mixed-effect models are described in equations 4-6. Predictors are
described in tables 2, 3, and table 5. b3, the effect of a predictor on within-

watershed variability; b1, the effect of a predictor on between-watershed
intercept differences; b2, the effect of a predictor on between-watershed
slope differences; R, coefficient of determination; AIC, Akaike information

criterion]

Fixed effects

Predictor
(variance explained)

Standardized estimate
(95-percent confidence interval)

Intercept

Year (b,)

PRCP (b;)

SOIL DEPTH (b))
SOIL DEPTH (b,)
TUREF (b,)

DO (b))

TP TOT BMP (b,)

10.00 (0.00-0.00)
0.10 (—0.08-0.27)
~0.29 (—0.44——0.14)
~0.78 (—0.97—0.60)
0.42 (0.12-0.72)
0.21 (0.04-0.38)
~0.26 (—0.42—0.11)
0.32 (0.14-0.49)

Random-effect variance components

Type

Estimate

Residual
Group level

Rate of change

0.310
0.126
0.001

Model performance

Statistic

Value

Marginal R?
Conditional R2
AIC

0.86
0.92
286.35

IThe non-standardized intercept estimate is 2.61.

The modeled effect of management practices on median-
annual TP concentrations in FLAT may have been related to
the construction of a stream-restoration practice immediately
upstream from the monitoring station (fig. 46). Stream resto-
rations that stabilize streambanks may offer some of the best
opportunities to reduce phosphorus (Lammers and Bledsoe,
2017), but their construction may cause a short-term increase
in particulate water-quality conditions. Construction sites are
one of the largest contributors of sediment to surface waters
in urban areas (U.S. Environmental Protection Agency,
2005); however, proper sediment and erosion controls can
limit the impact of construction on downstream water quality
(Houser and Pruess, 2009). Minimal water-quality effects
have been associated with construction projects in larger

river systems (Colangelo and Jones, 2005; Jastram and
others, 2015), and water-quality impacts from the construc-
tion of other Fairfax County stream restorations (table 13)
were not apparent in the monitoring data, including a stream
restoration completed farther upstream from the FLAT
monitoring station in 2016. These patterns may suggest

that particulate material mobilized during construction is
stored in-channel or in floodplains before being delivered
downstream. Additionally, changes in flow-adjusted TP loads
at FLAT did not show an increase during the 2016—18 period
(fig. 31), suggesting that potential construction impacts were
not influential during high streamflow conditions, which
generate the most TP load.
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Sediment

Sediment is naturally occurring in urban and suburban
streams but can be in quantities that are harmful to stream
biota (Paul and Meyer, 2001). Excess sediment in urban and
suburban streams commonly results from streambank erosion
or the delivery of upland material: sources that vary over time
and space with stream size, climatic conditions, and land-use
activity (Noe and others, 2020). Enhanced knowledge about
sediment sources, lag times, and the effects of natural setting
are needed to inform stormwater-management strategies
because the efficacy of such strategies vary across watershed
scale and land use (Noe and others, 2020).

Patterns of Observed Responses

SS concentrations differed among study watersheds,
varied seasonally, and were strongly related to streamflow
(Porter and others, 2020b). Median-annual SS concentrations
below about 10 mg/L were commonly observed (fig. 57),
though concentrations quickly increased by multiple orders of
magnitude during stormflow events (fig. 58). SS concentra-
tions and their relation to streamflow are influenced by a
combination of factors that affect how quickly runoff enters
streams, how much sediment is delivered from streambanks
or upland sources, and how in-channel sediment is stored and
remobilized. In general, most high streamflow SS concentra-
tions in Fairfax County consist of fine materials, such as silts
and clays (Porter and others, 2020b) that originate from stream
banks (Cashman and others, 2018). Summer months were
typically associated with more frequent and higher-intensity
storm events (fig. 15), which result in greater SS concentra-
tions and loads (Porter and others, 2020b).

Evaluating Drivers of Hydrology, Water Quality, and Benthic Macroinvertebrates in Streams of Fairfax County, Va., 2007-18

SS concentration trends were evaluated using monthly
water-quality samples collected from April 2008 through
March 2018 to describe how conditions changed over time in
14 watersheds with 10 years of data, analyses, and interpreta-
tions originally conducted by Porter and others (2020b;
table 29). After adjusting for streamflow, SS concentrations
increased in FLAT and INDIAN, decreased in BRR, and had
no trend in the remaining 11 watersheds. No network-wide
trend in SS concentrations was detected. The increases in
FLAT occurred from 2016 through 2018 and were consistent
with a period of stream-restoration construction immediately
upstream from the monitoring station (fig. 46).

Within any watershed and year, a large range of SS
concentrations was observed because the monthly samples
were collected during a range of streamflow conditions;
however, median-annual values removed most of this vari-
ability (fig. 57). Between- and within-watershed differences
in median-annual SS concentrations, representing spatial
differences among study watersheds and temporal differences
from 2009 through 2018, were described by a linear-growth
model (table 30). This model indicated that the average SS
concentration across all watersheds in 2009 was 3.67 mg/L
and that the linear rate-of-change could not be differentiated
from zero. Random-effect variances describe a dataset where
within-watershed annual changes (3.898) represented most of
the total model variance (4.437). Group-level variance (0.534),
representing between-watershed differences in intercept and
differences in between-watershed slope (0.005), was small.
Interannual differences in median-annual SS concentration
were larger than the linear rate-of-change over time in
most watersheds (fig. 59). The AIC of the linear-growth
model (615.02) was compared against models that included
additional predictors; more parsimonious models reduced the
between- and within-watershed random-effect variances.
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Figure 57. Boxplots showing the median-annual suspended-sediment concentrations of 20 study watersheds in Fairfax

County, Virginia. Study watershed station names are defined in table 1.
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Table 29. Flow-adjusted suspended-sediment concentration trends in 14 study watersheds in Fairfax County, Virginia, from March 2008
through April 2018.

[Station names are defined in table 1. mg/L, milligram per liter; %, percent]

Station 10-year change (mg/L) Annual change (%)

BRR 1-3.81 1-95
CAPT HICK 0.92 3.1
CASTLE 0.97 2.4
DEAD —0.35 -1.2
DIFF 0.74 1.9
FLAT

FROG 0.38 1.9
INDIAN

LIL DIFF -0.34 -0.9
OCSB 0.00 0.0
PHCT 2.71 6.8
PSB 0.84 1.7
SFLIL —0.32 —0.8
TRKYCK 0.06 0.3
Network change? 0.56 1.8

Tmproving trend result significant at p-value <0.10, shown in green.
?Degrading trend result significant at p-value <0.10, shown in orange.

3Network change based on a regional analysis of 14 station trends.

Table 30. Results of the suspended-sediment linear-growth
model, including fixed-effect estimates, 95-percent confidence
intervals, random-effect variances, and the model’s Akaike
information criterion.

[The linear-growth model is defined in equations 1-3. AIC, Akaike informa-
tion criterion]

Fixed effects

Predictor Estin_1ate .
(95-percent confidence interval)
Intercept 3.67 (2.95-4.39)
Year 0.03 (—0.09-0.15)
Random-effect variance components
Type Estimate
Residual 3.898
Group level 0.534
Rate of change 0.005

Model performance

Statistic Value
AIC 615.02
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Figure 59. Graphs showing centered values of median-annual suspended-sediment concentration in 14 study watersheds in
Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined in table 1.
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Relations to Predictor Variables can increase the delivery of stormwater runoff to streams,
hydrologic changes that can cause stream-channel widening,
Between-watershed SS differences were likely affected migration, and incision (Paul and Meyer, 2001).

by a combination of human and natural factors, patterns that

were explored by comparing average predictor values and

SS concentrations at 20 study watersheds from 2014 through

2018 (app. 1, table 1.7). Most predictors had weak relations 8
or no relations with between-watershed SS differences,

likely because the spatial variability of median-annual SS

concentrations was small (fig. 57). Average TB conditions 6
during the time of water-quality sample collection had the
strongest correlation with SS (TURB, »=0.80; fig. 60A): an
expected and well-documented pattern (Jastram and others,
2009; Porter and others, 2020b).

Between-watershed differences in median-annual SS 2+ © —TRKYCK -
concentrations were positively correlated with stream density,
reflecting the length of perennial and non-perennial streams
normalized by watershed area (TOTSTREAM, =0.48; it 2‘ LI; 6
fig. 60B). Watersheds with a higher stream density may Turbidity, in Formazin Nephelometric Units
have more sinuous stream channels, more opportunities for B
stream-bank erosion and bed-sediment remobilization, and a
faster pathway for particulate material in stormwater runoff
to be delivered downstream. The length of streams in small
Piedmont watersheds has previously been identified as an
important predictor of SS loads throughout the Chesapeake
Bay watershed (Brakebill and others, 2010). Greater rates
of stream-bank erosion and floodplain deposition have been
associated with more sinuous stream channels in Fairfax
County streams (Gellis and others, 2017; Schenk and
others, 2013).

Sediment sources vary over time and space based on
local conditions. Stream banks can represent an important
sediment source in mid-Atlantic urban watersheds and
are typically a dominant source of sediment in first- and c
second-order streams (Devereux and others, 2010; Donovan 8
and others, 2015; Noe and others, 2020). In Difficult Run, oPHET
Fairfax County’s largest watershed (fig. 1), bank-derived
sediment is the dominant source during storm events and 0
accounts for most of the SS load (Cashman and others, 2018;
Gellis and others, 2017). Much of this bank-derived material 4r ° o -
represents legacy sediment, that is, sediment that accumulated ® o L
in the floodplains and channel beds during the colonial period oL TRKYCK o S%RLOND ° 1
in the 17th to 19th centuries (Noe and others, 2020). Legacy
sediment accounts for most of the current bank height in
Difficult Run and likely represents a substantial fraction 0 I I I
of eroded material transported by Fairfax County streams 2 T30 - % 60

. . urfgrass cover, in percent
(Hupp and others, 2013). Bank-derived sediment can be
remobilized from in-channel storage, but most material is E)_(PLAI\I_ATION _
contributed from the erosion of stream banks (Cashman and T Lineoffit© Station

PHCT o

SGRLND
\

PHCT
)

FLAT
o

o

© SGRLND

[¢]

%
0

°

TRKYCK

0 1 1 1 1
0 2 4 6 8 10

Stream length, in miles
per watershed square mile

Suspended-sediment concentration, in milligrams per liter

FLAT
o

o
o}

others, 2018). Figure 60. Graphs showing relations
Changing stream-channel shapes and the lateral of A, turbidity; B, stream length; and
migration of stream banks can be an important erosional C, turfgrass cover to suspended-sediment
process in urban watersheds (Donovan and others, 2015) concentrations in 20 study watersheds in
and occurs throughout Difficult Run, particularly in response Fairfax County, Virginia; all values represent

average conditions from 2014 through
2018. Study watershed station names are
defined in table 1.

to large storm events (Gellis and others, 2017; Hupp and
others, 2013). Urbanization and expanded impervious cover
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The historical streamflow record and patterns of sediment
erosion and deposition in Difficult Run indicate that such
stream-channel changes are likely occurring, and that the
watershed is not in geomorphic equilibrium (Hupp and others,
2013). Rates of stream-bank erosion or aggradation, the
deposition of sediment along stream banks, vary throughout
Difficult Run (Gellis and others, 2017). Difficult Run head-
waters are typically erosional and downstream reaches are
typically net depositional (Hupp and others, 2013). Patterns
in Difficult Run may be indicative of the geomorphic changes
occurring in other Fairfax County streams.

Changes in stream geometry were not directly measured
in this study, but stream-channel dynamics can be partly
represented from the maintenance of real-time streamflow
records computed from the relation of water level to
measured streamflow (Messinger and Burgholzer, 2018). As
the stream channel changes shape, so too does the relation
between water level and streamflow, which requires the
development of a new streamflow rating curve (Nolan and
others, 2005; Turnipseed and Sauer, 2010). From 2008
to 2019, 3 to 6 new rating curves were established at the
intensive-monitoring stations. The most changes occurred
in DEAD and the fewest in SFLIL, corresponding with
differences in watershed impervious cover (table 7) and
storm-event hydrologic responses (table 15). Over this same
period, only one new rating curve was developed for a nearby
headwater stream that drains mostly forested land in Prince
William Forest Park and is considered a reference watershed
for Fairfax County ecological assessments: South Fork
Quantico Creek near Independent Hill, Va. (fig. 1; USGS
station ID: 01658500).

Between-watershed differences in median-annual SS
concentration were correlated with watershed turfgrass
cover (TURF, r=—0.49; fig. 60C). Turfgrass cover may affect
how much sediment reaches streams from upland sources
by slowing stormwater runoff velocities and increasing
infiltration rates, resulting in less sediment loss to streams
(Gross and others, 1990; Krenitsky and others, 1998).

These benefits can increase as turfgrass density increases
(Easton and Petrovic, 2004).

Correlations between watershed predictors and the
2009 through 2018 percentage change in median-annual SS
concentrations (app. 1, table 1.8) were influenced by the large
SS increase in FLAT. After removing FLAT and reassessing
these relations, stronger correlations were identified with
stream-bank height (=0.49), watershed slope (+=0.54),
and wet stormwater detention ponds (=—0.57; fig. 61).
Correlations with stream-bank height and watershed slope
suggest that median-annual SS concentration increases were
larger over the study period in watersheds with taller stream
banks and steeper slopes. Both metrics may affect sediment
supply and storage: taller stream banks provide more
opportunities for erosion and steeper slopes affect the delivery
of upland material to streams. Conversely, watersheds with
a greater area of wet stormwater detention ponds had a more
negative SS rate-of-change over the 10-year period.
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Figure 61. Graphs showing relations of

A, stream-bank height; B, watershed slope; and
C, surface area of wet stormwater detention
ponds (values represent averages from 2009
through 2018) to changes in median-annual
suspended-sediment concentrations in

14 study watersheds in Fairfax County, Virginia,
from 2009 through 2018. Study watershed
station names are defined in table 1.
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Wet stormwater detention ponds are permanent pools of water
designed to reduce nutrient and sediment loads in downstream
receiving waters through chemical processes, the physical
settling of particulate material, and attenuating stormflows.
Stormwater detention ponds can reduce sediment concentra-
tions and loads in many urban and suburban settings (Hossain
and others, 2005; Krajewski and others, 2017; Marsalek and
others, 2002), including Fairfax County (Schwartz and others,
2017), though effects can be highly variable.

Annual differences in median SS concentration were
correlated with measures of stream TB (TB, median 7=0.75;
app. 1, table 1.9; fig. 62), an expected relation because SS
increases light scatter and reduces water clarity. Stream
turbidity measured at the time of sample collection was
correlated with DO; lower DO concentrations were typical
during periods of elevated TB. Therefore, DO was not likely
a factor influencing sediment delivery to streams, despite a
correlation between annual changes in DO and SS concentra-
tions (DO, median =—0.44).

Median-annual SS concentrations were higher during
years with colder minimum air temperatures in most
watersheds (TNn, median 7=—0.38; app. 1, table 1.9; fig. 62),
which typically occurred in January or February (fig. 63).

The pattern of colder years having higher SS concentrations
may be related to freeze-thaw processes, which have been
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hypothesized as a driver of elevated spring-time concentra-
tions in Fairfax County streams (Porter and others, 2020b).
Previous studies have documented high stream-bank erosion
rates during the winter and that frost is one of the strongest
predictors of stream-bank erosion (Lawler, 1986; Wolman,
1959; Wynn and others, 2008). Soil water expands when
frozen, trapping sediment within ice crystals and weakening
the cohesive structure of a stream bank. When frozen

soil water melts, sediment stored within the ice is carried
downstream and the loosened stream bank is more susceptible
to erosion during a subsequent stormflow event (Lawler,
1986). Colder minimum temperatures have been associated
with greater rates of erosion because these conditions likely
result in more widespread frost conditions (Stott, 1997). More
frequent freeze-thaw conditions may occur in urban water-
sheds because stormwater runoff is typically warmer than
stream temperatures (Paul and Meyer, 2001; Walsh and others,
2005) and, in recent years, as climatic extremes became

more prevalent (Inamdar and others, 2018). Stream banks
contributed to a higher percentage of SS concentrations during
the spring in Difficult Run, possibly as a result of freeze-thaw
processes (Cashman and others, 2018); however, the effect of
frost on stream-bank erosion can be overshadowed by large
storm events (Gellis and others, 2017).
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Figure 62. Graph showing Pearson’s correlation coefficients for relations
between median-annual suspended sediment concentrations and selected
predictors in 14 study watersheds in Fairfax County, Virginia. Correlations
represent annual values from 2009 through 2018. Study watershed station

names are defined in table 1.
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Explanation of Variability

Based on the information described above, seven
predictors were included in LME models to describe the
spatiotemporal variability of median-annual SS concentra-
tions: (1) median-annual streamflow, (2) minimum-annual
air temperature, (3) stream density, (4) turfgrass cover,

(5) stream-bank height, (6) watershed slope, and (7) the area
of wet stormwater detention ponds. Median-annual stream-
flow was considered to evaluate whether median-annual SS
was affected by varying flow conditions because varying
flow conditions can mask the role of other factors. Combined
with the six parameters of the linear-growth model, all
possible model combinations of the seven additional
predictors were considered. Models with the lowest AIC had
common terms and performed similarly (app. 2, table 2.5).
This model-building process was repeated after excluding
FLAT because the SS increases in that watershed were
unique; the structure of the top-performing models was
similar to those including FLAT.

Many similarly performing models described the
spatiotemporal variability of median-annual SS concentra-
tions in the 14 study watersheds from 2009 through 2018,
but interpretations from a single model can help inform
watershed management. An §8-parameter model was selected
for interpretation after assessing model-performance metrics
and considering the interpretations of previous studies on
sediment sources and transport in Fairfax County (Cashman
and others, 2018; Gellis and others, 2017; Hupp and others,
2013; Schenk and others, 2013). This model included
fixed-effect terms for minimum-annual air temperature
and stream density (table 31). In models that included and
excluded FLAT, this 8-parameter model had one of the
lowest AIC values, and the inclusion of additional terms did
not greatly improve the representation of SS concentration

variability (app. 2, fig. 2.5). This model was selected over an
alternative 8-parameter model with similar AIC that replaced
stream density with turfgrass cover. Although turfgrass
can slow stormwater runoff and reduce sediment delivery
to streams (Gross and others, 1990; Krenitsky and others,
1998), stream-bank erosion is an important sediment source
in Fairfax County (Cashman and others, 2018; Gellis and
others, 2017) and may be related to stream density.
The effect of streamflow on interannual SS concentration
variability was identified in many of the best-performing
models (app. 2, table 2.5), but was not significant
when combined with minimum-annual air temperature
and stream density.

The fixed-effect terms in the selected model explained
19 percent of the spatiotemporal variability in median-annual
SS concentrations (table 31). Because between-watershed SS
concentrations were similar (fig. 57), most of this predictive
ability was assessed against within-watershed SS concentra-
tion variability. Compared to the linear-growth model
(table 30), the effect of minimum-annual air temperature in
the selected model explained an additional 15 percent of the
within-watershed variability in median-annual SS concentra-
tions. Observed and predicted responses plotted against
time were used to visually assess the selected model’s
performance in each watershed (app. 2, fig. 2.6). Notably, the
model did not accurately estimate elevated SS concentrations
that occurred in some watersheds and years (for example,
OCSB in 2014 and PHCT in 2015). These years had higher
median concentrations because most monthly samples were
collected during stormflow conditions. Also, the model did
not track the increase in SS that occurred in FLAT towards
the end of the study period. The selected model residuals
for most stations were evenly distributed around zero in
most years: an improvement compared with predictions
from the linear-growth model, although there are some
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large under-predictions, likely affected by samples collected
during stormflow conditions (fig. 64). Patterns of over- or
under-prediction in the linear-growth model appear similar to
patterns of years when minimum-annual air temperature was
high or low (fig. 65A).

The fixed effects in the selected model describe the
average effect of minimum-annual air temperature and
stream density on median-annual SS concentrations in 14
watersheds (table 31): predictors that varied over space
and time (fig. 65). The largest effect size in the model
corresponded to stream density: stations with a greater length
of perennial and nonperennial streams per watershed area
had higher SS concentrations (TOT STREAM, b,, 0.74,
table 31). The negative coefficient of minimum-annual air
temperature explains that SS concentrations were higher
in years with colder minimum temperatures. On average,

a 2.7-degree decrease in minimum air temperature was
associated with a 0.7 mg/L median-annual SS concentration
increase. Minimum-annual air temperature was the only
modeled effect that caused estimated values to deviate from
a perfectly straight line (app. 2, fig. 2.6). The interpretation
of these terms was similar to a model of 13 study watersheds
that excluded FLAT (app. 2, table 2.6).

The modeled effects of stream density and minimum-
annual air temperature may be understood by considering
how SS concentrations are affected by physical watershed
properties and climatic conditions. Watersheds with a greater
stream density may have higher SS concentrations because
they have more sinuous stream channels with erosive stream
banks, more opportunities for bed-sediment remobilization,
and (or) a more efficient pathway for particulate material
in stormwater runoff to be delivered downstream. Previous
research has documented that bank erosion intensity
increases with stream sinuosity in Difficult Run (Hupp and
others, 2013), that stream banks are important as a source of
sediment in Fairfax County streams, and that lateral stream-
bank migration has erosional effects (Cashman and others,
2018; Gellis and others, 2017; Hupp and others, 2013).

The modeled effect of higher SS concentrations in colder
years may be related to freeze-thaw processes that increase
stream-bank erosion rates. Previously, such effects have been
hypothesized to explain differences in seasonal SS conditions
in Fairfax County streams (Cashman and others, 2018; Porter
and others, 2020b).
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Table 31. Results of a total phosphorus linear mixed-effect
model with credited management-practice total phosphorus
reductions, including 95-percent confidence intervals and
fixed-effect estimates, random-effect variances, and the model’s
Akaike information criterion.

[Linear mixed-effect models are described in equations 4-6. Predictors are
described in tables 2, 3, and table 5. b,, the effect of a predictor on within-
watershed variability; b;, the effect of a predictor on between-watershed
intercept differences; R,, coefficient of determination; AIC, Akaike informa-
tion criterion]

Fixed effects

Standardized estimate
(95-percent confidence interval)

Predictor
(variance explained)

Intercept 10.00 (0.00-0.00)
Year (b,) —0.04 (—0.23-0.14)
TOT STREAM (b)) 0.74 (0.19-1.30)
TNn (b,) —0.35 (-0.51-—0.20)
Random-effect variance components
Type Estimate

Residual 23.323 (14.8)
Group level 20.590 (10.5)

Rate of change 20.011 (120)

Model performance

Statistic Value
Marginal R? 0.19
Conditional R2 0.28

AIC 3595 (20.02)

IThe non-standardized intercept estimate is 3.95.

“Numbers in parentheses indicate reduction of corresponding variance
from the linear-growth model with no covariates, in percent.

3Number in parentheses indicates absolute reduction in AIC from the
linear-growth model with no covariates.
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Figure 64. Graphs showing model residuals from A, the suspended-sediment linear-growth model
and B, the selected suspended-sediment linear mixed-effect model in 14 study watersheds in
Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined in table 1.
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air temperature, in
degrees Celsius*
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* The difference of an annual
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*% Differences from the 14-station
average value

Figure 65. Graphs showing centered parameters used in

the selected suspended-sediment linear mixed-effect model:
A, minimum-annual air temperature from 2009 through 2018,
and B, stream density in 14 study watersheds in Fairfax County,
Virginia. Study watershed station names are defined in table 1.

Management-Practice Effects

Stormwater-retrofit and channel-restoration practices
to reduce sediment were installed in seven study watersheds
from 2009 through 2018 and, normalized by watershed area,
were expected to lower TSS yields by thousands of pounds.
These credited reductions did not coincide with decreases in
median-annual SS concentrations in most study watersheds
(fig. 66). Credited TSS reductions were considered as a
predictor of median-annual SS concentrations in the previ-
ously described LME model to assess their potential effect
on observed conditions, relative to other environmental and
anthropogenic drivers. Specifically, the model considered the
annual effect of cumulative TSS reductions on differences in
median-annual SS concentrations from 2009 through 2018 in
14 watersheds. The AIC of a model including TSS reductions
credited to management practices was about 2.5 units lower
than the previously described model (table 32). The modeled
effect of management practices was positive, suggesting
that credited reductions increase stream SS concentrations;
however, this relation was heavily affected by patterns in
FLAT. Among the seven watersheds with credited sediment
reductions, the modeled relation between sediment concen-
trations and credited reductions can be best seen at FLAT,
where increases in credited sediment reductions coincided
with increases in median SS concentrations from 2016
through 2018 (fig. 66). After removing FLAT and refitting
the model to 13 study watersheds, the credited sediment
reduction term did not improve the modeled representation
of SS concentrations (AIC of 546.10 versus 544.10 in a
simpler model; app. 2, table 2.6) and was not significantly
different from zero (app. 2, table 2.7). These models suggest
that the positive relation between SS concentrations and
credited sediment reductions is caused by responses at FLAT,
a finding similar to the previously described relation between
TP and management-practice effects, where sediment may
have been mobilized during stream restoration construction.
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Table 32. Results of a suspended-sediment linear mixed-effect
model with credited management-practice total suspended
solids reductions, including 95-percent confidence intervals,
fixed-effect estimates, random-effect variances, and the model’s
Akaike information criterion.

[Linear mixed-effect models are described in equations 4-6. Predictors are
described in tables 2, 3, and 5. b,, the effect of a predictor on within-water-
shed variability; b,, the effect of a predictor on between-watershed intercept
differences; R2, coefficient of determination; AIC, Akaike information
criterion]

Fixed effects

Standardized estimate
(95-percent confidence interval)

Predictor
(variance explained)

Intercept 10.00 (0.00-0.00)

Year (b,) —0.13 (—0.32-0.05)

TOT STREAM (b)) 0.75 (0.24-1.27)

TNn (b,) —0.35 (-0.51-—0.20)

TSS TOT BMP (bs) 0.20 (0.02-0.37)

Random-effect variance components

Type Estimate

Residual 3.261

Group level 0.469

Rate of change 0.400

Model performance

Statistic Value
Marginal R2 0.21
Conditional R? 0.30
AIC 592.47

IThe non-standardized intercept estimate is 4.23.

Specific Conductance

Specific conductance (SC) of a stream or river represents
the amount of positively and negatively charged ions, referred
to as cations and anions, respectively, in solution (Hem, 1985).
Many of these ions are naturally occurring and reach streams
through the weathering of geologic materials; however, high
concentrations in some urban and suburban streams can result
from human activities (Paul and Meyer, 2001). The increasing
SC of streams and rivers, termed freshwater salinization, is
associated with a range of negative outcomes, including lethal
and sub-lethal effects for biota, threats to public drinking
supply, and degradation of the built environment (Kaushal and
others, 2005; Kaushal and others, 2017; Kaushal and others,
2018). Managing these impacts often entails addressing winter
maintenance activities to remove or reduce ice on impervious
surfaces (Interstate Commission on the Potomac River Basin,
2020) and is a priority for Fairfax County.

Patterns of Observed Responses

SC differed between study watersheds, varied seasonally,
and was strongly related to streamflow (Porter and others,
2020b). Median-annual SC values below about 400 uS/cm
commonly were observed in most watersheds (fig. 67). The
ionic composition of Fairfax County streams is primarily
influenced by the solubility of naturally occurring geologic
materials and urban activities that add salts to the environment
and (or) affect their delivery to streams (Larson, 1978; Porter
and others, 2020b). CASTLE, LIL DIFF, and SFLIL had the
lowest amounts of developed land among the study watersheds
(table 7). Median-annual SC values in these three watersheds
were typically lower than watersheds with more extensive
impervious cover or more soluble geologic materials.
Low-ionic strength rainwater often dilutes SC during storm
events. However, runoff can carry salts from the landscape
that cause large SC spikes, most commonly observed during
winter months and associated with roadway deicing and (or)
anti-icing chemicals (fig. 68).

SC trends were evaluated using monthly water-quality
samples collected from April 2008 through March 2018 to
describe how conditions changed over time in 14 watersheds
with 10 years of data, analyses and interpretations originally
conducted by Porter and others (2020b; table 33). After
adjusting for streamflow, SC increased in 10 watersheds and
throughout the network by 2.3 percent per year, as determined
by a regional Seasonal-Kendall analysis. The largest annual
SC percentage increase of 3.6 percent occurred in INDIAN,
and the smallest increase of 1.1 percent occurred in FLAT. In
most watersheds, the largest SC increases typically occurred
during spring and fall months: a possible indication that ions
are stored in the watershed and delivered to streams after their
initial application to the landscape (Porter and others, 2020b).

SC and major cations and anions were analyzed in
water-quality samples collected from Fairfax County streams
during base-flow conditions in August of 1977 (Larson,

1978) and can be used to assess how surface-water chemistry
has changed over a multi-decadal period. These historical
samples were compared to base-flow samples collected during
summer months (June—August) between 2011 and 2018 at a
station within Difficult Run (n=22 samples, USGS station ID
01646000, fig. 1). On average, calcium and bicarbonate were
the most prevalent ions in the historical samples, whereas
sodium and chloride were the most prevalent ions in the recent
samples from Difficult Run (fig. 69). The recent samples

from Difficult Run had significantly higher measures of SC,
sodium, and chloride than the historical samples (p-value
<0.05, as determined through a Kruskal-Wallis test; fig. 70).
Average-annual SC values measured at Difficult Run from
1979 through 2018 show that salinity has increased steadily
over time; average-annual SC values nearly tripled over this
multi-decadal period (fig. 71).
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Figure 67. Boxplots showing the median-annual specific conductance of 20 study watersheds in Fairfax County, Virginia.
Study watershed station names are defined in table 1.
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Figure 68. Graphs showing the relations of streamflow to specific conductance as measured in five study watersheds in
Fairfax County, Virginia. Study watershed station names are defined in table 1.
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Table 33. Flow-adjusted specific conductance trends in 14 study watersheds in Fairfax County, Virginia, from March 2008

through April 2018.

[Station names are defined in table 1. mg/L, milligram per liter; %, percent]

Station 10-year change (mg/L) Annual change (%)
BRR 97.7 2.7
CAPT HICK 129.4 1.5
CASTLE 146.9 12.7
DEAD 156.2 12.0
DIFF 1114.2 13.2
FLAT 45.6 1.1
FROG 191.7 12.7
INDIAN 1116.6 13.6
LIL DIFF 140.0 12.4
OCSB 60.4 1.8
PHCT 163.4 2.3
PSB 30.9 1.5
SFLIL 141.9 12.6
TRKYCK 167.1 12.1
Network change? 158.3 2.3
'Degrading trend result significant at p-value <0.10, shown in orange.
2Network change based on a regional analysis of 14 station trends.
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Bar graphs showing average A, cation and B, anion composition from samples collected throughout Fairfax

County, Virginia, watersheds in 1977 and from the Difficult Run near Great Falls, Virginia, monitoring station from 2011 through
2018. lon concentration measurements in 1977 are from Larson (1978).
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Boxplots showing A, specific conductance; B, sodium; and C, chloride measurements in historical samples

collected from Fairfax County, Virginia, watersheds in 1977 and from the Difficult Run near Great Falls, Virginia, monitoring
station from 2011 through 2018. Specific conductance measurements in 1977 are from Larson (1978).
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Figure 71. Graph showing the average-annual specific conductance of samples collected from the

Difficult Run near Great Falls, Virginia, monitoring station from 1979 through 2018.

Between-watershed differences in median-annual
SC were typically larger than year-to-year changes within
watersheds (fig. 67). These two sources of variability,
representing spatial differences among study watersheds and
temporal differences from 2009 through 2018, were described
by a fixed-growth model (table 34). The fixed-growth model
differs from a linear-growth model because the fixed-growth
model excludes a random-effect slope term (b ,; in eq. 1).
The random-effect slope term was removed because most
watersheds had a similar rate of SC increase over the 10-year
period (fig. 72), resulting in a singularity condition caused by
a random-effect variance component being reduced to nearly
zero. The fixed-growth model indicated that the average SC
value across all watersheds in 2009 was 263 puS/cm and that
all watersheds had an average SC increase of about 6.9 uS/cm
per year. The AIC of the fixed-growth model (1,482.4) was
compared against models that included additional predictors;
more parsimonious models reduced the between- and within-
watershed random-effect variances.

Table 34. Results of the specific conductance fixed-growth
model, including fixed-effect estimates, 95-percent confidence
intervals, random-effect variances, and the model’s Akaike
information criterion.

[The linear-growth model is defined in equations 1-3. AIC, Akaike informa-
tion criterion]

Fixed effects

Estimate

Predictor (95-percent confidence interval)
Intercept 263.2 (217.6-308.8)
Year 6.93 (4.71-9.16)

Random-effect variance components
Type Estimate
Residual 1,489.0
Group level 7,052.7
Model performance

Statistic Value

AlIC 1,482.4
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Figure 72. Graphs showing centered values of median-annual specific conductance in 14 study watersheds in Fairfax County,
Virginia, from 2009 through 2018. Study watershed station names are defined in table 1.

Relations to Predictor Variables be explained by associations between waters with high-ionic
strength and increases in alkalinity. Just as the runoff of salts
Between-watershed SC differences were likely affected from impervious surfaces raises stream salinity, weathering of
by a combination of human and natural factors, patterns that the built environment can contribute ions such as calcium and
were explored by comparing average predictor and SC values  bicarbonate that raise stream alkalinity (Kaushal and others,
from 2014 through 2018 at 20 study watersheds (app. 1, 2017). As stream alkalinity increases, the concentration of
table 1.10). Median SC was typically higher in watersheds hydrogen ions in solution decreases, and streams become less
with higher median streamflow, WT, and pH. Watersheds acidic. Increases in alkalinity and pH have been observed
that have higher median streamflow and WT may receive in many urban settings and are associated with the runoff
more runoff than watersheds with lower streamflow and WT. from, and the weathering of, impervious materials (Kaushal
Runoff can carry elevated ion concentrations, contributing and others, 2013; Kaushal and others, 2017). Based on
to higher median SC. The strongest correlation of median these previous studies, a causal link between SC and pH in
SC was with pH (pH, 7=0.64; fig. 73A), where watersheds Fairfax County streams is likely, but pH is not likely the driver

with higher pH typically had higher SC. This relation may of higher SC conditions.
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Figure 73. Graphs showing relations of

A, pH; B, soil depth; and C, medium intensity
developed land to specific conductance in

20 study watersheds in Fairfax County, Virginia;
all values represent average conditions from
2014 through 2018.

Many watershed predictors that describe geologic proper-
ties were correlated to between-watershed SC differences,
including soil depth, cation-exchange capacity, and organic
matter (app. 1, table 1.10). A strong correlation with soil depth
(SOIL DEPTH, =—0.56; fig. 73B) indicates higher SC values
in watersheds with more shallow soils. This correlation high-
lights the higher SC values in Triassic Lowland watersheds
(FLAT, FROG, HPEN, SGRLND, and BRR; fig. 67). The
Triassic Lowlands contain some of the most soluble bedrock
materials underlying Fairfax County streams, and these areas
have the highest natural concentration of dissolved minerals
in stream water, commonly as calcium, magnesium, and
bicarbonate (Larson, 1978). Additionally, SC in some Triassic
Lowland watersheds may be affected by the susceptibility
of groundwater to surface-water contamination caused by
shallow, permeable soils (Froelich and Zenone, 1985b).

Many predictors that describe urban-landscape activities
were correlated to between-watershed SC differences. In
general, watersheds with more impervious land use, more
roadways, higher housing densities, and more wastewater
and stormwater infrastructure had higher SC values (app. 1,
table 1.10). Many of these relations have been previously
documented in Fairfax County streams (Jastram and others,
2009; Porter and others, 2020b) and in other urban/suburban
watersheds (House and others, 1993; Paul and Meyer, 2001;
Walsh and others, 2005). The percentage of watershed clas-
sified as medium intensity developed land, which describes
areas with a mixture of constructed and vegetated land cover
and most commonly includes single-family housing units
(Homer and others, 2015), was most strongly correlated with
between-watershed SC differences (DEV MED, r=0.73;
fig. 73C). SC may be highest in such areas because of the
opportunity for numerous salinity sources, including waste-
water, fertilizer, and roadway chemicals, to reach streams
through groundwater and surface-water pathways.

Watersheds with more impervious cover tended to have a
slightly higher density of stormwater detention ponds; features
that were positively correlated with between-watershed SC
differences (N DRY POND, =0.62). This correlation suggests
that median SC values were higher in watersheds with more
stormwater detention ponds, facilities constructed to manage
stormwater runoff and improve water-quality conditions.
Although these correlations do not demonstrate causality,
previous research has found higher year-round sodium and
chloride concentrations in streams and groundwater that are
draining stormwater detention ponds (Snodgrass and others,
2017), and that some stormwater detention ponds may be
ineffective at reducing stream salinity levels (Minnesota
Groundwater Association, 2020).

Some physical watershed properties associated with the
Triassic Lowlands were correlated with the 2009 through 2018
median-annual SC percentage change, including sand content,
cation-exchange capacity, and soil depth (SOIL DEPTH,
r=0.62; app. 1, table 1.11; fig. 74A). In general, these correla-
tions reflect the smaller SC increases in FLAT and FROG
from 2009 through 2018, relative to other watersheds. Larger
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SC increases tended to occur in watersheds with less turfgrass
and more high intensity developed land (DEV HIGH, » =0.60;
fig. 74B), representing areas with near complete impervious
cover, such as apartment complexes or commercial/industrial
land uses (Homer and others, 2015). Larger SC increases were
also associated with watersheds that had a higher density of
roadways classified as interstates and ramps (INT ROAD,
r=0.68; fig. 74C). These correlations may be attributed to the
role of de-icing and anti-icing roadway salts. Interstates can
be large road-salt sources (Cooper and others, 2014), possibly
because they receive more salt applications than local roads.

All 14 watersheds had a negative correlation between
changes in median-annual SC and changes in minimum-annual
air temperature; in other words, higher SC values were observed
in years with colder minimum temperatures (TNn, median
r=—0.44; app. 1, table 1.12; fig. 75). January or February had the
coldest air temperatures of each year (fig. 63). This correlation
was weakest at CASTLE, one of the least developed water-
sheds. The correlation between changes in median-annual SC
and changes in minimum-annual air temperature may corre-
spond to the amount of anti-icing and (or) de-icing chemicals
used in a given year. A variety of winter maintenance strategies
are used to prevent or remove ice from impervious surfaces,
including the use of chloride-based compounds (Fay and others,
2015). Sodium chloride is a commonly used anti-icing and
de-icing agent because it is less expensive than other chemicals
and can be applied in granular form (as rock salt or liquid
brine); however, its effectiveness decreases at colder tempera-
tures (Vignisdottir and others, 2019). Magnesium chloride and
calcium chloride compounds are more effective under extremely
cold temperatures, but higher application rates of all salt-based
compounds are still required during lower temperatures
(Vignisdottir and others, 2019). Additionally, precipitation
events in colder years likely produce more freezing conditions
that require salt treatments. As the association between fresh-
water salinity and road salts have been clearly demonstrated in
a variety of urban areas (Cooper and others, 2014; Daley and
others, 2009; Kaushal and others, 2005; Kaushal and others,
2018), the observed relations between annual temperature and
SC may be driven by differences in application rates or the
frequency of de-icing and anti-icing salt use.

All 14 watersheds had a positive correlation between
changes in median-annual SC and changes in the percentage
of impervious cover (IMP, median »=0.61; app. 1, table 1.12;
fig. 75). Impervious cover expanded and median SC values
increased in all watersheds from 2009 through 2018, and many
predictors related to impervious cover had similar patterns
(app. 1, table 1.12). Relations between urban expansion and
increased stream salinity have been widely documented and are
related to a combination of point and nonpoint sources (Corsi
and others, 2015; Daley and others, 2009; Kaushal and others,
2018). Although changes in impervious cover were small in
most watersheds over the study period, increases in freshwater
salinity have been documented in urban areas during periods of
stable-land cover (Bird and others, 2018). Water-quality condi-
tions can take years to stabilize after urban growth, therefore,
the multiple decades of rapid urbanization in Fairfax County
(fig. 5) may still affect present-day stream conditions.
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Figure 74. Graphs showing relations of

A, soil depth; B, high-intensity developed
land use; and C, interstate roadway length
(values represent averages from 2009
through 2018) to changes in median-annual
specific conductance in 14 study watersheds
in Fairfax County, Virginia, from 2009 through
2018. Study watershed station names are
defined in table 1.
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Explanation of Variability

Based on the information described above, six predictors
were included in LME models to describe the spatiotemporal
variability of median-annual SC: (1) median-annual stream-
flow, (2) minimum-annual air temperature, (3) soil depth,

(4) impervious cover, (5) medium intensity developed land
and (6) interstate roadway length. Median-annual streamflow
was considered to evaluate whether median-annual SC was
affected by varying flow conditions, because varying flow
conditions can mask the role of other factors. Combined with
the four estimated parameters in the fixed-growth model, all
possible model combinations of the additional six predictors
were considered. Models with the lowest AIC included a
similar combination of terms and performed similarly (app. 2,
table 2.8). Lower SC values were associated with years of
higher impervious cover in many of the top-performing
models, a relation not supported by observed patterns (fig. 75)
and likely caused by the strong correlation between imper-
vious cover and year, the slope term included in all models.
The model selection process was repeated after removing the
fixed effect of year, thereby accounting for potential multicol-
linearity issues, to evaluate the effects of time-varying
watershed predictors on annual SC differences.

Many similarly performing models described the
spatiotemporal variability of median-annual SC from
14 watersheds from 2009 through 2018, but interpretations
from a single combination of predictors can help inform
watershed management. A 7-parameter model was selected
for interpretation after assessing model-performance metrics
and considering likely factors of SC response identified in

other urban studies. This model included fixed-effect terms
for minimum-annual air temperature, medium intensity
developed land, and soil depth (table 35). Models with more
predictors generally did not explain greater amounts of SC
variability and often included a within-watershed effect of
impervious cover: a term highly correlated with the model
slope term (app. 2, fig. 2.7). An alternative model, where
the fixed effect of year was replaced with medium intensity
developed land, performed similarly well (app. 2, table 2.9).

The fixed-effect terms in the selected model explained
74 percent of the spatiotemporal variability in SC (table 35).
Compared to the fixed-growth model (table 34), the fixed
effects in the selected model explained an additional
85 percent of the between-watershed intercept variance and
an additional 10 percent of the annual within-watershed
variance. The additional variance explained by this latter
component, representing interannual SC differences, was
small because some of the within-watershed SC variance
was already explained by the slope term in the fixed-growth
model (Year, b;). Observed and predicted responses plotted
against time were used to visually assess the selected model’s
performance in each watershed (app. 2, fig. 2.8). The selected
model residuals were an improvement over the fixed-growth
model, but selected years still had some over or under
predictions (fig. 76).

The fixed-effect coefficients in the selected model
describe the average effect of minimum-annual air
temperature, soil depth, and medium intensity developed land
on median-annual SC values in 14 watersheds (table 35):
predictors that vary over space and time (fig. 77). The largest
effect size in the model corresponded to the effect of medium
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intensity developed land: watersheds with more developed
land had higher SC values (DEVMI b,, 0.79). This effect
was larger than that of soil depth (ROCKH b,, —0.39), which
indicated that watersheds with shallower soils had higher
average SC values. The model slope (Year b, 0.38) and
minimum-annual air temperature (TNn b;, —0.27) terms
described effects influencing interannual SC differences.
These terms indicated that, on average, SC increased over
time and was higher in years with colder minimum-annual
air temperatures. Minimum-annual air temperature was the
only modeled effect that causes estimated values to deviate
from a perfectly straight line (app. 2, fig. 2.8). An alternative
model that replaced the fixed effect of year with medium
intensity developed land related increases in SC to increases
in developed land (DEVMI b, 0.36; app. 2, table 2.9).

Table 35. Results of a specific conductance linear mixed-
effect model selected for interpretation, including 95-percent
confidence intervals, fixed-effect estimates, random-effect
variances, and the model’s Akaike information criterion.

[Linear mixed-effect models are described in equations 4-6. Predictors are
described in tables 2 and 3. bs, the effect of a predictor on within-watershed
variability; b;, the effect of a predictor on between-watershed intercept dif-
ferences; R2, coefficient of determination; AIC, Akaike information criterion]

Fixed effects

Standardized estimate
(95-percent confidence interval)

Predictor
(variance explained)

Intercept 10.00 (0.00-0.00)
Year (b;) 0.38 (0.24-0.53)
TNn (b,) —0.27 (-0.42—0.13)
DEVMI (b)) 0.79 (0.57-1.00)

SOIL DEPTH (b,) ~0.39 (-0.60—0.17)

Random-effect variance components

Type Estimate

Residual 21,340.6 (10.0)
Group level 21,027.3 (85.4)

Model performance

Statistic Value
Marginal R? 0.74
Conditional R? 0.85
AIC 31,449.7 (32.7)

IThe non-standardized intercept estimate is 268.

2Numbers in parentheses indicate reduction of corresponding variance
from the fixed-growth model with no covariates, in percent.

Number in parentheses indicates absolute reduction in AIC from the
fixed-growth model with no covariates.

The modeled effects of developed land use, soil
depth, and air temperature suggest that variability of SC in
Fairfax County streams was related to physical watershed
setting and human activities. On average, SC was higher
in watersheds that had shallower soils and more medium-
intensity developed land. The modeled effect of soil depth
likely represents (1) the lower capacity of watersheds with
shallow soils to trap and retain landscape-applied salts, and
(or) (2) the greater amount of geologic materials delivered to
streams through natural weathering. Relations between urban
infrastructure and SC have previously been documented in
Fairfax County streams (Jastram, 2014; Porter and others,
2020b) and in other urban/suburban watersheds (House and
others, 1993; Paul and Meyer, 2001; Walsh and others, 2005).
The modeled effect of annual air temperature suggests that
SC values were higher in years with colder minimum air
temperatures. As the effectiveness of de-icing and anti-icing
salts decreases with temperature (Vignisdottir and others,
2019) and freezing precipitation events become more
common, years with very cold temperatures likely receive
more salt applications. The positive slope term (Year b,)
suggests that, on average, SC increased from 2009 through
2018, though these effects may be accounted for by increases
in developed land.
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Figure 76. Graphs showing model residuals from A, the specific conductance fixed-growth model
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Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined in table 1.
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Figure 77. Graphs showing centered parameters
used in the selected specific conductance linear
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temperature from 2009 through 2018; B, soil depth;
and C, medium intensity developed land in 14 study
watersheds in Fairfax County, Virginia. Study
watershed station names are defined in table 1.

Benthic Macroinvertebrates

Primarily because of their relatively immobile nature,
freshwater benthic communities are well-studied indicators of
stream ecosystem health (Rosenberg and Resh, 1993; Bonada
and others, 2006; Buss and others, 2014). Fairfax County’s
IBI is a composite index assembled from component metrics
quantifying abundance, diversity, feeding traits, habitat
requirement, and pollution tolerance of benthic organisms
including insects, oligochaetes (aquatic worms), crustaceans,
mollusks, and gastropods (snails). Adapted from work
designed for regional application (Barbour and others,

1999), the county’s IBI considers a slightly different set of
component metrics for streams lying in the Atlantic Coastal
Plain, relative to those lying on Piedmont of Triassic lithology
(Fairfax County, 2019; table 36). Index of biotic integrity
scores are assigned based on the statistical distribution of
component metrics in streams under evaluation relative to
corresponding distributions in reference streams. By design,
scores range from 0 to 100, with lower scores representing
poorer health and conditions that are least similar to reference
conditions. Flashy hydrologic responses, elevated stream
temperatures, and increased sediment and nutrient loads are
some common stressors in urban streams that cause benthic
community impairment (Statzner and Beche, 2010; Noges and
others, 2016; Gieswein and others, 2017; Waite and others,
2021). A better understanding of why IBI scores differ among
watersheds and change over time can help inform Fairfax
County’s stormwater-management strategies, many of which
are designed to improve stream ecological conditions by
mitigating urban stressors.
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Table 36. Component metrics of Fairfax County’s benthic-macroinvertebrate index of biotic integrity score (Fairfax County, 2019).

[EPT, Ephemeroptera, Plecoptera, and Trichoptera]

Metric

Description

Taxa richness!-2
EPT richness!2

Percentage of EPT?
Percentage of Ephemeroptera!-2
Percentage of Trichoptera without Hydropsychidae?

Percentage of Coleoptera?
Percentage of clingers!

Percentage of clingers plus percentage of Plecoptera?
Percentage of shredders?
Percentage of predators?

Percentage of dominance?
Hilsenhoff biotic index!

Family biotic index?

Number of different taxa at a site

Number of mayflies (Ephemeroptera), stoneflies (Plecoptera), and caddisflies
(Trichoptera) at a site

Percentage of sample that are mayflies (Ephemeroptera), stoneflies
(Plecoptera), and caddisflies (Trichoptera), excluding tolerant net-spinning
caddisflies (Hydropsychidae)

Percentage of sample that are mayflies (Ephemeroptera)

Percentage of sample that are caddisflies (Trichoptera), excluding tolerant
net-spinning caddisflies (Hydropsychidae)

Percentage of sample that are beetles (Coleoptera)

Percentage of individuals whose habitat type is clingers

Percentage of individuals whose habitat type is clingers plus percent of sample
that are stoneflies (Plecoptera)

Percentage of individuals that use shredding as their primary functional
feeding group

Percentage of individuals that use predation as their primary functional
feeding group

Percentage of the most abundant taxa in a sample
A general measure of overall tolerance/intolerance of the sample

A general measure of overall tolerance/intolerance of the sample

IComponent metric for Coastal Plain streams.

2Component metric for Piedmont streams.
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Patterns of Observed Re sponses scores were evaluated to describe how conditions changed
over time in 14 watersheds, analyses and interpretations

IBI scores varied appreciably between watersheds, in originally conducted by Porter and others (2020b; table 37).
terms of average level and rate-of-change from 2008 through Four watersheds (BRR, DIFF, FLAT, and SFLIL) had a
2017 (fig. 78). In 2009, when samples were available from significant increase in IBI score, and the 14-station network
all 14 stations, IBI scores were lowest in BRR, INDIAN, had an average-annual increase of 1.8 points. These changes,
and DEAD and highest in OCSB, LIL DIFF, and CASTLE. indicating an improvement in benthic-macroinvertebrate
Among these last three, IBI scores in CASTLE were community structure, can be observed in the upward trajectory

appreciably higher than in the other two, and no annual scores  of IBI scores in most study watersheds (fig. 78).
in CASTLE were rated lower than “good.” Trends in IBI
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Figure 78. Graphs showing annual index of biotic integrity scores measured in 14 study watersheds in Fairfax County, Virginia,
from 2008 through 2017. Study watershed station names are defined in table 1.
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Table 37. Average-annual changes in index of biotic integrity
scores for 14 study watersheds in Fairfax County, Virginia.

[Station names are defined in table 1. IBI, benthic-macroinvertebrate index of
biotic integrity]

Station Average-annual change in IBl score
BRR! 24.7
CAPT HICK! -0.5
CASTLE! -1.3
DEAD! 0.8
DIFF! 23.1
FLAT3 26.1
FROG3 1.8
INDIAN3 4.1
LIL DIFF! 1.3
OCSB? -0.7
PHCT! -0.2
PSB! 1.3
SFLIL! 23.2
TRKYCK! 2.0
Network change* 21.8

ITrend was based on annual samples collected from 2008 through 2017.
2Improving trend result significant at p-value <0.10, shown in green.
3Trend was based on annual samples collected from 2009 through 2017.

“Network change based on a regional analysis of 14 station trends.

Increased IBI scores from 2008 through 2017 primarily
resulted from increases in taxon/group abundance (quanti-
fied as percentage composition), though increases in some
measures of group taxa richness were also observed. The
relative abundance of the most numerically dominant taxon or
group in the sample, referred to as percentage dominance, is

a component IBI metric for Piedmont streams that decreased
in most stations, reflecting improved ecological conditions.
The strongest upward IBI trend was at FLAT, where scores
improved by about six points per year. In most stations, IBI
scores in 2017 were at least one qualitative rating higher (for
example, “fair” to “good”) than the first year that samples
were collected. In general, average-annual rates of change
were more variable in watersheds with lower IBI scores in
2009, whereas smaller increases occurred in watersheds

with higher IBI scores in 2009 (fig. 79). These relations also
suggest potential differences in response based on the amount
of impervious cover in a watershed, an observation that will be
discussed in more detail in the follow paragraphs.

Variability in IBI scores between watersheds from 2008
through 2017 was quantified by fitting a linear-growth model
to annual observations from the 14 watersheds (table 38).
The fixed intercept and slope for the pooled data indicated a
network average IBI score of 34.2 in 2008 and an increase of
1.72 points per year. The random-effect variances indicated
that roughly 80 percent of total IBI score variance was
represented by between-watershed differences in intercept,
and only 20 percent was represented by between-watershed
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differences in slope and within-watershed year-to-year
changes. The AIC of the linear-growth model (1,056.1), along
with reductions in the three unexplained variance components,
were the bases for evaluating the influences of watershed
predictors on IBI scores.
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O Station with less than 25%
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@ Station with greater than 25%
impervious cover in 2009
Figure 79. Graph showing the relation of index of biotic integrity

scores in 2009 to the average-annual change in index of biotic
integrity score, grouped by watershed impervious cover in 2009
above and below 25 percent. %, percent.

Table 38. Results of the index of biotic integrity linear-growth
model, including fixed-effect estimates, 95-percent confidence
intervals, random-effect variances, and the model’s Akaike
information criterion.

[The linear-growth model is defined in equations 1-3. AIC, Akaike informa-
tion criterion]

Fixed effects

Predictor Estin_late .
(95-percent confidence interval)
Intercept 34.20 (24.60-46.33)
Year 1.72 (0.54-2.70)
Random-effect variance components
Type Estimate

Residual 99.1
Group level 421.1
Rate of change 2.95

Model performance

Statistic Value

AIC 1,056.1
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Relations to Predictor Variables

The influences of human and natural factors on changes
in IBI scores from 2008 through 2017 and between-watershed
differences in IBI scores were evaluated by iteratively
augmenting the linear-growth model with each watershed
predictor (app. 1, table 1.13 and table 1.14). In these and all
subsequent LME models, IBI scores were related to predictors
representing conditions in the year before sampling because
benthic-macroinvertebrate samples were collected annually in
the early spring. This process was repeated to model conditions
in 2010 through 2017 because, after lagging predictor values by
1 year, median-annual water-quality parameters (Q, WT, SC,
PH, DO, and TB; table 3) were not available from all stations
in 2008 or 2009. Median-annual water-quality parameters
offered little ability to explain spatiotemporal IBI score vari-
ability because they did not substantially reduce the AIC of
a linear-growth model representing this 8-year period. Seven
predictors (defined in table 2 and table 3) reduced the AIC of the
linear-growth model by nine or more units (fig. 80), a threshold
selected based on the distribution of reductions observed across
all predictors.

A model with maximum annual 5-day rainfall reduced
the AIC of the linear-growth model by about 11 points, the
largest such reduction (Rx5D; fig. 80B). A related heavy rainfall
indicator, R95P, reduced AIC by about 9 points. Maximum
annual 5-day rainfall ranged from between about 3 to 9 in. from
2008 through 2017 and generally declined over time (fig. 81A).
Except for PHCT, correlations between Rx5D and IBI scores
across the 14 watersheds ranged from about —0.2 to —0.7
(fig. 81B); that is, lower IBI scores were typically observed in
years following high Rx5D values, a relation that was strongest
at FROG (fig. 81C). In contrast, at PHCT, prior-year Rx5D was
a poor predictor of IBI scores, having a correlation coefficient
of about 0.3 (fig. 81D). This distribution of correlations did not
appear to be influenced by the amount of impervious cover in
a watershed. Effects of antecedent flow on stream invertebrate
assemblages are well-documented (Biggs and others, 2005;
Greenwood and Booker, 2015; Zuellig and Carlisle, 2019).
Using a nationwide set of 51 sites sampled repeatedly from
2002 through 2012, Zuellig and Carlisle (2019) found it neces-
sary to consider sampling day-of-year, antecedent streamflow,
and variability in antecedent streamflow when interpreting
trends in multi-metric indices of stream ecological condition.
The percent numerical representation of the single most domi-
nant taxon is one component of the county’s IBI, and increasing
dominance acts to decrease IBI (Fairfax County, 2019). It is
plausible that bed disturbance associated with extreme flows
might favor, for example, dominance of taxa capable of rapid
colonization and reproduction, thereby reducing IBI scores.
Such disturbances, however, can act in different directions
depending on metric and time scale, emphasizing the impor-
tance of jointly considering a suite of covariates (Greenwood
and Booker, 2015; Zuellig and Carlisle, 2019).

Watershed average vertical hydraulic conductivity (KV),
which describes the vertical infiltration rate of water through
fully saturated soils, decreased the AIC of the linear-growth
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model by about 10 units (fig. 80B). In general, higher KV
values are in watersheds with more permeable soils that allow
water to move up and down the soil profile with relative ease.
Study watersheds with higher KV values had, on average,
higher IBI scores in 2009 and lower annual rates of change from
2008 through 2017 (fig. 82A). Average KV was typically higher
in less-developed watersheds (table 39), indicating (1) that
regions of the county with lower soil infiltration rates had pref-
erentially more development, (2) that extreme impervious cover
influenced measurement of soil infiltration rates, or (3) that

the correlation between KV and development was spurious.
Although observed relations and the AIC reduction of a model
including KV suggested that this soil property was an important
static predictor of IBI scores, it is likely that this predictor is not
causative of IBI score differences. The association between KV
and IBI scores may simply result from correlations between KV
and various measures of development.

Watershed area decreased the AIC of the linear-growth
model by about nine units (fig. 80B). Watershed area did not
affect between-watershed IBI differences in 2009, but larger
watersheds tended to have larger average-annual rates-of-
change from 2008 through 2017 (fig. 82B). In contrast to
KV, watershed area had little correlation with the degree of
urban development (table 39). The positive relation between
watershed area and the rate of IBI change over time is consistent
with the findings of Schmidt and others (2019), who found,
but did not account for, a positive indirect relation between
watershed area and IBI in midwestern streams. Walker and
others (2021) found a relation between watershed area and IBI
in a randomized sample of Maryland streams; however, the sign
of this relation differed between two sampling periods separated
by 20 years. The importance of watershed area on changing IBI
scores may be related to well-established watershed hydraulic
geometry relations, dictating differing non-linear rates of
increase in channel characteristics such as width, depth, and
velocity with increasing contributing area. Lotspeich (2009)
reported such relations based on bank-full channel dimensions
measured in 17 undeveloped watersheds ranging in area from
0.3 to 111 mi? in the Virginia Piedmont. Those results indicate
that bank-full bed shear stress, proportional to the product
of depth and water-surface slope, increases with watershed
area, likely decreasing bed stability. This suggests that all else
equal, the same runoff-producing rainfall depth falling on
two watersheds of differing size will result in more stressful
benthic habitat conditions at the outlet of the larger watershed.
Thus, more steeply improving IBI slopes in larger watersheds
between 2008 and 2017 could reflect a differential response to
the county-wide decreasing trend in maximum 5-day rainfall
(fig. 81A). Additionally, larger watersheds may contain more
diverse habitats, offering refuge for a greater variety of benthic
macroinvertebrates (Allan and others, 2021). With less intense
rainfall, IBI scores may respond quicker in these larger
watersheds as benthic macroinvertebrates recolonize the
stream from upstream reaches.
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Predictors representing the 2008 through 2017 average
value of road density (TOT RD, LOC RD) and low intensity
development (DEV LI) reduced the AIC of the linear-growth
model by about 9 or 10 units (fig. 80B). Watersheds having
higher average values of these predictors, which were
correlated with one another (table 39), tended to have lower
IBI scores in 2009 and, for DEV LI and LOC RD, more
rapid improvement over time (fig. 82C and D). The relation

between higher measures of development and lower IBI scores
has been previously documented (Paul and Meyer, 2001);
however, the effect of development on changing IBI scores
over time is less well understood. Although speculative, more
rapid improvement of IBI in areas with greater road density
may also represent a greater response to decreasing intense
rainfall between 2008 and 2017.

Linear-growth
model

Vertical hydraulic
conductivity

Watershed area

Low-intensity
developed land

Total road
density

Local road
density

Maximum 5-day
precipitation

Watershed predictor added to the linear-growth model*

Precipitation above
95th percentile

AIC of linear growth model, 1056.1

1030 1040
Akaike information criterion (AIC)

I
1050 1060

EXPLANATION

] Between-watershed effects of time-invariant predictor

[ Between-watershed effects of time-varying predictor

[ Within-watershed effects of time-varying predictor

*The number at the end of each bar represents the AIC reduction relative to the
linear-growth madel, and the values inside each bar represent the direction of the
modeled intercept (b1), slope (b2), and/or residual-variance coefficient

(ba). +, positive effect; -, negative effect; /, no effect.

Figure 80. Graphs showing A, the Akaike information criterion of the index of biotic integrity
linear-growth model and B, reductions in Akaike information criterion relative to the linear-growth

model for selected predictor models.
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Study watershed station names are defined in table 1. %, percent.
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Table 39. Spearman’s rho correlations between five
watershed-average predictor variables.

[Predictors are defined in tables 2 and 3. —, no correlation result shown]
Predictor Area TOTRD DEVLI LOCRD
KV -0.17  —0.57 -0.92 —-0.67
AREA — 0.07 0.02 0.1
TOT RD — — 0.77 0.85
DEV LI — — — 0.85
LOCRD — — — —

Explanation of Variability

All possible combinations of LME models using the
7 previously described predictor variables (fig. 80B) were
considered, resulting in models with 6 to 18 parameters.
The difference in AIC between the highest-ranking model
and the 30th-highest-ranking model was only four AIC units
(app. 2, table 2.10), a small degree of distinction relative to
the reductions observed when the predictors were considered
individually (fig. 80B). This similarity in performance
likely results from the strong correlations among considered
predictor variables (table 39).

A 12-parameter model, which had the lowest AIC of all
modeled combinations, was initially selected for interpreta-
tion (app. 2, fig. 2.9). As was the case for many of the
best-performing models, this model indicated a singularity
condition caused by the random-effect slope variance
being reduced to nearly zero. Therefore, the random slope
component was removed from the selected model, reducing
the number of parameters by 2 (slope variance and slope-
intercept covariance), resulting in a 10-parameter model
(table 40). This model represents eight fixed effects plus
random intercept and residual estimates of variance and has
an AIC of 1,015.3, a reduction of just over 40 points relative
to the linear-growth model (table 38). The model incorpo-
rates the effects of KV and AREA on between-watershed
differences in intercept and slope, TOT RD on between-
watershed differences in intercept, and Rx5D accounting
for year-to-year within-watershed variability; only the latter
predictor enables estimated IBI scores to deviate from a
linear regression line (app. 2, fig. 2.10). These predictors
reduced the between-watershed unexplained variance in
IBI score by about 68 percent relative to the linear-growth
model and also reduced within-watershed residual variance
by 10 percent. This 10-parameter model reduced the year-to-
year mean residuals, relative to the linear-growth model, but
was generally less effective in reducing the largest individual
residuals in any year (fig. 83).

Arithmetic signs, showing standardized model coef-
ficients in the selected model (table 40), are consistent
with the observed relations between predictors and IBI
scores (fig. 81B and fig. 82). The largest effect size in the
model corresponded to the effect of TOT RD, indicating
that watersheds with higher roadway densities had lower
average IBI scores (TOT_RD b,, —0.63). A similar effect was
described by vertical hydraulic conductivity. Watersheds with
higher KV values, which occurred in less urbanized areas,
had higher average IBI scores (KV b, 0.58). A modeled
effect of this predictor also influenced the IBI rate-of-change,
indicating that IBI scores had smaller improvements in
watersheds with higher KV (KV b,, —0.52). This effect has
the same magnitude but opposite sign as watershed area;
on average, IBI scores had larger improvements in larger
watersheds (AREA b,, 0.52). These effects are essentially
independent because of the weak correlation between KV
and AREA (table 39). The standardized estimate for Rx5D,
—0.27, indicates that an increase in Rx5D of one standard
deviation, about 1.7 in. of precipitation, from one year to
the next, was associated with a decrease of roughly 2.5 IBI
points. All else equal, if the increase in Rx5D between
2 consecutive years was extreme, such as 4 standard devia-
tions (6.7 in.), IBI would be lowered by about 10 units,
plausibly sufficient to lower IBI from one 20-unit-wide
qualitative stream-condition description to another (fig. 78).
The positive coefficient of the model’s slope term (Year b,
0.30) highlights an average increase in IBI scores over time
that was unaccounted for by the model’s fixed effects.

These interpretations are challenged by the limita-
tions and uncertainties of using IBI scores to summarize
ecological changes. Because it is a composite of roughly
10 simpler metrics quantifying abundance, taxa richness,
and pollution tolerance of diverse taxonomic or functional
groups, IBI may be influenced by different factors in
different watersheds in such a way that prediction of its
aggregate space-time behavior is possible in only the most
general terms. Moreover, the ability of IBI scores to repre-
sent county-wide drivers of ecological change is challenged
by differing component metrics for streams in the Piedmont
and Coastal Plain. More consistent and interpretable models
might result by considering only one of these components
or even the abundance or richness of a single taxon or
group. Additionally, the observed trends in IBI scores
may suggest a subtle bias in responsiveness to changing
conditions, because improvement in scores over time is
more attainable for watersheds with more degraded initial
conditions. Few precedents exist for interpreting drivers of
ecological change over space and time using data such as
those examined here, highlighting the importance of ongoing
monitoring and research.
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Figure 83. Graph showing model residuals from A, the index of hiotic integrity linear-growth model
and B, the selected index of biotic integrity linear mixed-effect model in 14 study watersheds in
Fairfax County, Virginia, from 2008 through 2017. Study watershed station names are defined in table 1.
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Table 40. Results of an index of biotic integrity linear mixed- Management'Pra ctice Effects

effect model selected for interpretation, including 95-percent
confidence intervals, fixed-effect estimates, random-effect
variances, and the model’s Akaike information criterion.

The model selected for interpretation was augmented,
one predictor at a time, by three time-varying predictors
representing values of cumulative management-practice

[Linear mixed-effect models are described in equations 4—6. Predictors are credits for TN, TP, and TSS. In no case did the inclusion of
described in tables 2 and 3. bs, the effect of a predictor on within-watershed a predictor improve model AIC (table 41). These results do
variability; b1, the effect of a predictor on between-watershed intercept dif- not unequivocally rule out the possibility that one or more of

ferences; b,, the effect of a predictor on between-watershed slope differences;

R2, coefficient of determination; AIC, Akaike information criterion] these predlCtors 1mproved Instream eCOIOglcal conditions as

measured by IBI. Any improvements, however, were either
not well represented by the cumulative credits time series, or

Fixed effects

_ Predictor Standardized estimate improvements are manifesting (or have manifested) along a
(variance explained) (95-percent confidence interval) non-linear or time-lagged trajectory not readily represented
Intercept 10.00 (OOO*OOO) in a LME framework'

Year (bs) 0.30 (0.15-0.45)
AREA (b)) 0.04 (-0.38-0.45) Table 41. Results of index of biotic integrity linear-mixed effect

2 : 2070 models with credited management-practice effects, including
AREA (b,) 0.52 (0.26-0.78) dels with dited t t ffect lud
KV (b)) 0.58 (0.08-1.07) management-practice fixed-effect estimates, 95-percent
KV (b,) —0.52 (—0.79—0.25) confidence intervals, and the model Akaike information criteria.
TOT_RD (b)) —0.63 (—1.08—0.17) [Predictor variables are described in table 5. AIC, Akaike information crite-
Rx5d (by) —0.27 (-0.42—0.12) rion; dAIC, difference in AIC relative to the AIC of the selected linear mixed-

A effect model (1,015.3; table 40)]
Random-effect variance components

Type Estimate Standardized
Residual 289.18 (10.0) Predictor Standardized 95-percent AlC dAIC
Group level 2132.43 (68.6) variable estimate confidence
Model performance interval
- TN TOT BMP —0.05 —0.19-0.09 1,019.3 4.0
Statistic Value TP TOT BMP 0.04 0.17-0.10 1,016.1 0.8
Marginal R* 0.4 TSS TOT BMP | ‘1 ] .1 1’ 2 .4 1 .1
Conditional R2 0.82 SS TO 0.00 —0.16-0.16 ,028. 3.
AIC 31,015.3 (40.8)

IThe non-standardized intercept estimate is 37.13.

“Numbers in parentheses indicate reduction of corresponding variance
from the linear-growth model with no covariates, in percent.

3Number in parentheses indicates absolute reduction in AIC from the
linear-growth model with no covariates.



Were Management-Practice Effects
Observed?

Previous studies have identified and described a
variety of management-practice effects in urban or suburban
watersheds, insights that guided analysis of conditions within
Fairfax County. Stormwater-retrofit practices and stream resto-
rations can improve some specific water-quality conditions,
but effects often vary by practice type, location, age, water-
shed setting, and dissolved and particulate response variables
(Jefferson and others, 2017; Lammers and Bledsoe, 2017,
McMillan and others, 2014; Newcomer Johnson and others,
2016). Effects of infiltration- and detention-based stormwater
retrofits are most commonly detected if practices treat a
large enough fraction of runoff from impervious surfaces
to alter hydrologic responses (Jefferson and others, 2017;
Li and others, 2017). Stream restorations are being used with
increased frequency in urban areas, and monitoring to quantify
water-quality responses continues to be needed (Bernhardt
and others, 2005; Kenney and others, 2012; Lammers and
Bledsoe, 2017). For nitrogen, restored reaches are associated
with higher nitrate uptake and denitrification rates (Filoso
and Palmer, 2011; Kaushal and others, 2008b; Reisinger
and others, 2019), but these effects vary by flow condition,
watershed impervious cover, restoration age, season, and
practice location (McMillan and others, 2014; McMillan and
Noe, 2017; Newcomer Johnson and others, 2016; Sudduth
and others, 2011). For phosphorus, restorations that stabilize
streambanks may offer the greatest potential to reduce loads
(Lammers and Bledsoe, 2017). Although stream restorations
often improve measures of physical habitat, their ability to
restore biological diversity is more uncertain (Bernhardt and
Palmer, 2011; Palmer and others, 2010; Stranko and others,
2012). In general, the watershed-scale effects of management
practices are not well understood (Jefferson and others, 2017),
and few studies are designed to identify how management-
practice effects relate to monitored stream conditions, despite
such studies offering some of the best opportunities to guide
watershed-management strategies (Li and others, 2017).

Summary of Management-Practice Effects

Expected management-practice effects were not consis-
tently observed in monitored stream responses. Management-
practice effects may be most apparent at the intensive
monitoring stations because watersheds with these stations
received the most water-quality monitoring and generally
had more management-practice investment than other study
watersheds (table 11). All intensive-monitoring stations other
than SFLIL received at least one management practice; the
greatest number of practices were installed in DIFF. Most
of the practice implementation in DIFF was as stormwater-
retrofit practices, though these practices treated only 5 percent
of watershed area (table 14). Stream restorations represented
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most of the credited TN, TP, and TSS load reductions in the
intensive-monitoring stations (table 12), and most of these
practices were completed from 2015 through 2018 (table 13).
Stream restorations were completed near the FLAT monitoring
station, but further upstream of monitoring stations in other
intensive-monitoring watersheds (fig. 84).

Management-practice effects in the intensive-monitoring
stations might be evident through changes in hydrology,
but a relation between streamflow trends and management
practices was not identified. Stormwater-retrofit practices
that treat a large enough fraction of stormwater runoff and
stream restorations that reconnect floodplains can alter the
magnitude and timing of streamflow responses (Doll and
others, 2020; Hopkins and others, 2020; Jefferson and others,
2017; Li and others, 2017). Changes in mean daily streamflow
from 2008 through 2018 were mostly non-significant in
DEAD, DIFF, SFLIL, and FLAT (Porter and others, 2020b),
but trends during storm events revealed more nuanced
patterns. The average number and duration of storm events
were unchanged over time at these stations, yet stormflow
hydrologic conditions generally improved in DIFF and SFLIL
and degraded in DEAD and FLAT from water years 2009
through 2017 (fig. 19). During storm events, decreasing trends
in streamflow volume, peak, and rising-limb rate-of-change
occurred in DIFF and SFLIL. Management practices were
installed in DIFF from 2012 through 2018 (fig. 11) and could
produce these hydrologic changes during storm events. These
effects being caused by management practices, however,
are uncertain, as similar streamflow changes occurred in
SFLIL (fig. 19), a watershed neighboring DIFF that had no
management-practice implementation. Furthermore, increasing
streamflow volume, peak, and rising-limb rate-of-change
occurred in DEAD and FLAT during storm events (fig. 19):
watersheds where many management practices were installed.

Changes in nutrient and sediment loads calculated at four
intensive-monitoring stations from 2009 through 2018 did not
clearly align with the timing of management-practice instal-
lation or the magnitude of credited reductions. On average,
credited management-practice reductions represented less
than 10 percent of the TN, TP, and SS loads at all stations in
most years (fig. 28). Credited management-practice reductions
occurred throughout the study period, but changes in annual
flow-adjusted loads followed more complex trajectories
(fig. 29). Flow-adjusted TN loads decreased at DEAD and
FLAT and had no trend at SFLIL or DIFF; trends did not
decrease in flow-adjusted TP or SS loads over the 10-year
period (table 18). Similar to changes in annual conditions,
patterns in monthly flow-adjusted loads were not clearly
aligned with the timing of management-practice installation
(fig. 30, fig. 31, and fig. 32).

The average credited effect of management practices
across the 14-station network was not related to TN, TP, or
SS concentration reductions or benthic-macroinvertebrate
IBI score improvements from 2009 through 2018. These
relations were assessed after accounting for climatic and
landscape factors; a critical step in identifying the causal
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influences of management practices on water-quality and
ecological responses. For all response variables, a single LME
model was selected to represent the spatiotemporal effects of
annual watershed and (or) climatic predictors. The selected
models were refit after adding a term representing credited
management-practice load reductions. The performance of
models with and without this management-practice term was
compared; an improvement in model performance would
suggest that the management-practice effect helped explain
the year-to-year variability in responses across all 14 study
watersheds. Though such an improvement was not detected,
the models demonstrated that management-practice effects
may only be apparent after controlling for constituent-specific
landscape and climatic conditions such as wastewater infra-
structure, soil depth, precipitation, and air temperature.

Expected effects of some stream restoration practices
may be temporarily offset by construction disturbances. The
LME models suggested that elevated TP and SS concentra-
tions in FLAT from 2016 through 2018 may have been related
to the construction of a stream restoration practice. These
concentration increases (fig. 46) were likely influenced by the
close proximity of the practice to the FLAT monitoring station
(fig. 84B) and did not appear to affect TP or SS loads (fig. 31
and fig. 32). A stream restoration completed in 2016 farther
upstream in the FLAT watershed did not result in particulate
water-quality impacts, and effects of other stream restorations
completed during the study period were not observed. The
longer-term, post-construction effects of stream restoration
practices in FLAT and other watersheds can be evaluated in
future years with continued data collection.
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Considerations for Evaluating
Management-Practice Effects

An inability to associate anticipated management-
practice effects with water-quality monitoring data has been
documented across a gradient of watershed and landscape
settings (Lintern and others, 2020). This inability is commonly
attributed to inaccurate estimates of management-practice
effectiveness, nutrient and sediment response lag times, offset-
ting watershed factors, inadequate monitoring, non-optimal
practice selection or location, and post-implementation
practice failure (Ator and others, 2020; Lintern and others,
2020; Meals and others, 2010). These challenges were care-
fully considered in the design of this study and may become
less influential in future years; however, the following factors
likely affected the interpretation of management-practice
effects in this report.

1. Amount, timing, and location of practice
implementation.

» Management-practice effects are challenging to detect
when practices treat a small watershed area, have a
limited amount of post-construction monitoring, and
are installed far upstream from monitoring stations.
Management practices credited with TN, TP, and
TSS reductions were completed in 10 of the 20
study watersheds from 2009 through 2018 (table 11).
Stormwater-retrofit practices may most effectively
reduce loads when they treat enough runoff to alter
hydrologic conditions (Jefferson and others, 2017,

Li and others, 2017); however, such practices treated
less than eight percent of watershed area in each study
watershed (table 14). Most credited reductions were
associated with stream restorations, but many of these
practices were completed late in the study period
(table 13). Nutrient and sediment load reductions may
not occur immediately after stream-restoration installa-
tion (McMillan and others, 2014), and it can take years
to overcome the influences of groundwater nitrogen
and soil phosphorus concentrations (Chang and others,
2021; Kleinman and others, 2019).

2. Unmeasured landscape and climatic factors.

* Changes in urban activities, climatic conditions, and
the effects of physical watershed setting may reduce
management-practice effectiveness or offset expected
benefits. This study accounted for these challenges by
modeling management-practice effects after account-
ing for influences from many factors that represent
hypothetical drivers of water quality and benthic-
macroinvertebrate community condition (table 2,
table 3, and table 5). Interpretations in this report may
be limited by unmeasured landscape and climatic fac-
tors and (or) the ability of available data to accurately
represent conditions within watersheds and changes
over time.
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3. Uncertain management-practice expectations.

» Expected management-practice performance is often
derived from expert opinion, but a large amount of
uncertainty is associated with these assumptions (Koch
and others, 2015). Management-practice effects likely
follow complex, non-linear timelines that vary based
on practice type, maintenance, and watershed setting
(Jefferson and others, 2017). This study considered
these various trajectories and evaluated water-quality
and ecological responses against management-practice
effects that maximized credited reductions (fig. 2).

4. Effects of hydrologic variability.

» Changes in streamflow influence water-quality and
benthic-macroinvertebrate responses and should be
considered when evaluating management-practice
effects. In many Fairfax County watersheds, stormflow
runoff is quickly routed to streams, resulting in fast and
large streamflow responses (Porter and others, 2020b).
Such hydrologic responses deliver most of the nutrient
and sediment load to Fairfax County streams (Porter
and others, 2020b) and can exceed the treatment capac-
ity of stream restorations and stormwater retrofits (Doll
and others, 2020; Jefferson and others, 2017). This
study accounted for effects of hydrologic variability by
comparing management-practice expectations against
streamflow-normalized loads and by considering
streamflow in models of water-quality and benthic-
macroinvertebrate response.

5. Analytical assumptions.

* LME models were used to evaluate management-
practice effects after accounting for landscape and
climatic conditions. Specifically, LME models
addressed if credited management-practice effects
helped explain the annual variability of median water-
quality conditions or benthic-macroinvertebrate IBI
scores in 14 watersheds over a recent 10-year period.
This approach was designed to identify an aggregate
management-practice effect, which may mask an
ability to identify practice effects in individual water-
sheds. Additionally, models represented linear changes
over time, which may not capture observations that
follow nonlinear trajectories.

Future Directions

Interpretations in this report about the effects of land-
scape and climatic conditions on water-quality and ecological
responses in Fairfax County streams can inform future
data-collection and analysis efforts. In partnership with Fairfax
County, data-collection efforts from the Fairfax County moni-
toring network are expected to continue, along with efforts to
better understand how and why conditions are changing over
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time. Continued analysis and exploration of the following
topics, suggested by the initial interpretations in this report,
could better inform watershed management in future years:

» The watershed-scale effects of management practices
after additional years of post-restoration monitoring.

 The effects of temperature and precipitation on water-
quality and ecological responses, specifically the roles
of nitrogen and phosphorus biogeochemical transfor-
mations, sediment erosion freeze-thaw processes, and
winter weather management strategies.

 The role of septic systems on increasing nitrogen trends
over time, specifically whether these effects are caused
by additional systems, aging infrastructure, or chang-
ing rates of groundwater nitrogen delivery to streams.

» The drivers of elevated phosphorus concentrations in
Triassic Lowland watersheds, which may result from
the natural dissolution of phosphorus-bearing minerals,
the limited ability of these watersheds to retain phos-
phorus inputs within the landscape, or other anthropo-
genic effects.

* Factors affecting phosphorus retention on the land-
scape, including the effect of salinization on soil
phosphorus mobilization; changes in phosphorus reten-
tion appear to have caused an increase in phosphorus
concentrations and loads in many study watersheds.

* The influence of human activities and natural water-
shed setting on salinization, which could be explored in
future years through analysis of major-ion concentration
data, added to the intensive-monitoring stations in 2020.

» The effects of lateral stream migration and other
geomorphic changes on stream-bank erosion rates and
suspended-sediment conditions.

* The effects of urbanization on changing ecological
responses over time, which could be explored by
modeling non-composite benthic-macroinvertebrate
response variables, characterizing stream habitat condi-
tions, and (or) considering fall benthic-macroinverte-
brate sampling data that have been recently added to
the monitoring network.

These and other future research topics could be
evaluated and advanced in collaboration with Fairfax County
to identify questions most relevant to management needs.
Future analyses and publications are expected to explore
selected research topics in greater detail than the initial
interpretations in this report. The process of identifying
priority research topics, leveraging results from the moni-
toring network, and communicating detailed interpretations
could provide more timely scientific information to guide
Fairfax County’s management activities.
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Summary

In 2007, the U.S. Geological Survey partnered with
Fairfax County, Virginia, to establish a long-term water-
resources monitoring program to evaluate the hydrology,
water-quality, and ecology of Fairfax County streams and
management-practice effects. Fairfax County uses a variety of
management practices and policies to protect and restore water
resources, but the watershed-scale effects of such strategies
are not well understood. This report used streamflow, water-
quality, and ecological monitoring data collected from 2007
through 2018 from 20 Fairfax County watersheds to assess the
effects management practices, landscape factors, and climatic
conditions had on observed nutrient, sediment, salinity, and
benthic-macroinvertebrate community responses. This report
expanded on the interpretations of previous U.S. Geological
Survey reports that characterized Fairfax County stream
conditions after 5 (Jastram and others, 2009) and 10 years
(Porter and others, 2020b) of data collection.

Fairfax County experienced urban growth and climatic
variability during the study period. Fairfax County’s popula-
tion increased, resulting in the construction of new homes,
roads, and stormwater and wastewater infrastructure. Increases
in urban land were observed throughout many of the study
watersheds, typically resulting from the conversion of previ-
ously wooded areas. Climatic conditions varied among study
years; countywide estimates of average-annual air temperature
differed by about 3 degrees Celsius and total precipitation
ranged from about 34 to 63 inches per year.

Fairfax County’s investment in management strategics
designed to protect and restore water resources increased
during the study period. The county uses a variety of programs,
policies, and practices to improve water resources, and this
study focused on management practices credited with reducing
nitrogen, phosphorus, and (or) sediment loads. These practices
primarily included stormwater retrofits and stream restorations:
stream restorations accounted for most of the financial invest-
ment and credited load reductions. There were 245 management
practices completed in Fairfax County from 2009 through 2018,
representing a total investment of about 87 million dollars.
Cumulatively, these practices treat about 47 square miles
and were credited with reductions of about 33,000 pounds
of nitrogen, 8,300 pounds of phosphorus, and 1,600 tons of
sediment. These cumulative values represent the additive credits
reduced from multiple practices completed over time, where
credited load reductions from all practices persist from year to
year. Management practices were completed in half of the study
watersheds; most practices were installed and most reductions
were credited late in the study period.

Hydrologic responses during storm events were evaluated
because many management practices are designed to achieve
nutrient and sediment reductions by slowing or intercepting
runoff. Watersheds with more impervious surfaces had more
frequent and shorter-duration storm events. Summertime
stormflow events were more frequent in watersheds with
more impervious surfaces because impervious surfaces



provide the runoff of short-duration precipitation events an
efficient route to streams. The average number and length

of stormflow events was mostly unchanged throughout

the monitoring network over time, but some changes in
stormflow peak, volume, and rate-of-change were observed
over time in the four intensive-monitoring stations. These
measures generally degraded in Dead Run at Whann Avenue
near McLean, Virginia (Va.) (DEAD), and Flatlick Branch
above Frog Branch at Chantilly, Va. (FLAT), but improved at
Difficult Run above Fox Lake near Fairfax, Va. (DIFF), and
South Fork Little Difficult Run above mouth near Vienna, Va.
(SFLIL). Event-mean nutrient and sediment concentrations
were measured during storm events and had similar trends
over time across these four stations, showing increases in total
phosphorus (TP) and suspended sediment (SS) and reductions
or no changes in total nitrogen (TN).

Nitrogen and phosphorus loads in Fairfax County
streams are affected by the amount of nutrients added to
the landscape and the proportion of these inputs that reach
streams. Estimated phosphorus from fertilizer and nitrogen
from atmospheric deposition represented large nutrient
inputs in many streams; amounts of other nonpoint inputs
varied based on land use. For example, septic-system effluent
was the largest nitrogen input in a few study watersheds
without sanitary-sewer infrastructure. Estimated inputs of
nitrogen declined throughout Fairfax County and most study
watersheds during the study period as a result of atmospheric
deposition reductions; in comparison, phosphorus inputs were
relatively unchanged. Most nonpoint-nutrient inputs did not
reach streams, and slightly more nitrogen was retained on the
landscape than phosphorus, on average. These retention rates
were lower in years with more precipitation and streamflow.
After adjusting for streamflow effects, TN and TP loads
were generally higher in years with greater nutrient inputs.
Calculated as a function of these flow-adjusted loads, TP
retention declined during the study period and, comparatively,
TN retention was relatively unchanged.

Landscape conditions affected the average spatial differ-
ences and temporal changes in water-quality and ecological
conditions of Fairfax County streams. These conditions were
identified and described using linear mixed-effect models
based on annual measures of TN, TP, and SS concentration,
specific conductance (SC), and benthic-macroinvertebrate
index of biotic integrity (IBI) scores. In general, among the
14 study watersheds, spatial differences in these response
variables were larger than temporal changes observed from
2009 through 2018. For all response variables, many predictor
combinations explained a similar amount of variability;
however, a single model was selected for interpretation.
Selected models typically explained a large amount of
response variability between watersheds and a relatively
smaller amount of variability in responses over time. TN
concentrations were higher and had larger increases over the
study period in watersheds with high septic-system density.
TP concentrations were higher in watersheds with more
turfgrass, shallower soils, and (or) with lower stream dissolved
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oxygen concentrations. TP concentration increases over the
study period were largest in watersheds with deeper soils.
Because deeper soils may store more phosphorus, changes in
TP over time in Fairfax County streams may be affected by
the retention or release of soil-bound phosphorus. Suspended-
sediment concentrations were higher in watersheds with
greater stream densities, likely highlighting the importance

of stream banks as a source of sediment. SC was highest in
watersheds with shallower soils and more developed land use.
These relations suggest that SC may be affected by human
activities, the capacity of watersheds to store salt inputs, and
natural-mineral dissolution rates. Benthic-macroinvertebrate
IBI scores were lower in watersheds with high road density
and had larger increases over time in bigger, more developed
watersheds. Year-to-year variability in water-quality and
benthic-macroinvertebrate IBI scores was affected by annual
climatic patterns. Changes in TN and TP concentrations and
benthic-macroinvertebrate IBI scores over time were associ-
ated with differences in annual precipitation, whereas changes
in SS concentrations and SC over time were associated

with differences in annual air temperature. These relations
suggest that surface-water runoff, nitrogen and phosphorus
biogeochemical transformations, contributions of atmospheric
nitrogen, freeze-thaw processes that increase stream-bank
sediment erosion rates, and effects of winter weather manage-
ment may be important processes to consider when evaluating
Fairfax County stream conditions.

Expected management-practice effects were not consis-
tently observed in the monitored data. Changes in the amount
and timing of streamflow generated during storm events did
not clearly align with management-practice implementation.
Changes in calculated nutrient and sediment loads generally
did not correspond to the timing of management-practice
installation or the magnitude of credited reductions. After
controlling for landscape and climatic conditions, the average
credited effect of management practices across the monitoring
network was not related to TN, TP, or SS concentration
reductions or benthic-macroinvertebrate IBI score improve-
ments from 2009 through 2018. An important consideration
for future investigations of management-practice effects is
how to control for water-quality and ecological variability
caused by geologic properties, the urban environment,
precipitation, and (or) air temperature. The interpretation of
management-practice effects in this report was likely affected
by a combination of factors, including (1) the amount,
timing, and location of management-practice implementation;
(2) unmeasured landscape and climatic factors; (3) uncertain
management-practice expectations; (4) effects of hydrologic
variability; and (5) analytical assumptions. Through continued
data-collection efforts, particularly after management practices
have been completed, many of these challenges may become
less influential in the future.
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Appendix 1. Results of Tests to Evaluate Relations Between
Predictor and Response Variables
The following tables provide supporting information

about relations between predictor and response variables
discussed in this report.
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Table 1.1. Summary of correlations between average-annual total nitrogen concentrations and average-annual predictor variables in

20 study watersheds in Fairfax County, Virginia, representing conditions from 2014 through 2018.

[Predictors are described in tables 2, 3, 5, and 6. r, correlation coefficient; <, less than; NA., no correlation available]

Predictor name Pearson’s r p-value
Water quality
Q -0.07 0.783
WTR TEMP —-0.39 0.089
PH -0.30 0.201
SC -0.42 0.067
DO 0.10 0.680
TB -0.25 0.294
Physical setting
AREA -0.23 0.326
ELEV -0.01 0.973
SLOPE 0.03 0.891
PIEDMONT 0.17 0.465
TRIASSIC -0.12 0.626
COASTALP -0.10 0.684
AWC 0.28 0.236
OM 0.14 0.564
KSAT -0.12 0.623
KV 0.30 0.204
FC —0.44 10.050
POR 0.28 0.237
KFACT 0.38 0.095
SAND 0.07 0.757
SILT 0.31 0.184
CLAY -0.43 0.060
HYDRIC -0.26 0.275
WT DEPTH 0.25 0.286
SOIL DEPTH 0.13 0.594
CEC —0.03 0.900
P GEOL 0.29 0.220
P SOIL A 0.49 10.027
P SOIL C 0.42 0.067
PERSTREAM 0.05 0.831
TOTSTREAM 0.16 0.489
BANK HEIGHT -0.24 0.312
CHANNEL WIDTH -0.26 0.261
Land use and land cover
IMP —0.48 10.033
TURF -0.07 0.776
DEV OS 0.46 10.039
DEV LOW —0.57 10.009
DEV MED -0.43 0.061
DEV HIGH -0.29 0.218
DEV ALL -0.47 10.035
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Table 1.1. Summary of correlations between average-annual total nitrogen concentrations and average-annual predictor variables in
20 study watersheds in Fairfax County, Virginia, representing conditions from 2014 through 2018.—Continued

[Predictors are described in tables 2, 3, 5, and 6. r, correlation coefficient; <, less than; NA., no correlation available]

Predictor name Pearson’s r p-value
Land use and land cover—Continued
FOR 0.47 10.035
Roadways?
LOC ROAD -0.49 10.028
MAJ ROAD -0.28 0.233
INT ROAD -0.37 0.105
RMP ROAD -0.30 0.198
TOT ROAD —0.54 10.014
Housing units
SFR HU -0.26 0.265
MFR HU -0.44 0.054
TOT HU -0.57 10.009
Wastewater infrastructure
SEPTIC DEN 0.74 1<0.001
SAN SEWER LEN -0.62 10.004
SAN SEWER REHAB -0.08 0.748
Stormwater infrastructure
N DRY POND -0.30 0.201
SA DRY POND -0.29 0.213
N WET POND 0.00 0.991
SA WET POND 0.08 0.744
N OTHER STORM -0.02 0.939
PIPE LEN -0.52 10.019
Stormwater management practices
TN RETRO BMP —0.14 0.544
TN CHAN BMP —0.08 0.732
TN TOT BMP -0.11 0.644
Nitrogen inputs

N POINT NAS3 NA.3
N TOT DEPO NA.4 NA .4
N WET DEPO NAA NA.*
N DRY DEPO NA4 NA.#4
N FERT -0.07 0.776
N SEPTIC 0.74 1<0.001
N PET —0.57 0.009
N TOT IN 0.66 10.002

Ip-values <0.05, shown in red.
2Roadway predictors represent the average of values in 2015 and 2017 only.
*No correlation result because no point source inputs are in the 20 watersheds.

“No correlation result because atmospheric deposition inputs did not vary spatially.
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Table 1.2. Summary of correlations between the 2009 through 2018 percentage change in median-annual total nitrogen concentrations

and average predictor variables from 2009 through 2018 in 14 study watersheds in Fairfax County, Virginia.

[Predictors are described in tables 2, 3, 5, and 6; r, correlation coefficient; <, less than; NA., no correlation available]

Predictor name Pearson’s r p-value
Water quality
Q 0.41 0.141
WTR TEMP —-0.66 10.010
SC -0.71 10.005
PH -0.47 0.092
DO 0.03 0.932
TB 0.36 0.206
Physical setting
AREA -0.09 0.760
ELEV -0.07 0.818
SLOPE 0.73 10.003
PIEDMONT 0.20 0.500
TRIASSIC -0.30 0.298
COASTAL P 0.09 0.760
AWC 0.21 0.462
OM -0.23 0.432
KSAT 0.21 0.473
KV 0.41 0.200
FC —0.43 0.128
POR 0.36 0.200
KFACT 0.08 0.777
SAND 0.07 0.806
SILT 0.07 0.812
CLAY -0.16 0.574
HYDRIC -0.55 10.041
WT DEPTH —0.22 0.456
SOIL DEPTH 0.23 0.422
CEC -0.19 0.516
P GEOL —0.48 0.081
P SOIL A —-0.28 0.329
PSOIL C 0.07 0.801
PERSTREAM 0.61 10.020
TOTSTREAM 0.69 10.007
BANK HEIGHT -0.31 0.290
CHANNEL WIDTH —0.37 0.190
Land use and land cover

IMP —0.84 1<0.001
TURF -0.35 0.215
DEV 0S 0.28 0.337
DEV LOW -0.59 10.027
DEV MED —0.77 10.001
DEV HIGH —-0.67 0.009
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Table 1.2. Summary of correlations between the 2009 through 2018 percentage change in median-annual total nitrogen concentrations
and average predictor variables from 2009 through 2018 in 14 study watersheds in Fairfax County, Virginia.—Continued

[Predictors are described in tables 2, 3, 5, and 6; r, correlation coefficient; <, less than; NA., no correlation available]

Predictor name Pearson’s r p-value

Land use and land cover—Continued

DEV ALL —0.80 10.001
FOR 0.81 10.001
Roadways?
LOC ROAD —0.63 10.016
MAJ ROAD -0.50 0.069
INT ROAD —0.51 0.060
RMP ROAD -0.51 0.060
TOT ROAD -0.74 10.003
Housing Units
SFR HU —-0.33 0.244
MFR HU -0.59 10.026
TOT HU —0.69 10.007
Wastewater infrastructure
SEPTIC DEN 0.70 10.006
SAN SEWER LEN —0.76 10.002
SAN SEWER REHAB -0.19 0.521
Stormwater infrastructure
N DRY POND -0.33 0.255
SA DRY POND —0.46 0.100
N WET POND -0.29 0.324
SA WET POND -0.14 0.627
N OTHER STORM —0.64 10.014
PIPE LEN -0.82 1<0.001
Stormwater management practices
TN RETRO BMP -0.48 0.080
TN CHAN BMP -0.47 0.094
TN TOT BMP -0.54 10.048
Nitrogen input
N POINT NAS3 NA.3
N TOT DEPO NA.# NA.#
N WET DEPO NA.4 NA.4
N DRY DEPO NA.4 NA.4
N FERT —-0.35 0.215
N SEPTIC 0.70 10.006
N PET —0.69 10.007
N TOT IN 0.49 0.075

Ip-values <0.05, shown in red.

2Roadway predictors represent the average of values in 2015 and 2017 only.

3No correlation result because no point source inputs are in the twenty watersheds.

“No correlation result because atmospheric deposition inputs were not spatially varying.
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Predictor Number of missing Minimum Maximum Median
name correlations’ Pearson’s r Pearson’s r Pearson’s r
Water quality
Q 0 —-0.33 0.69 0.19
WTR TEMP 0 0.11 0.72 20.42
SC 0 -0.20 0.70 0.14
PH 0 -0.75 0.65 0.11
DO 0 —0.68 0.49 -0.18
TB 0 —-0.49 0.95 0.15
Climate
PRCP 0 —0.04 0.77 20.46
R10D 0 -0.05 0.71 20.54
R20D 0 -0.21 0.67 20.30
R95P 0 —0.30 0.74 0.20
R99P 0 -0.29 0.63 0.18
RX1D 0 -0.32 0.47 0.05
RX5D 0 —0.30 0.72 0.06
SDII 0 -0.19 0.70 0.24
AIR TEMP 0 -0.70 0.67 2-0.31
TNn 0 —0.85 0.31 2-0.45
TXx 0 -0.28 0.26 0.06
FD 0 -0.51 0.69 20.47
SU 0 —0.60 0.43 —-0.14
Land use and land cover
IMP 0 -0.71 0.68 -0.24
TURF 0 —-0.80 0.32 —0.24
DEV OS 1 —-0.61 0.80 0.21
DEV LOW 1 -0.72 0.63 0.05
DEV MED 1 -0.77 0.63 —0.06
DEV HIGH 3 -0.78 0.17 -0.10
DEV ALL 5 -0.77 0.57 0.00
FOR 2 —-0.75 0.81 —0.03
Housing units
SFR HU 0 -0.73 0.75 0.03
MFR HU 8 -0.78 0.00 0.00
TOT HU 0 —-0.86 0.64 -0.21
Wastewater infrastructure

SEPTIC DEN —0.65 0.68 0.00
SAN SEWER LEN —0.68 0.48 0.00
SAN SEWER REHAB -0.90 0.61 —0.12
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Table 1.3. Summary of correlations between median-annual total nitrogen concentrations and annual predictor variables from 2009
through 2018 in 14 study watersheds in Fairfax County, Virginia.—Continued

[Predictors are described in tables 3, 5, and 6. r, correlation coefficient]

Predictor Number of missing Minimum Maximum Median
name correlations! Pearson’s r Pearson’s r Pearson’s r

Stormwater infrastructure

N DRY POND 8 -0.70 0.00 0.00
SA DRY POND 8 —0.67 0.00 0.00
N WET POND 12 —-0.56 0.00 0.00
SA WET POND 12 —-0.56 0.00 0.00
N OTHER STORM 9 —0.65 0.04 0.00
PIPE LEN 4 -0.75 0.12 —0.16
Stormwater management practices
TN RETRO BMP 8 —0.61 0.25 0.00
TN CHAN BMP 8 —0.66 0.23 0.00
TN TOT BMP 7 —0.69 0.23 0.00
Nitrogen input
N TOT DEPO 0 -0.41 0.82 20.35
N WET DEPO 0 -0.25 0.81 20.50
N DRY DEPO 0 —0.68 0.55 0.01
N FERT 0 —0.83 0.47 —0.26
N SEPTIC 4 —0.65 0.68 0.00
N PET 1 —0.85 0.73 -0.21
N TOT IN 0 —-0.40 0.72 0.13

IThe number of watersheds where the 10-year annual predictor and response correlation has no value, which may result when predictors are unchanged or
have no value between 2009 and 2018. A value of zero was used in such instances.

2Median correlation >0.3, shown in red.
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Table 1.4.  Summary of correlations between average-annual total phosphorus concentrations and average-annual predictor variables

in 20 study watersheds in Fairfax County, Virginia, representing conditions from 2014 through 2018.

[Predictors are described in tables 2, 3, 5, and 6. r, correlation coefficient; <, less than; NA., no correlation available]

Predictor name Pearson’s r p-value
Water quality
Q -0.16 0.492
WTR TEMP 0.52 10.020
PH 0.18 0.449
SC 0.30 0.196
DO -0.61 10.004
B 0.22 0.342
Physical setting
AREA -0.12 0.606
ELEV -0.19 0.430
SLOPE -0.60 10.005
PIEDMONT -0.74 1<0.001
TRIASSIC 0.75 1<0.001
COASTAL P 0.13 0.588
AWC —0.67 10.001
oM 0.26 0.270
KSAT -0.20 0.398
KV —0.74 1<0.001
FC 0.70 10.001
POR -0.24 0.318
KFACT -0.38 0.094
SAND -0.71 1<0.001
SILT 0.25 0.292
CLAY 0.54 10.014
HYDRIC 0.29 0.210
WT DEPTH -0.30 0.195
SOIL DEPTH -0.70 10.001
CEC 0.59 10.006
P GEOL 0.39 0.087
P SOIL A 0.24 0.314
P SOIL C —-0.08 0.728
PERSTREAM -0.20 0.390
TOTSTREAM -0.30 0.200
BANK HEIGHT -0.24 0.317
CHANNEL WIDTH —0.06 0.805
Land use and land cover

IMP 0.30 0.192
TURF 0.65 10.002
DEV 0S 0.04 0.861
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Table 1.4. Summary of correlations between average-annual total phosphorus concentrations and average-annual predictor variables
in 20 study watersheds in Fairfax County, Virginia, representing conditions from 2014 through 2018.—Continued

[Predictors are described in tables 2, 3, 5, and 6. r, correlation coefficient; <, less than; NA., no correlation available]

Predictor name Pearson’s r p-value
Land use and land cover—Continued
DEV LOW 0.69 10.001
DEV MED 0.06 0.793
DEV HIGH 0.00 0.995
DEV ALL 0.57 10.008
FOR —-0.56 10.010
Roadways?
LOC ROAD 0.44 10.050
MAJ ROAD -0.05 0.824
INT ROAD -0.31 0.188
RMP ROAD —-0.26 0.269
TOT ROAD 0.22 0.356
Housing units
SFR HU 0.63 10.003
MFR HU —-0.08 0.726
TOT HU 0.27 0.242
Wastewater infrastructure
SEPTIC DEN -0.51 10.021
SAN SEWER LEN 0.53 10.015
SAN SEWER REHAB 0.16 0.513
Stormwater infrastructure
N DRY POND 0.47 10.036
SA DRY POND 0.30 0.207
N WET POND 0.11 0.634
SA WET POND 0.14 0.550
N OTHER STORM 0.02 0.918
PIPE LEN 0.45 10.044
Stormwater management practices
TP RETRO BMP 0.14 0.569
TP CHAN BMP 0.23 0.327
TP TOT BMP 0.24 0.318
Phosphorus inputs

P POINT NAS3 NA.3
P FERT 0.65 10.002
PPET 0.27 0.241
P GEOL LOAD 0.26 0.276
P TOT IN 0.57 10.008

Ip-values <0.05, shown in red.
2Roadway predictors represent the average of values in 2015 and 2017 only.

3No correlation result because there are no point source inputs in the 20 watersheds.
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Predictor name Pearson’s r p-value
Water quality
Q 0.38 0.175
WTR TEMP —0.11 0.715
SC -0.17 0.554
PH —0.37 0.193
DO 0.31 0.282
TB 0.13 0.652
Physical setting
AREA -0.25 0.380
ELEV —-0.60 10.025
SLOPE 0.37 0.187
PIEDMONT 0.17 0.552
TRIASSIC -0.56 10.036
COASTAL P 0.44 0.112
AWC 0.12 0.678
OM —-0.60 10.022
KSAT 0.65 10.012
KV 0.44 0.120
FC -0.24 0.403
POR —0.33 0.245
KFACT -0.29 0.307
SAND 0.59 10.026
SILT —0.62 10.019
CLAY 0.04 0.904
HYDRIC -0.18 0.546
WT DEPTH 0.18 0.541
SOIL DEPTH 0.55 10.043
CEC -0.67 10.008
P GEOL —0.39 0.172
P SOIL A 0.22 0.446
PSOIL C -0.18 0.532
PERSTREAM —0.08 0.792
TOTSTREAM 0.09 0.774
BANK HEIGHT 0.50 0.069
CHANNEL WIDTH 0.31 0.286
Land use and land cover

IMP -0.01 0.966
TURF -0.22 0.458
DEV 0S 0.22 0.454
DEV LOW -0.27 0.343
DEV MED —0.11 0.705
DEV HIGH 0.19 0.520
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Table 1.5. Summary of correlations between the 2009 through 2018 percentage change in median-annual total phosphorus
concentrations and average predictor variables from 2009 through 2018 in 14 study watersheds in Fairfax County, Virginia.—Continued

[Predictors are described in tables 2, 3, 5, and 6. r, correlation coefficient; NA., no correlation available]

Predictor name Pearson’s r p-value

Land use and land cover—Continued

DEV ALL —0.11 0.714
FOR 0.11 0.711
Roadways?
LOC ROAD -0.09 0.750
MAJ ROAD 0.13 0.665
INT ROAD 0.19 0.507
RMP ROAD —-0.01 0.974
TOT ROAD 0.00 0.992
Housing units
SFR HU -0.21 0.479
MFR HU =0.11 0.712
TOT HU —0.19 0.518
Wastewater infrastructure
SEPTIC DEN -0.19 0.512
SAN SEWER LEN 0.07 0.817
SAN SEWER REHAB 0.48 10.081
N DRY POND -0.62 10.019
SA DRY POND —0.58 10.031
N WET POND —0.41 0.143
SA WET POND -0.53 10.049
N OTHER STORM 0.25 0.394
PIPE LEN -0.18 0.548
Stormwater management practices
TP RETRO BMP —0.41 0.146
TP CHAN BMP 0.10 0.746
TP TOT BMP —-0.03 0.932
Phosphorus input

P POINT NA.3 NA.3

P FERT -0.22 0.461
PPET -0.19 0.515
P GEOL LOAD -0.52 0.055
PTOT IN —0.28 0.332

Ip-values <0.05, shown in red.

2Roadway predictors represent the average of values in 2015 and 2017 only.

3No correlation result because no point-source inputs are in the 20 watersheds.
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Table 1.6. Summary of correlations between median-annual total phosphorus concentrations and annual predictor variables from 2009
through 2018 in 14 study watersheds in Fairfax County, Virginia.

[Predictors are described in tables 3, 5, and 6. r, correlation coefficient]

Predictor Number of missing Minimum Maximum Median
name correlations’ Pearson’s r Pearson’s r Pearson’s r
Water quality
Q 0 -0.55 0.66 —-0.11
WTR TEMP 0 —0.58 0.40 -0.09
SC 0 —0.62 0.69 0.15
PH 0 -0.23 0.57 0.13
DO 0 —0.55 0.49 0.02
TB 0 —-0.07 0.62 0.26
Climate
PRCP 0 —0.69 0.36 2-0.33
R10D 0 —0.62 0.17 -0.28
R20D 0 —-0.63 0.53 -0.25
R95P 0 -0.59 0.51 —-0.15
R99P 0 -0.67 0.20 -0.18
RX1D 0 -0.70 0.51 -0.24
RX5D 0 —0.63 0.39 -0.21
SDII 0 —0.65 0.41 -0.19
AIR TEMP 0 —0.58 0.58 20.38
TNn 0 —0.63 0.63 0.09
TXx 0 —0.52 0.29 —-0.06
FD 0 -0.62 0.23 -0.09
SU 0 -0.79 0.62 20.37
Land use and land cover
IMP 0 -0.34 0.67 20.37
TURF 0 —0.38 0.80 0.23
DEV OS 1 -0.51 0.70 -0.18
DEV LOW 1 —0.38 0.71 20.34
DEV MED 1 —0.62 0.70 20.37
DEV HIGH 3 —0.64 0.58 0.18
DEV ALL 5 -0.03 0.71 0.02
FOR 2 —-0.76 0.39 -0.21
Housing units
SFR HU 0 -0.54 0.53 0.18
MFR HU 8 —-0.25 0.64 0.00
TOT HU 0 —-0.54 0.62 0.21
Wastewater infrastructure

SEPTIC DEN —-0.10 0.57 0.19
SAN SEWER LEN -0.14 0.68 0.07
SAN SEWER REHAB —0.26 0.61 20.33
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Table 1.6. Summary of correlations between median-annual total phosphorus concentrations and annual predictor variables from 2009
through 2018 in 14 study watersheds in Fairfax County, Virginia.—Continued

[Predictors are described in tables 3, 5, and 6. r, correlation coefficient]

Predictor Number of missing
name correlations’

Minimum
Pearson’s r

Maximum
Pearson’s r

Median
Pearson’s r

Stormwater management practices

TP RETRO BMP 8 -0.14 0.54 0.00

TP CHAN BMP 8 -0.14 0.54 0.00

TP TOT BMP 7 0.00 0.35 0.00
Phosphorus input

P FERT 0 0.00 0.35 0.00

PPET 0.00 0.60 0.00

PTOT IN 0 —-0.16 0.58 0.12

IThe number of watersheds where the 10-year annual predictor and response correlation has no value, which may result when predictors are unchanged or
have no value between 2009 and 2018. A value of zero was used in such instances.

2Median correlation >0.3, shown in red.
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Predictor name Pearson’s r p-value
Water quality
Q 0.11 0.631
WTR TEMP 0.00 0.998
PH -0.17 0.472
SC —-0.12 0.605
DO 0.10 0.681
B 0.80 1<0.001
Physical setting
AREA 0.16 0.497
ELEV —-0.05 0.842
SLOPE 0.31 0.182
PIEDMONT 0.06 0.805
TRIASSIC —0.15 0.531
COASTAL P 0.09 0.699
AWC 0.06 0.806
oM -0.17 0.474
KSAT 0.11 0.644
KV 0.08 0.723
FC -0.12 0.609
POR 0.07 0.776
KFACT -0.01 0.963
SAND 0.07 0.778
SILT 0.02 0.935
CLAY -0.10 0.680
HYDRIC 0.16 0.500
WT DEPTH 0.09 0.712
SOIL DEPTH 0.15 0.540
CEC -0.20 0.391
P GEOL —-0.23 0.334
PSOILA 0.05 0.818
P SOIL C 0.16 0.504
PERSTREAM 0.33 0.158
TOTSTREAM 0.48 10.032
BANK HEIGHT —0.01 0.982
CHANNEL WIDTH 0.10 0.671
Land use and land cover

IMP —-0.08 0.752
TURF —-0.49 10.029
DEV OS —0.40 0.081
DEV LOW —-0.23 0.324
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Table 1.7. Summary of correlations between average-annual suspended-sediment concentrations and average-annual predictor
variables in 20 study watersheds in Fairfax County, Virginia, representing conditions from 2014 through 2018.—Continued

[Predictors are described in tables 2, 3, and 5. r, correlation coefficient; <, less than]

Predictor name Pearson’s r p-value

Land use and land cover—Continued

DEV MED 0.01 0.961
DEV HIGH 0.16 0.509
DEV ALL —0.34 0.140
FOR 0.34 0.148
Roadways?
LOC ROAD —0.34 0.147
MAJ ROAD 0.29 0.212
INT ROAD -0.13 0.582
RMP ROAD 0.07 0.760
TOT ROAD —-0.13 0.596
Housing units
SFR HU —0.25 0.283
MFR HU —-0.07 0.781
TOT HU -0.21 0.383
Wastewater infrastructure
SEPTIC DEN 0.26 0.272
SAN SEWER LEN -0.28 0.236
SAN SEWER REHAB 0.04 0.859
Stormwater infrastructure
N DRY POND —-0.26 0.263
SA DRY POND —0.12 0.621
N WET POND —-0.30 0.204
SA WET POND -0.16 0.496
N OTHER STORM —0.15 0.517
PIPE LEN -0.13 0.576
Stormwater management practices
TSS RETRO BMP 0.04 0.883
TSS CHAN BMP —0.08 0.743
TSS TOT BMP —0.03 0.887

Ip-values <0.05, shown in red.

2Roadway predictors represent the average of values in 2015 and 2017 only.
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Predictor name Pearson’s r p-value
Water quality
Q —0.17 0.572
WTR TEMP 0.45 0.105
SC 0.43 0.128
PH 0.60 10.023
DO 0.00 0.995
TB 0.09 0.761
Physical setting
AREA 0.21 0.480
ELEV -0.05 0.861
SLOPE —0.07 0.826
PIEDMONT —0.41 0.150
TRIASSIC 0.52 0.059
COASTAL P —0.06 0.836
AWC —-0.45 0.110
OM 0.19 0.517
KSAT —0.15 0.609
KV —0.44 0.112
FC 0.46 0.099
POR —0.18 0.540
KFACT —-0.27 0.347
SAND -0.47 0.092
SILT 0.16 0.586
CLAY 0.35 0.216
HYDRIC 0.08 0.778
WT DEPTH —0.27 0.353
SOIL DEPTH -0.57 10.033
CEC 0.42 0.136
P GEOL 0.09 0.772
P SOIL A —0.22 0.462
PSOIL C -0.37 0.188
PERSTREAM 0.21 0.475
TOTSTREAM 0.16 0.576
BANK HEIGHT 0.13 0.668
CHANNEL WIDTH 0.49 0.079
Land use and land cover

IMP 0.02 0.946
TURF 0.27 0.348
DEV 0S 0.07 0.807
DEV LOW 0.24 0.414
DEV MED —0.01 0.978
DEV HIGH 0.00 0.993
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Table 1.8. Summary of correlations between the 2009 through 2018 percentage change in median-annual suspended-sediment
concentrations and average predictor variables from 2009 through 2018 in 14 study watersheds in Fairfax County, Virginia.—Continued

[Predictors are described in tables 2, 3, and 5. r, correlation coefficient]

Predictor name Pearson’s r p-value

Land use and land cover—Continued

DEV ALL 0.20 0.500
FOR -0.18 0.532
Roadways?
LOC ROAD 0.01 0.985
MAJ ROAD 0.06 0.829
INT ROAD —0.08 0.786
RMP ROAD -0.24 0.415
TOT ROAD —-0.01 0.965
Housing units
SFR HU 0.12 0.677
MFR HU -0.11 0.714
TOT HU —0.05 0.876
Wastewater infrastructure
SEPTIC DEN -0.28 0.342
SAN SEWER LEN 0.17 0.567
SAN SEWER REHAB —0.11 0.698
Stormwater infrastructure
N DRY POND 0.37 0.196
SA DRY POND 0.20 0.491
N WET POND 0.23 0.421
SA WET POND 0.06 0.835
N OTHER STORM -0.11 0.720
PIPE LEN 0.08 0.784
Stormwater management practices
TSS RETRO BMP -0.07 0.803
TSS CHAN BMP 0.08 0.795
TSS TOT BMP 0.00 0.989

Ip-value <0.05, row text shown in red.

2Roadway predictors represent the average of values in 2015 and 2017 only.
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Table 1.9. Summary of correlations between median-annual suspended-sediment concentrations and annual predictor variables from
2009 through 2018 in 14 study watersheds in Fairfax County, Virginia.

[Predictors are described in tables 3, 5, and 6. r, correlation coefficient]

Predictor Number of missing Minimum Maximum Median
name correlations’ Pearson’s r Pearson’s r Pearson’s r
Water quality
Q 0 —-0.45 0.70 0.21
WTR TEMP 0 -0.39 0.67 0.24
SC 0 -0.22 0.34 0.05
PH 0 —0.48 0.47 —-0.04
DO 0 -0.72 0.08 2-0.44
TB 0 0.01 0.85 20.75
Climate
PRCP 0 —-0.50 0.62 -0.12
R10D 0 -0.39 0.58 0.03
R20D 0 —-0.67 0.69 —-0.30
R95P 0 —0.55 0.56 —0.11
R99P 0 —-0.26 0.61 0.04
RX1D 0 —0.44 0.19 —-0.06
RX5D 0 —-0.50 0.39 —-0.25
SDII 0 —-0.51 0.61 —0.04
AIR TEMP 0 -0.84 0.00 -0.27
TNn 0 -0.77 —-0.03 2-0.38
TXx 0 —-0.55 0.17 -0.15
FD 0 -0.11 0.78 20.43
SU 0 —-0.49 0.58 0.16
Land use and land cover
IMP 0 —0.71 0.71 0.01
TURF 0 -0.52 0.47 —0.05
DEV OS 1 -0.84 0.81 0.04
DEV LOW 1 —0.75 0.82 -0.01
DEV MED 1 -0.77 0.80 —0.06
DEV HIGH 3 -0.71 0.26 0.00
DEV ALL 5 —0.77 0.37 0.00
FOR 2 —0.43 0.81 —0.06
Housing units
SFR HU 0 —0.31 0.72 0.05
MFR HU 8 —0.64 0.37 0.00
TOT HU 0 —0.64 0.72 —-0.06
Wastewater infrastructure

SEPTIC DEN —-0.40 0.39 0.00
SAN SEWER LEN -0.56 0.35 0.00
SAN SEWER REHAB -0.72 0.86 0.00
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Table 1.9. Summary of correlations between median-annual suspended-sediment concentrations and annual predictor variables from
2009 through 2018 in 14 study watersheds in Fairfax County, Virginia.—Continued

[Predictors are described in tables 3, 5, and 6. r, correlation coefficient]

Predictor Number of missing Minimum Maximum Median
name correlations! Pearson’s r Pearson’s r Pearson’s r

Stormwater infrastructure

N DRY POND 8 -0.43 0.63 0.00
SA DRY POND 8 —0.42 0.63 0.00
N WET POND 12 0.00 0.15 0.00
SA WET POND 12 0.00 0.15 0.00
N OTHER STORM 9 —-0.37 0.67 0.00
PIPE LEN 4 —-0.55 0.63 0.00
Stormwater management practices
TSS RETRO BMP 8 -0.43 0.76 0.00
TSS CHAN BMP 8 -0.34 0.88 0.00
TSS TOT BMP 7 -0.43 0.92 0.00

IThe number of watersheds where the 10-year annual predictor and response correlation has no value, which may result when predictors are unchanged or
have no value between 2009 and 2018. A value of zero was used in such instances.

2Median correlation >0.3, shown in red.
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Table 1.10. Summary of correlations between average-annual specific conductance and average-annual predictor variables in 20

study watersheds in Fairfax County, Virginia, representing conditions from 2009 through to 2018.

[Predictors are described in tables 2 and 3. r, correlation coefficient; <, less than]
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Predictor name Pearson’s r p-value
Water quality
Q 0.40 0.083
WTR TEMP 0.43 0.059
PH 0.64 10.002
DO —0.05 0.819
TB —-0.02 0.920
Physical setting
AREA 0.29 0.222
ELEV 0.28 0.227
SLOPE —-0.26 0.276
PIEDMONT —0.30 0.193
TRIASSIC 0.56 10.011
COASTAL P —-0.23 0.323
AWC —0.35 0.135
oM 0.40 0.079
KSAT -0.22 0.350
KV —0.42 0.066
FC 0.47 10.035
POR —-0.12 0.607
KFACT —0.10 0.660
SAND —0.34 0.146
SILT 0.15 0.537
CLAY 0.22 0.346
HYDRIC 0.44 0.051
WT DEPTH -0.33 0.162
SOIL DEPTH —0.56 10.011
CEC 0.48 10.033
P GEOL 0.41 0.072
P SOIL A —0.16 0.488
P SOIL C —-0.36 0.123
PERSTREAM —0.08 0.727
TOTSTREAM —0.24 0.318
BANK HEIGHT 0.37 0.113
CHANNEL WIDTH 0.18 0.437
Land use and land cover

IMP 0.63 10.003
TURF 0.14 0.561
DEV OS —-0.39 0.089
DEV LOW 0.43 0.061



170 Evaluating Drivers of Hydrology, Water Quality, and Benthic Macroinvertebrates in Streams of Fairfax County, Va., 2007-18

Table 1.10. Summary of correlations between average-annual specific conductance and average-annual predictor variables in 20
study watersheds in Fairfax County, Virginia, representing conditions from 2009 through to 2018.—Continued

[Predictors are described in tables 2 and 3. r, correlation coefficient; <, less than]

Predictor name Pearson’s r p-value

Land use and land cover—Continued

DEV MED 0.73 1<0.001
DEV HIGH 0.47 10.038
DEV ALL 0.60 10.005
FOR —0.62 10.004
Roadways?
LOC ROAD 0.38 0.097
MAJ ROAD 0.57 10.008
INT ROAD 0.58 10.008
RMP ROAD 0.58 10.007
TOT ROAD 0.64 10.002
Housing units
SFR HU —0.03 0.914
MFR HU 0.63 10.003
TOT HU 0.59 10.006
Wastewater infrastructure
SEPTIC DEN -0.42 0.067
SAN SEWER LEN 0.38 0.098
SAN SEWER REHAB —0.16 0.501
Stormwater infrastructure
N DRY POND 0.62 10.004
SA DRY POND 0.35 0.134
N WET POND 0.52 10.019
SA WET POND 0.52 10.018
N OTHER STORM 0.23 0.321
PIPE LEN 0.56 10.011

Ip-values <0.05, shown in red.

2Roadway predictors represent the average of values in 2015 and 2017 only.
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Table 1.11. Summary of correlations between the 2009 through 2018 percentage change in median-annual specific conductance and

average predictor variables from 2009 through 2018 in 14 study watersheds in Fairfax County, Virginia.

[Predictors are described in tables 2 and 3. r, correlation coefficient]

Predictor name Pearson’s r p-value
Water quality
Q —0.29 0.312
WTR TEMP -0.31 0.280
PH -0.39 0.172
DO 0.33 0.246
TB -0.17 0.558
Physical setting
AREA —0.14 0.628
ELEV 0.04 0.896
SLOPE 0.28 0.329
PIEDMONT 0.52 0.055
TRIASSIC -0.62 10.017
COASTAL P 0.03 0.923
AWC 0.43 0.125
OM -0.32 0.271
KSAT 0.31 0.289
KV 0.43 0.123
FC -0.34 0.236
POR -0.19 0.513
KFACT 0.16 0.590
SAND 0.65 10.011
SILT -0.41 0.145
CLAY —0.28 0.339
HYDRIC 0.01 0.966
WT DEPTH 0.32 0.260
SOIL DEPTH 0.62 10.018
CEC -0.62 10.018
P GEOL -0.32 0.271
PSOIL A 0.05 0.879
P SOIL C —-0.08 0.782
PERSTREAM -0.19 0.520
TOTSTREAM —0.12 0.683
BANK HEIGHT 0.75 10.002
CHANNEL WIDTH -0.21 0.464
Land use and land cover

IMP 0.33 0.253
TURF -0.56 10.036
DEV 0S —-0.40 0.155
DEV LOW —-0.22 0.446
DEV MED 0.32 0.267
DEV HIGH 0.60 10.025
DEV ALL -0.07 0.803
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Table 1.11. Summary of correlations between the 2009 through 2018 percentage change in median-annual specific conductance and

average predictor variables from 2009 through 2018 in 14 study watersheds in Fairfax County, Virginia.—Continued

[Predictors are described in tables 2 and 3. r, correlation coefficient]

Predictor name Pearson’s r p-value
Land use and land cover—Continued
FOR 0.05 0.865
Roadways?
LOC ROAD —0.10 0.731
MAJ ROAD 0.39 0.172
INT ROAD 0.68 10.008
RMP ROAD 0.53 0.054
TOT ROAD 0.22 0.452
Housing units
SFR HU —0.26 0.376
MFR HU 0.08 0.800
TOT HU —-0.04 0.885
Wastewater infrastructure
SEPTIC DEN 0.02 0.942
SAN SEWER LEN 0.03 0.924
SAN SEWER REHAB 0.14 0.647
Stormwater infrastructure

N DRY POND -0.21 0.476
SA DRY POND —0.08 0.781
N WET POND -0.49 0.073
SA WET POND -0.38 0.187
N OTHER STORM 0.26 0.365
PIPE LEN 0.18 0.550

Ip-values <0.05, shown in red.

2Roadway predictors represent the average of values in 2015 and 2017 only.
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Table 1.12. Summary of correlations between median-annual specific conductance and annual predictor variables from 2009 through

2018 in 14 study watersheds in Fairfax County, Virginia.

[Predictors are described in table 3. r, correlation coefficient]

Predictor Number of missing Minimum Maximum Median
name correlations’ Pearson’s r Pearson’'s r Pearson’s r
Water quality
Q 0 -0.90 0.75 0.00
WTR TEMP 0 —0.43 0.39 0.06
PH 0 -0.27 0.58 —-0.03
DO 0 —-0.61 0.26 —-0.23
TB 0 —-0.40 0.56 0.01
Climate
PRCP 0 0.02 0.48 0.23
R10D 0 0.02 0.53 0.25
R20D 0 -0.18 0.47 0.26
R95P 0 —-0.06 0.49 0.23
R99P 0 -0.25 0.19 0.01
RX1D 0 -0.31 0.15 —-0.07
RX5D 0 -0.36 0.26 —-0.03
SDII 0 —-0.10 0.42 0.16
AIR TEMP 0 —-0.03 0.25 0.11
TNn 0 —-0.63 -0.27 2-0.44
TXx 0 -0.59 —-0.05 —0.24
FD 0 -0.18 0.17 0.07
SU 0 0.20 0.45 20.35
Land use and land cover
IMP 0 0.12 0.90 20.61
TURF 0 0.16 0.68 20.53
DEV OS 1 -0.92 0.93 2-0.50
DEV LOW 1 0.00 0.94 20.73
DEV MED 1 0.00 0.94 20.73
DEV HIGH 3 0.00 0.94 20.54
DEV ALL 5 0.00 0.94 20.30
FOR 2 —0.92 0.00 2-0.54
Housing units
SFR HU 0 -0.58 0.93 20.45
MFR HU 0.00 0.59 0.00
TOT HU —-0.58 0.93 20.45
Wastewater infrastructure

SEPTIC DEN 0.00 0.95 20.61
SAN SEWER LEN 0.00 0.75 20.40
SAN SEWER REHAB 0.00 0.80 20.37
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Table 1.12. Summary of correlations between median-annual specific conductance and annual predictor variables from 2009 through
2018 in 14 study watersheds in Fairfax County, Virginia.—Continued

[Predictors are described in table 3. r, correlation coefficient]

Predictor Number of missing Minimum Maximum Median
name correlations! Pearson’s r Pearson’'s r Pearson’s r

Stormwater infrastructure

N DRY POND 8 0.00 0.64 0.00
SA DRY POND 8 0.00 0.62 0.00
N WET POND 12 0.00 0.37 0.00
SA WET POND 12 0.00 0.37 0.00
N OTHER STORM 9 0.00 0.52 0.00
PIPE LEN 4 0.00 0.81 20.35

IThe number of watersheds where the 10-year annual predictor and response correlation has no value, which may result when predictors are unchanged or
have no value between 2009 and 2018. A value of zero was used in such instances.

2Median correlation >0.3, shown in red.
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Table 1.13.  Summary of results for index of biotic integrity linear mixed-effect models, incorporating individual predictors as slope and

intercept terms for 14 study watersheds in Fairfax County, Virginia, from 2008 through 2017.

[Predictors are described in tables 2 and 3. AIC, Akaike information criterion]

Predictor name AlC AIC reduction
Physical setting
AREA 1,047.2 18.9
ELEV 1,057.7 -1.6
PIEDMONT 1,055.5 0.6
TRIASSIC 1,055.6 0.5
COASTALP 1,058.7 —2.6
AWS25 1,050.6 5.5
OM 1,060.0 -3.9
KV 1,046.2 19.9
FC 1,051.6 4.5
POR 1,052.4 3.7
KFACT 1,057.8 -1.7
SAND 1,057.4 -1.3
SILT 1,058.6 -2.5
CLAY 1,056.6 -0.5
HYDRIC 1,058.4 2.3
WT DEPTH 1,057.2 -1.1
ROCK DEPTH 1,055.6 0.5
CEC 1,055.9 0.2
P GEOL 1,059.9 -3.9
P SOIL A 1,055.2 0.9
P SOIL C 1,056.8 -0.7
PERSTREAM 1,059.1 -3.0
TOTSTREAM 1,057.7 -1.6
Roadways
LOC ROAD 1,046.9 19.2
MAJ ROAD 1,054.5 1.6
INT ROAD 1,059.3 =32
RMP ROAD 1,059.6 -3.5
TOT ROAD 1,046.5 19.6
Land use and land cover
IMP 1,052.1 4.0
TURF 1,057.8 -1.7
DEV OS 1,058.0 -1.9
DEV LOW 1,046.7 19.4
DEV MED 1,056.4 -0.3
DEV HIGH 1,059.6 -3.5
DEV ALL 1,052.4 3.7
FOR 1,052.7 3.4
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Table 1.13. Summary of results for index of biotic integrity linear mixed-effect models, incorporating individual predictors as slope and
intercept terms for 14 study watersheds in Fairfax County, Virginia, from 2008 through 2017.—Continued

[Predictors are described in tables 2 and 3. AIC, Akaike information criterion]

Predictor name AIC AIC reduction

Housing units

SFR HU 1,051.2 4.9
MFR HU 1,054.3 1.8
TOT HU 1,049.7 6.4
Wastewater infrastructure
SEPTIC DEN 1,057.4 -1.3
SAN SEWER LEN 1,051.4 4.7
SAN SEWER REHAB 1,055.4 0.7
Stormwater infrastructure
N DRY POND 1,053.9 2.2
SA DRY POND 1,054.5 1.6
N WET POND 1,050.4 5.7
SA WET POND 1,048.6 7.5
N OTHER STORM 1,057.0 -0.9
PIPE LEN 1,052.4 3.7

'Values in red indicate a reduction in AIC of at least 8 relative to a linear-growth model with no co-variates (AIC=1056.1; table 38).
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Predictor name AlC AIC Reduction
Climate
PRCP 1,051.6 4.5
R10D 1,056.7 -0.6
R20D 1,057.2 -1.1
R95P 1,047.1 19.0
R99P 1,052.7 3.4
RXI1D 1,049.0 7.1
RX5D 1,044.9 1.2
SDIT 1,053.4 2.7
AIR TEMP 1,056.3 -0.2
TNn 1,058.0 -1.9
TXx 1,057.8 -1.8
FD 1,057.0 -0.9
SU 1,058.1 -2.0
Land use and land cover
IMP 1,049.9 6.2
TURF 1,057.4 -1.3
DEV OS 1,058.0 -1.9
DEV LOW 1,057.9 -1.8
DEV MED 1,056.0 0.1
DEV HIGH 1,057.6 -1.5
DEV ALL 1,056.5 -0.4
FOR 1,057.8 -1.8
Roadways
LOC ROAD 1,056.4 -0.3
MAJ ROAD 1,055.8 0.3
INT ROAD NA. NA.
RMP ROAD 1,056.0 0.1
TOT ROAD 1,055.9 0.2
Housing units
SFR HU 1,056.1 0.0
MFR HU 1,056.9 -0.8
TOT HU 1,056.6 0.5
Wastewater infrastructure
SEPTIC DEN 1,058.1 -2.0
SAN SEWER LEN 1,058.0 -1.9
SAN SEWER REHAB NA. NA.
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Table 1.14. Summary of results for index of biotic integrity linear mixed-effect models, incorporating individual predictors as slope,
intercept, and time-varying terms for 14 study watersheds in Fairfax County, Virginia, from 2008 through 2017.—Continued

[Predictors are described in table 3. AIC, Akaike information criterion; NA., model failed to converge]

Predictor name AlC AIC Reduction
Predictor group
N DRY POND 1,058.0 -1.9
SA DRY POND 1,056.2 0.1
N WET POND 1,052.9 3.2
SA WET POND 1,052.2 3.9
N OTHER STORM 1,055.7 0.4
PIPE LEN 1,057.3 -1.2

'Values in red indicate a reduction in AIC of at least 8 relative to a linear-growth model with no co-variates (AIC=1056.1; table 38).
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Appendix 2. Supporting Linear Mixed-Effect Model
Development and Evaluation
The following tables and figures provide supporting

information about the development, selection, and interpreta-
tion of linear mixed-effect models discussed in this report.
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Supporting Materials for Total Nitrogen Models

Table 2.1. Summary of the top 30 linear mixed-effect model forms ranked by Akaike information criterion to describe the
spatiotemporal variability in median-annual total nitrogen concentrations from 2009 through 2018 in 14 study watersheds in
Fairfax County, Virginia.

[Predictors are described in tables 3 and 6. Param, number of model parameters; AIC, Akaike information criterion; dAIC, difference in Akaike information
criterion from model number 1; b5, the effect of a predictor on within-watershed variability; b,, the effect of a predictor on between-watershed intercept differ-
ences; b,, the effect of a predictor on between-watershed slope differences; +, a positive model coefficient; —, a negative model coefficient; X, an excluded model
coefficient]

N WET SEPTIC
Model  Param '  DEPO D e e DEN AC dAIC
b, b, b, b, b, b, b, b, b, b, b, b,
1 12 + X X X X + - X + X =50.74 0.00
2 11 i X X X X X = X F A X —50.00 0.74
3 11 + + X X X X + - X + X X —49.60 1.14
4 10 F I X X X X X X X A X —49.55 1.19
5 13 + + X X X X + = X + o+ - —49.20 1.55
6 13 3 4 3 X X X += = X S X —49.17 1.58
7 13 + + X - X X + - X + 4+ X —49.08 1.66
8 10 4 X X X X X = X + X X —48.91 1.83
9 9 + X X X X X X X X +  + X —48.89 1.85
10 13 F + X X X X + - + + + X —48.84 1.90
11 13 + + X X X + + = X +  + X —48.81 1.93
12 12 3 X X X X X += = X S = —48.53 2.21
13 11 + + X X X X - X X +  + X —48.47 2.27
14 12 e X 4 X X X o= X F o F X —48.37 2.37
15 12 + X X - X X + - X + o+ X —48.35 2.39
16 11 F I X X X X X X X W+ = —48.23 2.51
17 12 + X X X X X + = - + o+ X —48.23 2.52
18 12 +* X X X X 3 += = X S X —48.02 2.72
19 12 + + + X X X + - X + X X —48.02 2.73
20 11 e I 4 X X X X X X = X —47.96 2.78
21 12 + + X X X X + - + + X X —47.93 2.81
22 14 + + X - + X + - X + + X —47.92 2.82
23 12 + + X - X X + - X + X X —47.88 2.86
24 11 < 3 X = X X X X X S X —47.84 2.91
25 10 + X X X X X - X X + o+ X —47.79 2.95
26 12 i e X X X X = X + X 3 —47.79 2.95
27 12 + + X X X + + - X + X X —47.70 3.04
28 14 + + X = X X + - X + + = —47.69 3.05
29 10 + X X X X X X X X + o+ - —47.67 3.08
30 14 +* 4+ 3 X X X += = X S = —47.65 3.09
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nitrogen linear mixed-effect model combinations.
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watersheds in Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined in

table 1
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Table 2.2. Summary of the top 30 linear mixed-effect model forms ranked by Akaike information criterion to describe the
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spatiotemporal variability in median-annual total phosphorus concentrations from 2009 through 2018 in 14 study watersheds in
Fairfax County, Virginia.
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[Predictors are described in tables 2, 3, and 6. Param, number of model parameters; AIC, Akaike information criterion; dAIC, difference in Akaike information
criterion from model number 1; b5, the effect of a predictor on within-watershed variability; b,, the effect of a predictor on between-watershed intercept differ-
ences; b,, the effect of a predictor on between-watershed slope differences; —, a negative model coefficient; +, a positive model coefficient; X, an excluded model

coefficient]
AIR SOIL
Model Param TEMP PRCP DO IMP TURF DEPTH P GEOL AlC dAIC
b, b, b, b, by b b, by b, b, by b, b, b b
1 12 X - - X + X X X + X X -+ X X 292.97 0.00
2 13 X - - X + X X X + X - = 4 X X 293.35 0.38
3 11 X - - X + X X X + X X - X X X 293.49 0.52
4 13 X - - X + X X X + X X = 4 + X 293.80 0.83
5 12 X - - X + X X X + X - - X X X 293.86 0.89
6 14 X - - X + X X X + X - =+ + X 294.23 1.26
7 12 X - - X + X X X + X X - X + X 294.33 1.36
8 13 X = - X + X X X + + X = X X 294.50 1.53
9 12 X - - X + X X X X X X -+ + X 294.54 1.57
10 13 X - - X + X X X = X = = X + X 294.74 1.77
11 13 X - - X + X X - + X X -+ X X 294.78 1.81
12 11 X - - X + X X X X X X = 4 X X 294.79 1.82
13 13 X - - X + + X X + X X -+ X X 294.79 1.82
14 14 X = - X + X X - + X - = 4 X X 294.86 1.89
15 14 X - - X + X X X + + - -+ X X 29491 1.94
16 13 X = = = X X X + X X = X X 294.94 1.97
17 13 - - - X + X X X + X X -+ X X 294.96 1.99
18 13 X - - X + X X X X X - = 4+ + X 295.01 2.04
19 14 - - - X + X X X + X - -+ X X 295.04 2.07
20 11 X - - X + X X X X X X - X + X 295.07 2.10
21 12 X - -+ + X X X + X X - X X X 295.09 2.12
22 14 X - - X + + X X + X - = 4 X X 295.16 2.20
23 12 X - - X + X X X X X - e X X 295.18 2.21
24 12 X - - X + X X - + X X - X X X 295.27 2.30
25 13 X - - X + X X X + X X - X + - 295.29 2.32
26 12 X - - X + X X X + - X - X X X 295.30 2.33
27 13 X - - X + X X - + X - - X X X 295.30 2.33
28 12 X - - X + + X X + X X - X X X 295.31 2.34
29 10 X - - X + X X X X X X - X X X 295.31 2.34
30 14 X - - X + X X X + + X = + X 295.33 2.36
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Model selected for interpretation

Figure 2.3. Graph showing the relation of Akaike information criterion to number of model parameters for all possible total
phosphorus linear mixed-effect model combinations.
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Figure 2.4. Graphs showing observed and predicted median-annual total phosphorus concentrations in 14 study
watersheds in Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined in table 1.
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Table 2.3. Results of a total phosphorus linear mixed-effect
model where Flatlick Branch above Frog Branch at Chantilly,
Virginia (FLAT), is excluded, including 95-percent confidence
intervals and fixed-effect estimates, random-effect variances,
and the model’s Akaike information criterion.

[Linear mixed-effect models are described in equations 4—6. Predictors are
described in tables 2 and 3. bs, the effect of a predictor on within-watershed
variability; b, the effect of a predictor on between-watershed intercept dif-
ferences; b,, the effect of a predictor on between-watershed slope differences;
R2, coefficient of determination; AIC, Akaike information criterion]

Fixed effects

Table 2.4. Results of a total phosphorus linear mixed-effect
model with credited management-practice total phosphorus
reductions when Flatlick Branch above Frog Branch at Chantilly,
Virginia (FLAT), is excluded, including fixed-effect estimates and
95-percent confidence intervals, random-effect variances, and
the model’s Akaike information criterion.

[Linear mixed-effect models are described in equations 4—6. Predictors are
described in tables 2, 3, and 5. b,, the effect of a predictor on within-water-
shed variability; b,, the effect of a predictor on between-watershed intercept
differences; b,, the effect of a predictor on between-watershed slope differ-
ences; R2, coefficient of determination; AIC, Akaike information criterion]

Fixed effects

Predictor Standardized estimate
(variance explained) (95-percent confidence interval)
Intercept 10.00 (0.00-0.00)

Year (b,) 0.21 (0.04-0.38)
PRCP (b;) ~0.30 (—0.45—0.15)

SOIL DEPTH (b,)

~0.87 (~1.06—0.67)

Predictor Standardized estimate
(variance explained) (95-percent confidence interval)
Intercept 10.00 (0.00-0.00)

Year (bs) 0.20 (0.02-0.39)
PRCP (b;) ~0.30 (—0.45—0.15)

SOIL DEPTH (b,) ~0.86 (—1.06—0.66)

SOIL DEPTH (b,) 0.66 (0.35-0.97)
TUREF (b,) 0.20 (0.02-0.39)
DO (b,) ~0.26 (~0.45—0.07)
TP TOT BMP (b;) 0.02 (—0.15-0.19)
Random-effect variance components
Type Estimate
Residual 0.259
Group level 0.113
Rate of change 0.001

SOIL DEPTH (b,) 0.67 (0.35-0.97)
TUREF (b,) 0.20 (0.01-0.38)
DO (b)) —0.26 (—0.45——0.07)
Random-effect variance components

Type Estimate
Residual 0.259
Group level 0.111
Rate of change 0.001

Model performance
Statistic Value

Marginal R? 0.89
AIC 245.21

Model performance

IThe non-standardized intercept estimate is 2.22.

Statistic Value
Marginal R2 0.89
AIC 247.16

IThe non-standardized intercept estimate is 2.23.



Supporting Materials for Suspended-Sediment Models

Table 2.5.

spatiotemporal variability in median-annual suspended-sediment concentrations from 2009 through 2018 in 14 study watersheds.

Appendix 2. Supporting Linear Mixed-Effect Model Development and Evaluation

Summary of the top 30 linear mixed-effect model forms, ranked by Akaike information criterion, to describe the
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[Predictors are described in tables 2 and 3. Param, number of model parameters; AIC, Akaike information criterion; dAIC, difference in Akaike information
criterion from model number 1; b, the effect of a predictor on within-watershed variability; b,, the effect of a predictor on between-watershed intercept differ-
ences; b,, the effect of a predictor on between-watershed slope differences; +, a positive model coefficient; —, a negative model coefficient; X, an excluded model

coefficient]
SA WET BANK TOT
Model Param e TURF POND et SOPE stREAM i aaic
b, b, b, b b, b, b b, b, b b, b b, b b,
1 9 X X + — X X X X X X X X X X X 591.76 0.00
2 12 X X + — + X X X X X X X X — + 592.09 0.33
3 10 X X + - + X X X X X X X X X X 592.12 0.35
4 10 X X + — X X X X X = X X X X X 592.24 0.48
5 11 X X + - + X X X X - X X X X X 592.58 0.81
6 10 X X + = X X X X X X X X X + X 592.74 0.98
7 11 X X + - + X X X X X X X X + X 592.97 1.21
8 10 X X + — X X X X + X X X X X X 593.05 1.29
9 13 X X + - + X X X X X X — X + + 593.46 1.70
10 11 X X + — + X X X + X X X X X X 593.55 1.79
11 11 X X + — X X X X + - X X X X X 593.68 1.92
12 10 + X + — X X X X X X X X X X X 593.69 1.93
13 9 X X + X X X X X X X X X X + X 593.69 1.93
14 13 X X + — + X X X + X X X X = + 593.74 1.98
15 10 X X + — X X X X X X X + X X X 593.74 1.98
16 10 X X 4F = X = X X X X X X X X X 593.76 1.99
17 10 X X + — X X + X X X X X X X X 593.76 2.00
18 13 X X + — + X X X X = X X X — + 593.85 2.09
19 11 X X + — X X X X X — X X X + X 594.02 2.26
20 11 + X + — 4 X X X X X X X X X X 594.03 2.27
21 11 X X + — X X - X X — X X X X X 594.06 2.30
22 13 X X + — + X + X X X X X X — + 594.06 2.30
23 11 X X + — X X X X + X X X X + X 594.08 2.32
24 13 X X + — + - X X X X X X X — + 594.08 2.32
25 11 X X + - + X X X X X X + X X X 594.09 2.33
26 13 = X + — + X X X X X X X X — + 594.09 2.33
27 11 X X + — + - X X X X X X X X X 594.11 2.34
28 11 X X + — + X + X X X X X X X X 594.12 2.35
29 11 X X + - X X X X X X X — X + X 594.13 2.37
30 14 X X + — + X X X X - + X X — + 594.14 2.37
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Figure 2.6. Graphs showing observed and predicted median-annual suspended-sediment concentrations in 14 study
watersheds in Fairfax County, Virginia, from 2009 through 2018. Study watershed station names are defined in table 1.
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Table 2.6. Results of a suspended-sediment linear mixed-effect
model where Flatlick Branch above Frog Branch at Chantilly,
Virginia (FLAT), is excluded, including fixed-effect estimates and
95-percent confidence intervals, random-effect variances, and
the model’s Akaike information criterion.

[Linear mixed-effect models are described in equations 4—6. Predictors are
described in tables 2 and 3. bs, the effect of a predictor on within-watershed
variability; b, the effect of a predictor on between-watershed intercept dif-
ferences; R2, coefficient of determination; AIC, Akaike information criterion]

Fixed effects

Standardized estimate
(95-percent confidence interval)

Predictor
(variance explained)

Intercept 10.00 (0.00-0.00)
Year (b,) —0.12 (—=0.29-0.04)
TOT STREAM (b)) 0.75 (0.23-1.26)
TNn (bs) ~0.36 (—0.53—0.19)
Random-effect variance components

Type Estimate
Residual 3.126
Group level 0.581
Rate of change 0.001

Model performance
Statistic Value

Marginal R2 0.22
AIC 544.10

IThe non-standardized intercept estimate is 4.16.

Table 2.7. Results of a suspended-sediment linear mixed-effect
model with credited management-practice total suspended
solids reductions where Flatlick Branch above Frog Branch

at Chantilly, Virginia (FLAT), is excluded, including fixed-effect
estimates and 95-percent confidence intervals, random-effect
variances, and the model’s Akaike information criterion.

[Linear mixed-effect models are described in equations 4—6. Predictors are
described in tables 2, 3, and 5. b,, the effect of a predictor on within-water-
shed variability; b,, the effect of a predictor on between-watershed intercept
differences; R2, coefficient of determination; AIC, Akaike information
criterion]

Fixed effects

Standardized estimate
(95-percent confidence interval)

Predictor
(variance explained)

Intercept 10.00 (0.00-0.00)
Year (b,) —0.12 (-0.31-0.06)
TOT STREAM (b,) 0.75 (0.23-1.26)
TNn (bs) ~0.36 (~0.53—0.19)
TSS TOT BMP (bs) 0.00 (—0.18-0.17)
Random-effect variance components
Type Estimate
Residual 3.126
Group level 0.582
Rate of change 0.001
Model performance

Statistic Value
Marginal R2 0.22
AIC 546.10

IThe non-standardized intercept estimate is 4.15.



Appendix 2. Supporting Linear Mixed-Effect Model Development and Evaluation

Supporting Materials for Specific Conductance Models

Table 2.8. Summary of the top 30 linear mixed-effect model forms, ranked by Akaike information criterion, to describe
the spatiotemporal variability in median-annual specific conductance from 2009 through 2018 in 14 study watersheds in

Fairfax County, Virginia.

[Predictors are described in tables 2 and 3. Param, number of model parameters; AIC, Akaike information criterion; dAIC, difference in Akaike information

191

criterion from model number 1; b, the effect of a predictor on within-watershed variability; b,, the effect of a predictor on between-watershed intercept differ-
ences; b,, the effect of a predictor on between-watershed slope differences; +, a positive model coefficient; —, a negative model coefficient; X, an excluded model

coefficient]
SOIL
Model Param 0 DEVII P INTRD DEPTH AlC dAIC
b, h, b b, b, b b, b b, b, b
1 11 X X X + X + X X + + X 1,436.6 0.0
2 11 X X X 3 X o+ X X 3 X < 1,436.7 0.1
3 10 X X X + X X X X + + X 1,436.8 0.2
4 10 X X X A A X X X 4 X X 1,437.2 0.6
5 12 X X X + X + X X + + + 1,437.3 0.7
6 10 X X X + X o+ X X X X + 1,437.7 1.1
7 12 X X X + + + X X + X + 1,438.0 1.4
8 11 X X X X X + + X + + X 1,438.0 1.4
9 12 X X + + X + X X + X + 1,438.1 1.5
10 9 X X X 4 H X X X X X X 1,438.2 1.6
11 11 X X X X X o+ + X + X + 1,438.2 1.6
12 12 X X + + X o+ X X + + X 1,438.2 1.6
13 10 X X X X X X + X + + X 1,438.2 1.6
14 12 X X X 3 X o+ + X + + X 1,438.3 1.7
15 11 X X X + + X X X + + X 1,438.3 1.7
16 11 X X a4 A X X X X 4 4 X 1,438.3 1.7
17 12 X X X + X o+ + X + X + 1,438.4 1.8
18 12 X X X + - + X X + + X 1,438.5 1.9
19 11 X X X + X X + X + + X 1,438.5 1.9
20 12 = X X 3 X o+ X X + + X 1,438.6 2.0
21 11 X X X + + + X X + X X 1,438.6 2.0
22 11 X X a4 4 A X X X 4 X X 1,438.7 2.1
23 11 X X X + X X X X + + - 1,438.7 2.1
24 12 = X X + X o+ X X + X + 1,438.7 2.1
25 12 X X X X X + + X + + + 1,438.7 2.1
26 11 X X X + + X X X + X < 1,438.7 2.1
27 11 - X X + X X X X + + X 1,438.8 2.2
28 10 X X X A X e X X 4 X X 1,438.8 2.2
29 13 X X + + X + X X + + + 1,438.9 2.3
30 11 X X X + + X + X + X X 1,438.9 2.3




192 Evaluating Drivers of Hydrology, Water Quality, and Benthic Macroinvertebrates in Streams of Fairfax County, Va., 2007-18

Table 2.9. Results of a specific conductance linear mixed-effect
model without the fixed effect of year, including fixed-effect
estimates and 95-percent confidence intervals, random-effect
variances, and the model’s Akaike information criterion.

[Linear mixed-effect models are described in equations 4-6. Predictors are
described in tables 2 and 3. bs, the effect of a predictor on within-watershed
variability; b;, the effect of a predictor on between-watershed intercept dif-
ferences; R2, coefficient of determination; AIC, Akaike information criterion]

Fixed effects

Predictor Standardized estimate
(variance explained) (95-percent confidence interval)
Intercept 10.00 (0.00-0.00)
TNn (b;) ~0.32 (~0.46—0.18)
DEVMI (bs) 0.36 (0.22-0.51)
DEVMI (b)) 0.79 (0.57-1.00)
SOIL DEPTH (b)) —0.39 (-0.60—0.17)

Random-effect variance components
Type Estimate
Residual 1,357.1
Group level 1,025.7
Model performance

Statistic Value
Marginal R? 0.74
Conditional R? 0.85
AlIC 1,451.2

IThe non-standardized intercept estimate is 294.
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Figure 2.7. Graph showing the relation of Akaike information criterion to number of model parameters for all possible specific
conductance linear mixed-effect model combinations.
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Supporting Materials for Index of Biotic Integrity Models

Table 2.10. Summary of the top 30 linear mixed-effect model forms, ranked by Akaike information criterion, to describe the

Appendix 2. Supporting Linear Mixed-Effect Model Development and Evaluation

spatiotemporal variability in median-annual index of biotic integrity scores from 2008 through 2017 in 14 study watersheds.

[Predictors are described in tables 2 and 3. Param, number of model parameters; AIC, Akaike information criterion; dAIC, difference in Akaike information
criterion from model number 1; b,, the effect of a predictor on between-watershed intercept differences; b,, the effect of a predictor on between-watershed slope
differences; b,, the effect of a predictor on within-watershed variability; +, a positive model coefficient; —, a negative model coefficient; X, an excluded model

195

coefficient]
AREA KV DEV LI TOTRD LOCRD RX5D R95P
Model Param AlC dAIC
by b, b, by b, b, b
1 2+ o+ + - X X - X X X - X 1,020.4 0.0
2 14 + < + = 4 X = X = X = X 1,021.5 1.1
3 13 + + + - + X - X X X - X 1,021.8 1.4
4 ISR + + - X X — X - X - X 1,022.2 1.8
5 13+ + + - X X - + X X - X 1,022.2 1.8
6 13+ + A = X X = X X X = = 1,022.4 2.0
7 12+ + + - X X X X - X - X 1,022.8 2.4
8 12+ + A = X X = X X X X = 1,022.8 2.4
9 15 + + + - + X - X - + - X 1,023.1 2.7
10 12 - 4+ X X - + - X X X = X 1,023.3 2.9
11 16 + + + - + - - X - + - X 1,023.3 2.9
12 15 + A A = A X = 4 = X = X 1,023.3 2.9
13 15  + + + - + X - X - X - - 1,023.5 3.1
14 15 + < + - 4 = = X = X = X 1,023.5 3.1
15 14 + + + - + X - + X X - X 1,023.6 32
16 14 + + + X + + = X = X = X 1,023.7 3.3
17 4 + + + - X X - X - + - X 1,023.8 3.4
18 14 + + + — A X = X X X = = 1,023.8 3.4
19 14 + + + - + - - X X X - X 1,023.8 3.4
20 14 + < + = < X = X = X X = 1,023.9 3.5
21 4 + + + - X X - + - X - X 1,024.0 3.6
22 13 I e A X I I = X X X - X 1,024.0 3.6
23 4 + + + - X X - X - X - - 1,024.1 3.7
24 14 + A A = X X = + X X = = 1,024.2 3.8
25 13+ + + - + X - X X X X - 1,024.2 3.8
26 13+ < + = A X X X = X = X 1,024.4 3.9
27 13+ + + - X X X X - + - X 1,024.4 4.0
28 13 4 I F = X X = X = X X - 1,024.5 4.1
29 13+ + + - X X - + X X X - 1,024.6 4.2
30 13+ + A = X X X X = X = = 1,024.7 43
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Figure 2.9. Graph showing the relation of Akaike information criterion to number of model parameters for all possible index of
biotic integrity score linear mixed-effect model combinations.
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Figure 2.10. Graphs showing observed and predicted index of biotic integrity scores in 14 study watersheds in
Fairfax County, Virginia, from 2008 through 2017. Study watershed station names are defined in table 1.
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Figure 2.10.—Continued
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