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Spatial and Temporal Patterns in Streamflow, Water 
Chemistry, and Aquatic Macroinvertebrates of Selected 
Streams in Fairfax County, Virginia, 2007–18

By Aaron J. Porter,1 James S. Webber,1 Jonathan W. Witt,2 and John D. Jastram1

Abstract
Urbanization substantially alters the landscape in ways 

that can impact stream hydrology, water chemistry, and the 
health of aquatic communities. Stormwater best management 
practices (BMPs) are the primary tools used to mitigate the 
effects of urban stressors such as increased runoff, decreased 
baseflow, and increased nutrient and sediment transport. To 
date, Fairfax County Virginia’s stormwater management 
program has made substantial investments into the imple-
mentation of both structural and nonstructural BMPs aimed 
at restoring and protecting watersheds. The U.S. Geological 
Survey (USGS), in cooperation with Fairfax County, Virginia, 
established a long-term water-resources monitoring program 
to evaluate the watershed-scale effects of these investments. 
Monitoring began at 14 stations in 2007 and was expanded 
to 20 stations in 2013. This report utilized the first 10 years 
of data collection to (1) assess water quantity and quality, as 
well as ecological condition; (2) compute annual nutrient and 
sediment loads; and (3) evaluate trends in streamflow, water 
quality, and ecological condition. Efforts are underway to link 
the biotic and abiotic patterns described herein to watershed 
management practices as well as factors such as land use 
change, public works infrastructure, and climate.

Hydrologic, chemical, and benthic macroinverte-
brate community conditions in the streams monitored were 
similar to those observed in other studies of urban streams. 
Multidecadal trends in baseflow indices and runoff ratios at 
long-term Chesapeake Bay Non-tidal Network streamgages 
(CB-NTN) indicate a decrease in groundwater recharge and 
increase in storm runoff as a result of urbanization. Streamflow 
yields varied spatially with land cover, geology, and soil 
characteristics, whereas flashiness was positively related to 
impervious area. Dissolved oxygen typically was lowest in 
the Coastal Plain and across all Triassic Lowlands streams, 
and highest in the Piedmont. Dissolved oxygen concentra-
tions generally were above Virginia’s minimum criterion of 
4.0 milligrams per liter (mg/L), most violations occurred at 
Paul Spring Branch in the Coastal Plain during the warmest 
months of the year owing to increased chemical and biologi-
cal oxygen demand. Typical pH values of the monitored 

streams centered on neutrality (pH = 7); however, diurnal 
fluctuations were most prevalent in the continuous pH data 
at Flatlick Branch (FLAT; a Triassic Lowlands station), as a 
result of increased photosynthesis catalyzed by phosphorus-
rich geology. Specific conductance (SC) varied spatially owing 
to geology (highest at Triassic Lowlands stations) and anthro-
pogenic disturbance (watersheds with high impervious land 
cover). Specific conductance typically was inversely related 
to streamflow except in winter months following deicing road 
salt applications, when values increased by several orders of 
magnitude. A significant increase in SC of about 2 percent 
per year was observed from the combined trend result of all 
monitoring stations over the 10-year period. Significant SC 
increases occurred at nearly all monitoring stations. Increasing 
trends were observed during winter and nonwinter months, 
which suggests that salts applied to deice roadways and other 
impervious surfaces are stored in the environment and released 
year-round.

Suspended-sediment (SS) concentrations in monthly 
samples did not vary significantly between most stations, but 
typically were highest in the spring and lowest in the fall as 
a result of seasonal differences in streamflow and climate. 
Suspended-sediment yields ranged from 62 to 1,428 tons 
per square mile (ton/mi2), with a median of 302 ton/mi2. 
Annual loads were greatest during the wettest water years 
(October 1-September 30; 2008, 2011, and 2014), with the 
greatest interannual variability occurring at Difficult Run 
above Fox Lake (DIFF) and South Fork Little Difficult Run 
(SFLIL). Suspended sediment was primarily composed of silts 
and clays; however, the proportion of sand in suspended sedi-
ment was related positively to streamflow. Cross-correlation 
analyses suggested the dominant sources of SS were stream-
bank erosion and resuspension of in-channel material at DIFF 
and FLAT; whereas, upland sources and erosion of upper 
streambanks were more common at Dead Run (DEAD), Long 
Branch (LONG), and SFLIL.

Median total phosphorus (TP) concentrations ranged 
from 0.016 to 0.077 mg/L, with a networkwide median 
of 0.022 mg/L, were highest in the warm season (April-
September), and were composed primarily of dissolved 
phosphorous. Although TP concentrations were relatively 
low across the network, the highest concentrations were 

1U.S. Geological Survey.
2Fairfax County Department of Public Works and Environmental Services.
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consistently at stations located in the Triassic Lowlands, 
owing to phosphorous-rich geology, and in the Coastal Plain, 
owing to the low-phosphorous sorptive capacity of those 
soils. A significant increase in TP concentration occurred in a 
few stations, but the combined trend results from all stations 
demonstrated a significant increase of about 4 percent per year. 
Networkwide increases were also observed in total dissolved 
phosphorus, orthophosphate, and total particulate phosphorus. 
The composition of TP shifted from dissolved to particulate 
as streamflow increased and for this reason loads primarily 
were composed of particulate phosphorous. Median annual 
TP loads were highest at FLAT and DEAD and ranged from 
247 to 642 pounds per square mile (lbs/mi2) networkwide. 
Interannual variability in phosphorous yields was apparent at 
most stations; the highest loading years were also the wettest 
years during the study period and coincident with the highest 
peak annual flows.

Total nitrogen (TN) concentrations typically were low 
throughout the network with exceptions occurring at stations 
located in watersheds with a high density of septic infrastruc-
ture. Elevated TN concentrations also were observed in some 
watersheds without a high density of septic systems and may 
be attributable to geologic and soil properties that limit denitri-
fication as well as other unknown anthropogenic inputs. Total 
nitrogen typically was dominated by nitrate during baseflows; 
however, the proportion of particulate nitrogen increased dur-
ing stormflows. Total nitrogen yields were similar across sta-
tions, with medians ranging from about 3,600 to 6,300 lbs/mi2 
and were related to annual streamflow volume. Total nitrogen 
concentrations and flow-normalized concentrations decreased 
over the 10-year period at 7 stations, with median reduc-
tions of about 2.5 percent. Increasing trends were observed 
at the two stations with the highest median TN concentration 
(Captain Hickory Run and SFLIL, 3–5 mg/L), both watersheds 
contain a high density of septic infrastructure. The combined 
trend results from all stations revealed no trend in TN and a 
declining trend in nitrate of about 2 percent per year.

Overall, benthic community metrics indicated that 
streams throughout Fairfax County were initially of poor 
health; however, many metrics show an improving trend (from 
poor to fair based on the Fairfax County Index of Biological 
Integrity [IBI]). Significant increasing trends in IBI occurred 
at the network-scale and at 4 individual stations; additionally, 
scores improved by at least 1 qualitative category (for exam-
ple, poor to fair, fair to good) at 11 of the 14 stations between 
2009 (the first year all 14 stations were sampled) and 2017. 
Changes in all metrics suggest that the biodiversity, function, 
and condition of streams in Fairfax County are improving, but 
some of these improvements are driven by increased diversity 
and percent composition of organisms that are tolerant of the 
urban environment.

Introduction
In 2018, 55 percent of the world’s population lived in 

urban areas, and that figure is projected to increase to 68 
percent by 2050 (United Nations, 2018). In the United States, 
the percent of the population living in urban areas increased 
from 64.2 percent in 1950 to 82.3 percent in 2018 and is pro-
jected to reach 89.2 percent by 2050 (United Nations, 2018). 
In particular, urban land is projected to nearly triple from 
2009 to 2060 in the U.S. Environmental Protection Agency 
(EPA) level III Piedmont ecoregion (45) of the southeastern 
United States (Omernik, 1987; Terando and others, 2014), and 
is expected to negatively impact small urban streams (Van 
Metre and others, 2019). To accommodate these populations, 
infrastructure is developed that consequentially decreases the 
permeability of soils through soil compaction or construc-
tion of impervious surfaces such as pavement and rooftops. 
Many recent studies have focused on how the hydrologic 
cycle is altered in urban ecosystems in response to these 
land-use changes, and how these modifications affect water 
quality (O’Driscoll and others, 2010; Aulenbach and others, 
2017; Bonneau and others, 2017; Hobbie and others, 2017). 
Studies have commonly concentrated on the relations between 
watershed development and direct surface runoff, ground-
water recharge, and evapotranspiration dynamics, and have 
attempted to link watershed alterations to changes in water-
chemistry, hydrology, biotic communities, and fluvial geomor-
phological processes.

Impervious surfaces reduce the volume of water that 
can infiltrate into soils, limiting groundwater recharge and 
increasing the volume of runoff to streams (Leopold, 1968). 
Engineered stormwater conveyances are designed to efficiently 
export water from impervious land surfaces to prevent local 
flooding, protect human safety, and prevent property damage, 
but until recent decades, had not been designed with the health 
of downstream ecosystems in mind. These older engineered 
systems shorten natural flow paths and amplify in-stream 
water velocity, resulting in increased runoff volume (Leopold 
and Dunne, 1978), reduced lag time between the onset of 
precipitation and peak flows (Hall, 1977), increased flood fre-
quency (Hollis, 1975), and increased magnitude of peak storm 
discharges (Weiss, 1990). Soil moisture decreases as runoff 
volume increases, ultimately reducing low flows between 
storm events and affecting ecosystem health by altering stream 
temperature and biogeochemical processes (Bhaskar and 
others, 2016). Increased storm runoff can accelerate stream-
bank erosion, channel incision, and habitat destruction; a 
phenomenon labeled as “urban stream syndrome” (Paul and 
Meyer, 2001; Meyer and others, 2005; Walsh and others, 
2005). Channel incision, for example, reduces the horizontal 
and vertical hydrologic connectivity of streams, floodplains, 
and groundwater tables, consequently increasing the transport 
of nutrients, sediment, and other contaminants (Feminella 
and Walsh, 2005; Meyer and others, 2005; Lammers and 
Bledsoe, 2017). Increases in hydrograph flashiness and stream 
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salinization related to anthropogenic activities have been 
linked to reduced biotic richness and a shift in community 
composition toward tolerant species (Paul and Meyer, 2001).

Nonpoint source (NPS) pollution is the leading cause 
of aquatic impairment in waterbodies throughout the United 
States, including critical waterbodies such as the Gulf of 
Mexico and Chesapeake Bay (Carpenter and others, 1998; 
U.S. Environmental Protection Agency, 2011). Nitrogen and 
phosphorus, common NPS pollutants, are essential to the 
health of aquatic communities, but excessive nitrogen and 
phosphorous loading can trigger algal blooms that reduce light 
availability and water clarity, as well as produce anoxic condi-
tions (Carey and others, 2013). In 1987, Congress enacted 
Section 319 of the Clean Water Act, requiring states to develop 
and implement NPS pollution management programs (U.S. 
Environmental Protection Agency, 2011). This mandate led 
to the concept of best management practices (BMPs), which 
are measures designed to reduce or slow the transport of NPS 
pollution to receiving waterbodies (Muthukrishnan and others, 
2004). Best management practices commonly are classified 
as structural or nonstructural. Structural BMPs are physi-
cal controls intended to reduce or slow the volume of storm 
runoff, remove pollutants, and promote groundwater infiltra-
tion and recharge. These BMPs include stream restoration, dry 
extended-detention ponds, wet ponds, stormwater wetlands, 
swales, porous pavement, bioretention beds, rain gardens, 
green roofs, and vegetated filter strips. Nonstructural BMPs 
are operational measures and educational programs which 
include community outreach programs and watershed planning 
aimed at reducing or disconnecting areas of impervious cover, 
concentrating or clustering new development, minimizing land 
disturbances, and restoring native vegetation.

Fairfax County, Virginia, has experienced rapid popula-
tion growth since the 1940s (U.S. Census Bureau, 2012), 
which resulted in rapid urbanization, and, consequently, most 
streams within the county show signs of urban stream syn-
drome (Jastram, 2014; Fairfax County, 2017a). In the 1970s 
master drainage plans were initially developed that focused on 
flooding and erosion abatement; however, in the early 2000s 
this focus shifted away from structural repairs to water-quality 
improvements. In 2003, Fairfax County began developing 
and implementing updated watershed management plans that 
included plans for improvements over the following  
25 years for all County watersheds (Fairfax County, 2017b). 
The principal goals of these watershed management plans 
were to (1) improve and maintain watershed functions, includ-
ing water quality, habitat, and hydrology; (2) protect human 
health, safety, and property by reducing stormwater impacts; 
and (3) involve stakeholders in the protection, maintenance, 
and restoration of County watersheds (Fairfax County, 2017b). 
To date, Fairfax County’s stormwater management program 
has made substantial investments (more than $100 million) 
into the implementation of both structural and nonstructural 
BMPs aimed at restoring and protecting watersheds (Fairfax 
County, 2017b).

In 2007, the U.S Geological Survey (USGS) partnered 
with Fairfax County to initiate a long-term water resources 
monitoring program to evaluate the watershed-scale effects of 
BMP implementation and land use change. Multiple years of 
monitoring are often required to begin assessing watershed-
scale BMP effects because of delays between practice installa-
tion and water-quality response. Delays, or lag times, between 
BMP implementation and quantifiable improvements in water 
quality depend on the degree of impairment, the type of BMP 
implemented, and the appropriateness of that BMP to mitigate 
the type(s) of NPS present in the watershed (Meals and others, 
2010). The degree of lag time depends on the NPS deliv-
ery pathway (overland flow, subsurface flow), the distance 
between the contaminant source to the stream, and the rate 
of travel from the source to the stream (for example, quick 
overland runoff versus a slow groundwater movement within 
a regional aquifer) (Chesapeake Bay Scientific and Technical 
Advisory Committee, 2005; Meals and others, 2010). As a 
result of these delays, a long-term approach to monitoring was 
required; this report synthesizes data collected over the first 
10 years of monitoring. Although outside of the scope of this 
report, efforts are underway to link the water-quality patterns 
discussed herein to watershed-scale changes in land use and 
BMP implementations, as well as regional changes in climate.

Purpose and Scope

The purpose of this report is to summarize the spatial and 
temporal patterns in streamflow, water chemistry, and benthic 
macroinvertebrate communities across a 20-station monitor-
ing network in Fairfax County, Virginia, during 2007–18. 
Although the monitoring network was designed to ultimately 
evaluate the watershed-scale effects of the substantial invest-
ments made by Fairfax County Virginia’s stormwater manage-
ment program, relating land use change and BMP implemen-
tations to monitored responses is not the focus of this report; 
however, efforts are currently underway to utilize the knowl-
edge gained in this report to establish those links.

This monitoring network is cooperatively operated by 
USGS and Fairfax County Stormwater Planning Division 
(FCSWPD). Analyses varied by station based on data collec-
tion activities, but generally included assessments of

• streamflow variability using annual flashiness metrics, 
baseflow separations, and annual exceedance compu-
tations. Differences in these metrics were related to 
precipitation and land use;

• spatial, seasonal, and hydrologic water-chemistry vari-
ability in a suite of water-quality constituents including 
water temperature (WT), pH, specific conductance 
(SC), dissolved oxygen (DO), turbidity, nitrogen, phos-
phorous, and suspended sediment (SS);

• annual nutrient and sediment loads based on surrogate 
water-quality regression models;
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• temporal trends in basic water-quality constituents 
(WT, pH, SC, DO, and turbidity) and in concentrations 
and loads of nitrogen, phosphorous, and SS; and

• temporal patterns in benthic macroinvertebrate com-
munity metrics.

Description of Study Area and Monitoring 
Network

Fairfax County is a 395-square mile (mi2) predominantly 
suburban county in northern Virginia (fig. 1). The county is 
bordered by the Potomac River to the north and east, Bull Run 
and the Occoquan River to the south, and Loudon County to 
the northwest. Portions of the east boundary are shared with 
Arlington County, the City of Falls Church, and the City of 
Alexandria. The county surrounds the incorporated City of 
Fairfax City.

Fairfax County is the most populous jurisdiction in 
Virginia, with a population of just over 1.18 million in 2018 
(fig. 2, Han and others, 2018). Approximately 75 percent of 
Fairfax County land use was composed of urban-land clas-
sifications in 2017 (Fairfax County, 2018). Most of this urban 
land is low- to medium-density residential housing, with 
commercial, industrial, transportation, and public utility lands 
representing smaller amounts. Land cover in low-density 
residential areas is composed mostly of turf grass and for-
est. Increased residential density and commercial intensity 
are associated with increased impervious cover. As of 2013, 
Fairfax County land cover was composed of approximately 
24 percent impervious surfaces, 33 percent forest, and 32 
percent turf grass. Total urban area increased countywide by 
about 15 percent between 1974 and 2012, primarily as a result 
of increased residential land use coincident with population 
increases (Falcone, 2015). County population and total hous-
ing units are expected to grow by about 20 and 25 percent, 
respectively, by 2040 (Han and others, 2018).

Geologic terranes are defined by the types of rock that 
underlie the area, whereas physiographic provinces are 
defined by landforms at the surface; however, landforms in 
Virginia are strongly influenced by subsurface geology, and 

therefore geologic terranes and physiographic provinces are 
commonly coincident. Fairfax County is underlain by three 
major geologic terranes: the Triassic Lowland, Piedmont, and 
Atlantic Coastal Plain (Froelich and Zenone, 1985a). These 
geologic terranes occur in association with the Mesozoic 
Basins physiographic subprovince, Outer Piedmont physio-
graphic subprovince, and Coastal Plain physiographic prov-
ince, respectively (Froelich and Zenone, 1985a). The geologic 
and physiographic differences between these regions strongly 
influence surface-water and groundwater flow patterns and 
water quality. The Mesozoic Lowlands subprovince collocated 
with the Triassic Lowland geologic terrane (hereafter referred 
to as “Triassic Lowlands,” EPA level III ecoregion 64), is 
in the western extent of the county and contains sedimen-
tary bedrock and soils that are generally shallow and poorly 
drained. Most of the county is within the Outer Piedmont 
subprovince (hereafter referred to as “Piedmont,” EPA level III 
ecoregion 45), which contains highly weathered metamorphic 
crystalline bedrock that has been chemically weathered at the 
surface to form saprolite (Froelich and Zenone, 1985a). The 
thickness and permeability of this saprolite varies substantially 
from thin and nearly impervious to nearly 200 feet (ft) thick 
and well-drained, depending upon the parent material from 
which it was formed (Froelich and Zenone, 1985a). Low, 
rolling hills associated with the Outer Piedmont contrast the 
relatively flat topography present in other areas of the county. 
The eastern extent of the county is within the Coastal Plain 
(EPA level III ecoregion 65), which contains sedimentary 
deposits of sand and clay, capped by sheets of gravel with flat, 
low-velocity streams (Froelich and Langer, 1983; Froelich and 
Zenone, 1985a). There are more than 1,600 miles of streams in 
Fairfax County that drain portions of 18 hydrologic unit code 
(HUC)-12 watersheds that flow into the Potomac River. Most 
county stream miles are headwater, perennial streams with 
riffle-pool sequences. Although most streams drain suburban 
and urban land, some riparian areas are protected by Fairfax 
County Park Authority, which owns about 40 mi2 of land 
throughout the county. Twenty watersheds that range in size 
from about 0.43 to 5.49 mi2 and drain a representative gradient 
of Fairfax County land use and geologic settings have been 
included in this study (fig. 1; table 1).
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Methods of Investigation
This study was designed to better understand stream-

flow, water-chemistry, and biologic conditions in a network 
of Fairfax County streams and to document changes in those 
conditions over time as BMPs were implemented. The study 
design and data analyses were selected to characterize spatial 
conditions across a gradient of land uses and to character-
ize temporal patterns while accounting for seasonal and 
hydrologic effects. Annual metrics are based on water years 
(WY), which begin on October 1 and end on September 30; 
for example, WY 2017 began on October 1, 2016, and ended 
September 30, 2017.

Study Design

A long-term monitoring network was established using 
tiered monitoring intensity across a network of 20 monitoring 
stations. This network includes 5 intensive monitoring stations 

and 15 low-intensity monitoring stations; these 2 tiers were 
designed to specifically address different objectives of the 
overall effort. Data collection began at 14 monitoring stations 
in 2007 and at 6 additional stations in 2012–13. All water-
sheds are less than 6 mi2 and were selected to represent land 
use, impervious coverage, physiographic province, and BMP 
conditions common to Fairfax County watersheds (fig. 3). 
Monthly water-chemistry samples, real-time water-level data, 
and annual benthic macroinvertebrate samples were collected 
at all monitoring stations. In addition, real-time water-quality 
and streamflow data, and high-flow water-chemistry samples 
were collected at five intensive monitoring stations (table 1). 
Collecting these additional data at all stations is cost prohibi-
tive. The intensive monitoring stations are a representative 
subset of the studied watersheds and knowledge gained from 
their enhanced data collection activities will be applied in 
the nonintensive watersheds (hereafter referred to as “trend” 
stations).
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Data Collection, Sampling, and Laboratory 
Analysis

The five intensive monitoring stations were instrumented 
to collect 5-minute (min) measurements of streamflow and 
15-min measurements of DO, pH, SC, turbidity, and WT (col-
lectively referred to as continuous data), which were transmit-
ted to the USGS National Water Information System database 
(NWIS; https://waterdata.usgs.gov/ nwis) in near real-time 
(within 1 hour). Continuous nitrate data were collected at a 
single intensive location, SFLIL, since October 2016.

Standard USGS methods for continuously measuring 
and verifying stage, measuring streamflow, and computing 
continuous timeseries of streamflow using stage-discharge 
ratings (Rantz and others, 1982) were followed at the intensive 
monitoring stations. At the trend monitoring stations, non-
vented internally logging pressure sensors, HOBO U-20 Water 
Level Data Loggers (Onset Computer Corp.), were used to 
continuously (15-min interval) measure water level. Periodic 
measurements of streamflow were paired with measurements 
of stage from the staff plate or by tape-down (measurement 
from a known reference point) to develop stage-discharge 
rating curves. These stations were not operated as traditional 
streamgages, so many of the elements required to support 
the computation of continuous streamflow were not present. 
Further, the stated 0.015-ft accuracy of HOBO loggers does 
not meet the established USGS technical specifications for 
stage sensors at streamgaging stations, set at 0.01 ft (Sauer, 
2002). Nevertheless, the accuracy of these data do support 
the objectives of this component of the data-collection effort, 
to assign a measurement of streamflow to each water-quality 
sample and are consistent with other USGS studies with 

similar objectives (Gregory and Calhoun, 2007; Moring, 2006; 
Richards and others, 2006; Sprague and others, 2006; Cuffney 
and others, 2010).

The operation and maintenance of continuous water-
quality monitors was conducted by USGS staff in accordance 
with published procedures (Wagner and others, 2006). Routine 
service visits were performed during which the instrument was 
cleaned and recalibrated when required based on published 
thresholds. Data collected during these visits were used to 
apply corrections to DO, pH, SC, turbidity, and WT timeseries 
records for periods of sensor fouling or calibration drift. A 
Satlantic SUNA in situ nitrate sensor was deployed at SFLIL 
prior to the start of WY 2017.

Monthly water-quality samples were collected at all 
stations and additional targeted stormflow samples were col-
lected at the intensive monitoring stations in accordance with 
USGS methods (U.S. Geological Survey, variously dated). All 
samples were analyzed for a suite of nutrient and sediment 
constituents (table 2). Monthly nutrient and sediment samples 
were collected by USGS and FCSWPD staff using a grab (dip) 
sampling approach at the centroid of streamflow. These sam-
ples were collected on a fixed monthly interval during the first 
5 years of the study with the intention of capturing random 
hydrologic variability. Analyses revealed that, as a result of the 
flashy nature of these streams, the monthly samples were cap-
turing few high-flow conditions, so the monitoring design was 
modified to target wet conditions during 4 of the 12 monthly 
sampling events each year. All monitoring stations were 
sampled within the same day to limit variability in conditions 
across the stations for a given sample; additionally, the collect-
ing agency and the order in which stations were visited was 
rotated each month. Each month, four stations were randomly 
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selected for the collection of an additional quality assurance 
sample (replicate or blank). Along with the monthly samples, 
high-flow storm samples were collected at the intensive moni-
toring stations using an automated refrigerated sampler; these 
samples are referred to as storm samples throughout the report. 
The automated sampler was triggered to begin collection when 
station-specific water-level and turbidity thresholds were met. 
A subset of these collected storm samples that represent a 
broad range of hydrologic conditions were selected by USGS 
personnel and retrieved by FCSWPD staff for delivery to the 
laboratories for analyses.

Nutrient analyses were conducted by the Fairfax County 
Environmental Services Laboratory, as approved through the 
USGS Branch of Quality Systems Laboratory Evaluation 
Program. Samples were analyzed for total nitrogen (TN), total 
phosphorous (TP), and the dissolved and particulate frac-
tions of nitrogen and phosphorous. Sediment analyses were 
conducted by the USGS Kentucky Sediment Laboratory in 
Louisville, Kentucky. All samples were analyzed for SS con-
centration (Guy, 1969; Shreve and Downs, 2005) and storm 
samples also were analyzed for sand-fine split—the percentage 
of material finer than 0.0625 millimeter (Guy, 1969; Shreve 
and Downs, 2005).

Annual benthic macroinvertebrate sampling was con-
ducted each spring (late March or April) at all stations by 
FCSWPD staff with occasional assistance from USGS staff, 
in conjunction with the annual sampling performed for the 

Fairfax County Biological Stream Monitoring Program 
(Fairfax County, 2017a). Benthic macroinvertebrate samples 
were collected, stream habitat metrics recorded, and basic 
water-quality parameters were measured according to standard 
operating procedures (Fairfax County, 2019). Aquatic benthic 
macroinvertebrate samples were collected along a 100-meter 
(m) reach using the EPA’s Rapid Bioassessment Protocol 
multihabitat, 20-jab methodology (Barbour and others, 1999). 
Samples were subsorted to 200±40 individuals as in Barbour 
and others (1999), or until the entire sample was sorted. Taxa 
were identified to genus when possible, except for annelid 
worms (class Oligochaeta) and nonbiting midges (family 
Chironomidae), to evaluate community richness and compo-
sition. Benthic macroinvertebrate data are available online 
(Porter and others, 2020).

Statistical Analysis of Streamflow, 
Water-Chemistry, and Benthic 
Macroinvertebrate Data

Nonparametric analyses were used to describe statisti-
cal relations in water-chemistry and streamflow data fol-
lowing methods in Helsel and Hirsch (2002). Spatial vari-
ability in streamflow characteristics were evaluated with 
baseflow-separation models, stormflow to precipitation ratios, 
stream-flashiness metrics, and peak-streamflow exceedance 

Table 2. Nutrient and sediment constituents as well as analysis methods used by the Fairfax County Environmental Services 
Laboratory and the U.S. Geological Survey (USGS) Kentucky Sediment Laboratory.

[USEPA, U.S. Environmental Protection Agency (U.S. Environmental Protection Agency, 2018); SM, Standard Methods (American Public Health Association, 
1976); ASTM, American Society for Testing and Materials (American Society for Testing and Materials, 2007)]

Constituent Abbreviation Method USGS parameter code

Nitrogen

Total nitrogen TN USEPA 351.2 + USEPA 353.2 00600
Total dissolved nitrogen TDN USEPA 351.2 + USEPA 353.2 00602
Total particulate nitrogen TPN USEPA 351.2 + USEPA 353.2 00601
Total Kjeldahl nitrogen TKN USEPA 351.2 00625
Total dissolved Kjeldahl nitrogen DTKN USEPA 351.2 00623
Nitrate + nitrite NO3– USEPA 351.2 00631
Ammonia NH3 USEPA 350.1 00608

Phosphorus

Total phosphorus TP SM425C & 425E 00665
Total dissolved phosphorus TDP SM425C & 425E 00666
Total particulate phosphorus TPP SM425C & 425E 00667
Orthophosphate OP USEPA 365.2 00671

Sediment

Suspended sediment concentration SSC ASTM D3977-97 80154
Suspended sediment, percent smaller than 0.0625 mil-

limeter1
Percent fine ASTM D3977-97 70331

1Only analyzed in stormflow samples.
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probabilities. Spatial and seasonal patterns in water-chemistry 
data were evaluated using a nonparametric Kruskal-Wallace 
test and subsequent Steel-Dwass post-hoc test for multiple 
comparisons (Critchlow and Flinger, 1991). The Steel-Dwass 
test is preferable over the more common Wilcoxon method 
because it controls for the overall experiment-wide error rate, 
thus reducing the probability of Type-1 errors (rejection of 
a true null hypothesis; Critchlow and Flinger, 1991). Where 
applicable, data were subset by warm (March-September) and 
cool (October-February) seasons. Unless otherwise specified, 
the term “significant” is used throughout the text to denote a 
statistically significant difference based on a p-value less than 
or equal to 0.05.

Water quality is affected by numerous watershed pro-
cesses that can be measured by streamflow and water chem-
istry. Computation of constituent loads requires input of both 
streamflow and concentration terms; therefore, annual loads 
were used to integrate the effects of streamflow and water 
chemistry on nitrogen, phosphorous, and SS transport in the 
five intensively monitored streams. Trends in streamflow, 
water chemistry, and benthic macroinvertebrate metrics were 
evaluated to assess change over time using a variety of meth-
ods (described below) that remove variability associated with 
seasonality and streamflow.

Baseflow Separation Models
Separation of the stormflow and baseflow components 

from total streamflow—termed baseflow separation—is use-
ful for assessing the effects of urbanization and stormwater 
management actions on the hydrologic regime and can provide 
additional insight to the interpretation of water-quality and 
ecological-condition assessments. The terms “stormflow” and 
“baseflow” have been defined many ways (Dingman, 2002; 
Wittenberg, 2003; Peters and van Lanen, 2005; Blume and 
others, 2007); herein, the term baseflow represents groundwa-
ter discharged to surface waters (Hall, 1968), whereas storm-
flow represents the combination of direct surface runoff and 
interflow, the water that infiltrates the soil surface and travels 
through the unsaturated zone by means of gravity toward a 
stream channel. As such, stormflow represents new water that 
can be associated with a specific event, and baseflow repre-
sents old water that cannot be associated with a specific event.

A chemical mixing model was used for baseflow separa-
tion. The model assumes the two flow components (stormflow 
and baseflow) have a different chemical composition owing 
to differences in flow paths. Ion concentration, represented by 
proxy with SC, was used to approximate the ratio of stormflow 
to baseflow at any given time step (Hem, 1985). In mini-
mally disturbed streams, SC correlates positively with time of 
contact with rocks and soils; therefore, streamflows become 
ionically enriched during periods of baseflow, and diluted by 
precipitation during higher flows. Specific conductance was 
an ideal surrogate owing to the availability of high frequency 
measurements (15-min interval) at each of the intensive moni-
toring stations; however, anthropogenic activities such as road 

deicing salt applications in winter months can complicate cal-
culations. To account for typical seasonal variability in SC, the 
storm flow end member (SFc) was computed as the monthly 
minimum SC and the baseflow end member (BFc) was com-
puted as the monthly 75th percentile of SC. During winter 
months, when the acute effects of road deicing salts were 
detected in continuous records of SC, the program HYSEP 
(Sloto and Crouse, 1996), using the USGS Groundwater 
Toolbox version 1.3.1 (Barlow and others, 2017), was used to 
supplement the mixing model in order to avoid overestima-
tion of the baseflow component. The empirical HYSEP model, 
which operates on low-pass filter principles, used mean daily 
streamflow values to determine low points on the streamflow 
hydrograph and interpolate between those points using a fixed-
interval method. The area under the curve of the resulting 
hydrograph was summed to compute the baseflow component 
of total streamflow. The chemical mixing model method is 
preferable over other available methods because it is the only 
approach to hydrograph separation that contains a physical 
basis, as end-member concentrations are related to physical 
and chemical processes in the watershed (Matsubayashi and 
others, 1993; Miller and others, 2014; Raffensperger and oth-
ers, 2017). Baseflow was computed using the mass balance 
approach originally proposed by Steele (1969) and Pinder 
and Jones (1969), and later applied to SC by Yu and Schwartz 
(1999) and Stewart and others (2007), which relies on the 
principle of dilution. The form of the model is

  (1)

where
 QBF is the predicted baseflow component of total 

streamflow at time i,
 Qi is the streamflow at time i,
 SCi is the measured SC at time i,
 SFc is the SC end member of runoff, and
 BFc is the SC end member of baseflow.
If [(SCi – SFc) / (BFc – SFc)] > 1, then the result is 
adjusted to 1.

For the five intensive monitoring stations, baseflow sepa-
rations were calculated on unit-values (15-min interval) when 
using the chemical mixing model and mean daily streamflow 
values were used in the HYSEP model and retroactively 
applied to unit values to match the chemical mixing model. 
Baseflow statistics generated by the HYSEP model were used 
to supplement those from the chemical mixing model for 
approximately 4–8 percent of unit values at each station over 
the 10 years of monitoring. Additionally, baseflow separations 
were calculated at two additional USGS monitoring stations 
within Fairfax County: Accotink Creek near Annandale, 
Virginia (ACC, 23.8 mi2, USGS station identifier 01654000), 
which is the receiving body for LONG, and Difficult Run 
near Great Falls, Virginia (DRGF, 57.8 mi2, USGS station 
identifier 01646000), which is located along the main stem of 
Difficult Run, and incorporates streamflow from both SFLIL 
and DIFF. For these two long-term monitoring locations, the 

[( ) ] /  ( )BF i i c c cQ Q SC SF BF SF= − −



Methods of Investigation  11

HYSEP model was used for the entire record because SC data 
were not available for much of the historical record. Unit-
value estimations of baseflow and stormflow components were 
aggregated by water year for each station and used to calculate 
total annual stormflow and baseflow volumes. Subsequent 
analyses of these components such as annual baseflow (BFI) 
and stormflow (SFI) indices represent the proportion of total 
annual streamflow that was generated by either baseflows or 
stormflows.

Runoff Ratio
A ratio of stormflow to precipitation, hereafter termed 

“runoff ratio,” was calculated to evaluate watershed responses 
to rainfall. A runoff ratio provides a holistic examination of 
watershed processes as it is a function of the interactions of 
precipitation, evapotranspiration, land use/land cover, water-
shed slope, and soil properties (Ratzlaff, 1994). Runoff ratio 
is a commonly reported statistic; however, the use of this 
terminology and the methods used to derive it are inconsis-
tent throughout hydrologic literature. A runoff ratio may be 
calculated by including either total streamflow or separated 
stormflow (Ratzlaff, 1994; Bell and others, 2016), and either 
total precipitation or throughfall—precipitation that penetrates 
through tree canopy and reaches the soil surface (Brown and 
others, 1999; Blume and others, 2007). Runoff ratios com-
puted using only stormflow are highly affected by the hydro-
graph separation method used (Blume and others, 2007); thus, 
care must be taken before comparing the results of differ-
ent studies.

In this study, the runoff ratio was computed by first sepa-
rating out the stormflow proportion of total streamflow in each 
unit value using the methods described above. Both county- 
and watershed-specific daily precipitation data were obtained 
from the Parameter-elevation Regressions on Independent 
Slopes Model (PRISM) for WYs 2008 through 2017 (Daly and 
others, 2002) to compute precipitation volumes. Watershed-
specific daily precipitation data and unit-value stormflow vol-
umes were converted to yields by dividing by watershed area 
and then aggregated by WY. Annual stormflow and precipita-
tion yields were used in the following equation

  (2)

where
 Cr is the runoff ratio,
 SFy is the area-normalized annual (WY) 

stormflow volume, and
 Py is the area-normalized annual (WY) 

precipitation volume.
Annual (WY) runoff ratios were calculated at the five 

intensive monitoring stations for 2008–17 (DEAD, DIFF, 
FLAT, and SFLIL) and 2013–17 (LONG). Additionally, runoff 
ratios were calculated for each water year from 1949 to 2017 
and 1946 to 2017 at the two long-term monitoring stations 
ACC and DRGF, respectively.

Streamflow-Precipitation Relations
Precipitation is a primary driver of streamflow yield. 

Examination of the relation between streamflow and precipita-
tion can elucidate patterns in the way a complex set of inter-
dependent factors (in other words, land use, soil properties, 
BMPs, geology) influence hydrology across the monitored 
watersheds. For each monitoring station, streamflow and pre-
cipitation data were aggregated by month and separated into 
two periods (2008–12 and 2013–17) that represent the first and 
most recent 5 years of monitoring. Monthly streamflow yields 
were compared to monthly precipitation totals to explore these 
relations. Further, an analysis of covariance (ANCOVA) was 
used to explore differences in the slopes of those relations both 
between stations and across periods.

Streamflow duration curves show the distribution of 
streamflows over a given time period, contain the entire range 
of observed hydrologic conditions, and indicate how often a 
given streamflow occurs. The shape of the duration curve can 
be affected by factors such as climate, geology, topographic 
relief, land cover, and soil properties, and given that the curve 
is computed on streamflow yield, comparisons can be made 
across stations. The hydrologic characteristics of a watershed 
can be inferred based on the slope of the curve; a steep slope 
indicates rapid runoff of stormwater, high-peak flows, and a 
flashy storm hydrograph, whereas a flat slope indicates longer 
transit time of overland flows, storage of surface and ground-
water, and shorter peak, longer duration events (Searcy, 1959). 
Duration curves were computed for each of the five inten-
sive monitoring stations using mean hourly streamflow data 
divided by watershed area to produce a mean hourly yield. 
Mean hourly values were ranked based on the magnitude of 
streamflow, and probability scores were computed based on 
the distribution of ranks for each station using JMP 14 soft-
ware (SAS Institute). For n nonmissing scores, the probability 
score of each value was computed as the averaged rank of that 
valued divided by n + 1, similar to a cumulative distribution 
function.

Streamflow Flashiness
Flashiness, or the rate of change in streamflow, is a 

commonly used metric to quantify a watershed’s response to 
precipitation (Baker and others, 2004). This metric is generally 
computed using timeseries records of mean daily streamflow, 
although McMahon and others (2003) demonstrated that 
the use of stage (or water level) data provides a comparable 
measure of flashiness. At the five intensive monitoring stations 
where continuous records of streamflow were available, the 
Richards-Baker Flashiness Index (RBI) was applied to mean 
hourly streamflow data following the methods published in 
Baker and others (2004)) to estimate RBI for each WY.

The RBI measures oscillations in streamflow relative to 
total streamflow. This index is dimensionless and is positively 
correlated with the flashiness of a basin. The index is cal-
culated as

,/r y yC SF P=
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    ∑ i=1  n    | q  i   −  q  i−1  |     ∑ i=1  n    | q  i  |     , (3)

where
 q is the streamflow at time i.

Stage-based stream flashiness was defined for all 20 
stations in the monitoring network for WYs 2008–17 as the 
number of occurrences in which the hourly stage increase was 
0.5 ft or greater (PERIOD5; McMahon and others, 2003). 
The PERIOD5 value was then divided by the total number of 
measurements in the analysis period to express flashiness as 
the percent of time that PERIOD5 occurred, and in doing so 
normalized data records of varying length. The percent change 
in flashiness between WY 2008–12 and WY 2013–17 was 
calculated for all 20 monitoring locations.

Peak Streamflow Exceedance Probabilities
Peak-flow annual exceedance probabilities (AEP) provide 

insight into how frequent a storm of a given magnitude is 
likely to occur. Annual exceedance probability estimates can 
be made for stream gages with a minimum of 10 years of 
streamflow data (Maidment, 1993). AEPs were developed for 
each of the four intensive monitoring stations with the requi-
site record length (DIFF, FLAT, SFLIL, and DEAD) using the 
USGS program PeakFQ version 7.2 (Flynn and others, 2006; 
Veilleux and others, 2013). AEP’s ranging from 0.002 to 0.995 
were computed using annual peak flow data from each moni-
toring station, following the procedures outlined in England 
and others (2018). Annual peak flows were fitted using a 
log-Pearson Type III distribution and the Expected Moments 
Algorithm (Cohn and others, 1997) and a multiple Grubbs-
Beck Test (Cohn and others, 2013). There is large uncertainty 
in the at-site sample skewness coefficient in short length 
records owing to sensitivity to extreme events (Griffis and oth-
ers, 2004); therefore, England and others (2018) recommend 
the application of a skew coefficient that is a weighted average 
of the mean square errors of the station skew and regional 
skew. Weighted regional skew values were not yet available in 
Virginia; therefore, station skews were used in the computa-
tion of AEPs for each of these watersheds and may be affected 
by the biases mentioned above.

Handling of Censored Water-Chemistry Data
Nutrient concentrations were below laboratory instru-

mentation detection limits in some dissolved total Kjeldahl 
nitrogen (DTKN), total particulate nitrogen (TPN), total 
dissolved phosphorous (TDP), orthophosphate (OP), and 
total particulate phosphorous (TPP) results. Results below the 
method detection limit (MDL), known as left-censored data, 
indicate that a concentration is somewhere between zero and 
the MDL, but the actual concentration is unknown. Statistical 
analyses that delete censored values or substitute a constant 
value such as one-half of the reporting limit may produce 
biased results and introduce patterns not present in the original 

dataset (Helsel, 2005) To properly handle censored data, non-
parametric methods were used that do not rely on calculating a 
mean or standard deviation from an assumed distribution, but 
instead perform statistical analysis on the ranks of data.

Results below the MDL are stored in the USGS National 
Water Information System (NWIS) database at a reporting 
limit that is higher than the MDL. This handling of censored 
results can produce an upward bias in the data (Helsel, 2005) 
and was resolved by recoding censored results to the MDL. 
Analysis of monthly and storm sample data was performed 
by using the Nondetects and Data Analysis for Environmental 
Data (NADA) package for R Studio version 1.1.456 (R Core 
Team, 2018). A trend analysis that can handle multiple censor-
ing limits (described later in this section) also was performed 
on these recoded data. Load computations were performed 
on the censored data as originally reported in NWIS because 
software (rloadest) was used that contains an algorithm to 
properly fit these data and eliminate bias in the estimation of 
model coefficients.

Turbidity Hysteresis and Cross-Correlation 
Analysis

The relation of peak turbidity and peak streamflow can 
help inform the source of SS during stormflows. These rela-
tions typically are evaluated graphically through examination 
of the timing and shape of turbidity—streamflow hysteresis 
loops. When turbidity, and by inference SS concentration, is 
greater on the rising limb than on the falling limb of a storm 
hydrograph at a given unit of streamflow, the hysteresis pattern 
is referred to as a clockwise loop (Landers and Sturm, 2013; 
Bussi and others, 2017). A clockwise loop typically indicates 
SS derived from the resuspension of previously deposited 
sediments, eroding streambanks or streambeds, or highly 
connected upland sources in close proximity to the stream 
(Williams, 1989; Gellis, 2013). Conversely, a counterclock-
wise hysteresis loop occurs when turbidity at a given unit 
of streamflow is greater on the falling limb of a hydrograph, 
which suggests either an upland source relatively far from the 
in-stream measurement point or erosion of upper streambank 
slopes following peak streamflow (Williams, 1989; Landers 
and Sturm, 2013).

Although hysteresis loops can be informative, they are 
event-specific and can be difficult to interpret in highly flashy 
streams where few data points are often collected during the 
rising limb of the hydrograph. Cross-correlation analyses were 
used to quantify the turbidity-streamflow relation for selected 
storm events at each of the intensive monitoring stations and 
were interpreted in the context of hysteresis loops. Storm 
events that met the station-specific turbidity and streamflow 
criteria used to trigger the autosampler were considered for 
cross- correlation analysis. The cross-correlation function 
(Schwientek and others, 2013) calculates multiple correlations 
between timeseries of streamflow and turbidity data where 
one variable is adjusted forward and backward by hourly 
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increments while the other is held constant. The maximum 
correlation coefficient of these iterations is identified and 
represents the time offset at which streamflow and turbidity 
peaks are aligned. The function was calculated using the R 
stats package (v. 3.5.1) in version 0.4.5 of R Studio (R Core 
Team, 2018).

Nutrient and Suspended-Sediment 
Concentration and Load Models

Suspended-sediment and nutrient concentration and load 
timeseries were computed at the five intensive stations with 
surrogate regression models that include continuous (15-min 
interval) water-chemistry and streamflow data as explanatory 
variables. Annual loads were converted to yields, or the load 
per unit area, to remove the effect of watershed size and allow 
for comparisons between stations. Methods and rationale for 
estimating nutrient and suspended-sediment concentrations 
and loads using this surrogate regression approach have been 
well documented (Nash and Sutcliffe, 1970; Jastram and 
others, 2009; Rasmussen and others, 2009; Jastram, 2014; 
Schilling and others, 2017; Robertson and others, 2018), so 
only a summary of pertinent details is presented here.

Continuous records of streamflow data were available at 
15-min intervals; however, concentration data were only avail-
able from discretely collected samples that provide a snapshot 
in time of constituent concentration. To compute a load at each 
instantaneous time step (15-min interval), constituent concen-
tration had to be estimated for all time steps when samples 
were unavailable. To this aim, water-chemistry parameters that 
can be continuously measured were used as surrogates for the 
estimation of concentration.

Station-specific regression models were developed for 
TN, total dissolved nitrogen (TDN), nitrate + nitrite (hereafter 
termed nitrate or NO3–), TPN, TP, TDP, TPP, and SS concen-
trations using JMP 14 software (SAS Institute). Models were 
calibrated using discrete concentration data collected from 
both monthly and storm samples as the response variable: 
explanatory variables included water-quantity and -quality 
parameters such as streamflow, turbidity, SC, WT, and pH; 
temporal variables such as trend and season (dTime); and a 
binary indicator variable (BASE) for hydrologic condition 
(baseflow or stormflow). The trend variable does not indi-
cate a trend over time in annual load, but rather a trend in the 
relation of other explanatory variables in the model to the 
constituent being predicted. The binary variable was included 
when the slope of the surrogate-concentration relation was 
consistent across hydrologic condition, but the y-intercept 
differed. In select cases, the slope of this relation also differed 
across hydrologic condition; therefore, an interaction term 
(natural logarithm of turbidity times the binary hydrologic 
condition variable) was included. For SFLIL, continuous NO3– 
data obtained from the Satlantic SUNA in situ nitrate sensor 

deployed prior to the start of WY 2017 was used to recalibrate 
TN and TDN models and recompute WY 2017 loads; addi-
tionally, the NO3– load was directly computed.

Models were selected to maximize explanatory power 
while minimizing systemic errors (bias) and random errors 
(variance) using a suite of criteria detailed in Helsel and 
Hirsch (2002) including (1) prediction error sum of squares 
(Allen, 1974), (2) Nash-Sutcliffe index (Nash and Sutcliffe, 
1970), (3) partial-load ratio (Stenback and others, 2011), (4) 
Mallows’ Cp (Mallows, 1973), (5) variance inflation fac-
tor, (5) autocorrelation, and (6) analysis of model residuals. 
Instantaneous constituent loads were computed from the 
selected models using rloadest—an R implementation of the 
LOAD ESTimator (LOADEST) FORTRAN program (Runkel 
and others, 2004)—in version 0.4.5 of R Studio (R Core Team, 
2018; Lorenz and others, 2015). Instantaneous load timeseries 
were then aggregated to an annual (WY) time step.

The adjusted maximum likelihood estimator (AMLE) 
algorithm was used to properly fit models for constituents 
with censored observations. The AMLE method also corrects 
for retransformation bias introduced as a result of the nonlin-
ear relation of predicted concentrations in natural logarithm 
transformed and original units (Cohn and others, 1992). The 
standard error of prediction (SEP) also was calculated for each 
load and used to compute 95-percent confidence intervals 
around each load estimate.

Annual (WY) nutrient and suspended-sediment yields 
were compared with similar information available for head-
water urban streams in the Piedmont in Gwinnett County, 
Georgia (Aulenbach and others, 2017), and for nontidal 
streams throughout the Chesapeake Bay watershed (CB-NTN; 
Moyer and Blomquist, 2018), which vary in drainage area and 
land use. Computation methods and watershed characteristics 
differ between these studies, but published yields from long-
term intensively monitored urban watersheds are uncommon, 
so this comparison provides relevant context for the conditions 
in Fairfax County streams.

Water-Chemistry and Streamflow Trends
A combination of methods was used to calculate mono-

tonic trends in a suite of water-chemistry constituents and 
streamflow between April 1, 2008, and March 31, 2018, at the 
14 monitoring stations that have been sampled for 10 years. 
Trends were computed for dissolved, particulate, and total 
fractionations of nitrogen and phosphorous, SS concentration, 
basic water-quality parameters (WT, SC, pH, DO, and turbid-
ity), and streamflow. Trends were not reported from datasets 
with more than 50 percent of values below the MDL (in other 
words, ammonia and TPN). When possible, water-chemistry 
trends were adjusted for streamflow to remove streamflow-
induced variability. Referred to as flow normalization (FN), 
these results are used to document water-quality trends more 
closely associated with watershed changes than with hydro-
logic variability.
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Trend quantification methods varied based on data collec-
tion activities and included the following approaches:

1. Trend computation was performed for all chemical con-
stituents across the 14 stations using a Seasonal Kendall 
test. These computations were performed using monthly 
discrete samples (n=120) with a streamflow value 
assigned to each sample. Computations were run in R 
version 3.4.3 (R Core Team, 2018) using the restrend 
version 0.4.2 package (Lorenz, 2017). Trends in con-
centration are reported for nitrogen, phosphorous, and 
SS and in common units of measurement for the basic 
water-quality parameters. The nonparametric Seasonal 
Kendall test accounts for seasonality by running the 
Mann-Kendall test on each month separately and then 
combining the results (Hirsch and others, 1982). This 
method is appropriate for monthly water-quality time-
series data, can account for varying censoring limits, 
allows for streamflow normalization, and has been 
used to compute water-quality trends in other previ-
ous water-quality investigations (Langland and others, 
2000; Johnson and others, 2009; Sullivan and others, 
2009). The Seasonal Kendall test was performed on the 
residuals of a streamflow-constituent nonparametric 
regression to calculate a FN result. A censored local 
regression method was used to obtain the residuals from 
a streamflow-constituent relation (Loader, 2013) when 
a dataset contained greater than 10 percent censored 
values. The fit and residuals of each nonparametric 
regression were examined to ensure an accurate stream-
flow relation estimation. Significance trend results were 
assessed at a serial correlation adjusted p-value of ≤0.10.

2. The consistency of trend patterns reported in approach 
(1) were evaluated across the 14-station network using 
the Regional Seasonal Kendall test (Helsel and Frans, 
2006). This test expands on the Seasonal Kendall test 
described in approach (1) by totaling the Mann-Kendall 
test scores for each station-season combination across a 
region, which in this report is defined as the 14-station 
monitoring network. The Regional Seasonal Kendall test 
was performed using the restrend version 0.4.2 package 
(Lorenz, 2017). Significance trend results were assessed 
at a serial and spatial correlation adjusted p-value of 
≤0.1. Results from the Regional Seasonal Kendall test 
are referred to as combined trend results herein.

3. Computation of nitrogen, phosphorous, and SS concen-
tration and load trends at the four intensive monitoring 
locations using the Weighted Regressions on Time, 
Discharge, and Season (WRTDS; Hirsch and others, 
2010). This method uses mean daily streamflow and 
discrete samples collected from a range of hydrologic 
conditions to estimate trends and FN trends. Continuous 
streamflow, monthly samples, and high-flow discrete 
storm samples collected at the four intensive monitor-
ing stations met these data requirements. The WRTDS 

approach was not applied to the 10 trend-monitoring 
stations because they lack discrete storm samples and 
continuous streamflow data necessary for the analy-
sis. Mean daily streamflow may provide a suboptimal 
estimation of the hydrologic conditions in small, urban 
watersheds with flashy stormflow responses (Hirsch and 
others, 2010); however, there are no alternative methods 
to quantify trends in FN load.

4. Trends in mean daily streamflow, WT, pH, SC, DO, and 
turbidity were computed using continuous data col-
lected at the four intensive monitoring stations between 
March 2008 and April 2018 (Hirsch, 2019). A trend 
result is computed for the 1st through 365th order sta-
tistic of mean daily values for each parameter. The first 
order statistic translates to a trend in the minimum mean 
daily value that occurred each year and the 365th order 
statistic refers to a trend in the maximum mean daily 
values. Trends are reported in percent/year based on 
the Thiel-Sen slope estimator computed from a Mann-
Kendall test (Helsel and Hirsch, 2002). Significant trend 
results were interpreted from a serial correlation adjusted 
p-value (adjusted for serial correlation) of ≤0.1.

5. Trends in SC also were computed using a generalized 
additive model (GAM) run on the continuously collected 
data at the four intensive stations. There are an increas-
ing number of continuously collected water-quality data-
sets that reach the minimum temporal scale (10 years) 
for trend analysis; consequently, it has been a long-
standing goal to develop a method for the analysis of 
trends using these high-frequency data given that these 
datasets violate many of the assumptions of traditional 
methods (Yang and Moyer, 2020). The GAM is a semi-
parametric regression modelling approach, composed 
of a sum of smooth functions of covariates, subject to 
smoothing penalties. This model structure allows a flex-
ible specification for potentially important covariates. 
With its automatic smoothing parameter selection, GAM 
can determine the shape of the fitted trend objectively. 
The SC GAM employed here includes streamflow, 
seasonal, and time components. The GAM approach pro-
vides several benefits over traditional methods because it 
utilizes a richer dataset that may be more representative 
of actual conditions than the snapshots in time provided 
by discretely collected measurements, computes a non-
linear trend, and extracts the effects of seasonal patterns 
and changing streamflows.

Trend results for 10 years (April 2008–March 2018) were 
compared with long-term results computed from two addi-
tional USGS monitoring stations within Fairfax County, ACC 
and DRGF. Trends in WT, DO, pH, and SC were computed 
at these locations between 1985 and 2016 using the previ-
ously described Seasonal Kendall method described in item 
(1). Trends in streamflow were computed for 1948–2017 and 
1946–2017 at ACC and DRGF, respectively, using method 



Methods of Investigation  15

(3). Trends in TN and NO3– were computed between 1985 and 
2016 at both locations as part of the USGS nontidal monitor-
ing network using the WRTDS approach described in item (2); 
the data are available online (Moyer and others, 2017).

Temporal Benthic Macroinvertebrate Analyses
Benthic macroinvertebrates, hereafter referred to as 

benthics, are widely used as indictors of water quality because 
these organisms are residents of the aquatic ecosystem, 
relatively ubiquitous, and have varied responses to stream deg-
radation (Rosenberg and Resh, 1993; Resh and others, 1996; 
Barbour and others, 1999). Temporal trends in benthics at both 
the networkwide (132 samples) and station (n = maximum 10 
samples per station) scale were computed for 20 metrics that 
are responsive to monitoring biological conditions in Fairfax 
County urban streams (O’Driscoll and others, 2010). The 
selected metrics include 19 richness (number of unique taxa) 
and percent composition (relative abundance calculated as the 
number of target taxa in a standardized sample with 100 total 
individuals) measures, as well as the Fairfax County Index of 
Biological Integrity (IBI), a multimetric index score (table 3; 
Fairfax County, 2019). The Fairfax IBI is a combination of 
several individual metrics based on tolerance, community 
composition, habitat type, and functional feeding group (FFG) 
(Fairfax County, 2019). The Fairfax IBI is calibrated to the 
Piedmont and should not be applied to Coastal Plain streams 
owing to the intrinsic variability in benthic assemblages across 
these regions. An index developed specifically for Coastal 
Plain streams (Maxted and others, 2000) was used to calcu-
late IBI scores for the two stations (PSB and TKYCK) in this 
region. Both IBIs use the same scale (0–100), which reflects 
the relative stream condition compared to the best attainable 
condition. Six of the richness and percent composition metrics 

are based on taxonomy within FFGs, such as scraper richness 
and percent predator, whereas the remaining metrics are based 
on taxonomic classification alone, such as total taxa richness, 
dominance, and percent Odonata. The Ephemeroptera (may-
flies), Plecoptera (stoneflies), and Trichoptera (caddisflies) 
(EPT) metric is commonly used because it includes many sen-
sitive organisms and is thus a strong indication of good stream 
health (Rosenberg and Resh, 1993). The Coleoptera (beetles), 
Odonata (dragonflies and damselflies), Trichoptera (caddis-
flies), and Ephemeroptera (mayflies) (COTE) metric, which 
contains more tolerant species than EPT, was used because 
not all urban streams can support Plecopterans and may thus 
provide a more appropriate evaluation of stream health in an 
urban environment (Smith and others, 2017).

Mixed-effects models were used to evaluate networkwide 
trends and traditional regression models were used to evaluate 
station-specific trends. Each mixed-effects model produces a 
linear equation of change over time and fits the general form

  (4)

where
 β0 is the y-intercept,
 β1 is the slope for the year term,
 yij is a metric value at station i, in year j,
 xij is the year the sample was collected at a 

station i, in year j, and
 εij is the error term and is partitioned into three 

components, based on the equation
 
 
 

Table 3. Description of metrics and type of analyses used to explore trends in benthic macroinvertebrates.

Metric Abbreviation Type1,2

Fairfax County Index of Biological Integrity IBI Score (0–100)
Total taxa richness Total Richness
Dominance Dominance Composition
Ephemeroptera, Plecoptera, and Trichoptera EPT Richness, composition
Coleoptera, Odonata, Trichoptera, and Ephemeroptera COTE Richness, composition
Chimarra spp., Cheumatopsyche spp., and Hydropsyche spp. CCH Richness, composition
Chironomidae and oligochaetes ChiroOligo Composition
Gastropoda Gastropoda Richness, composition
Odonata Odonata Richness, composition
Filter feeder Filterer Richness, composition
Predator Predator Richness, composition
Scraper Scraper Richness, composition

1Richness metrics are presented as the number of unique taxa.
2Composition metrics are the percent of target taxa in the sample.

0 1ij ij ijy xβ β ε+ ×= +
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  (5)

where
 b0,I represents the estimates of the variability 

among stations,
 b1,I represents the variability in trends over time 

among stations, and
 ηij represents the unaccounted variability.

These models are similar to ANCOVA, in that there are 
repeated measures within groups, but the models account 
for sources of variability among groups, analogous to block 
designs in analysis of variance, rather than estimating dif-
ferences in trends between groups. The type of model used 
was metric-specific and the significance of trend results was 
assessed at a p-value of ≤0.05. Richness and composition 
metrics were evaluated with either mixed-effects or tradi-
tional Poisson regression models with a log-link function. The 
response variables for richness and composition metrics were 
the number of unique target taxa and total number of target 
taxa in each sample. For composition metrics, an offset equal 
to the log of the total number of individuals in the sample was 
added to the model to produce estimates of percent composi-
tion. Mixed-effects and traditional linear regression models 
were used to evaluate the Fairfax IBI metric, for which 
the IBI score served as the response variable. Mixed-effect 
models were evaluated with restricted maximum likelihood 
using the lme4 and lmerTest packages in R (Bates and others, 
2015; Kutznetsova and others, 2017; R Core Team, 2018). 
Models were run on a reference station (MEADOWS, 1.31 
mi2, FCSWPD station identifier QCQB01) located along an 
unnamed tributary of South Fork Quantico Creek between 
High Meadows Trail and Scenic Drive. The MEADOWS 
station is located within a relatively undeveloped watershed 
(0.5 percent impervious cover), which provides a useful 
comparison to the Fairfax County stations located in consider-
ably more developed watersheds (7–51 percent impervious 
cover) and may provide some insight into the relative effects 
of station-specific urban stressors versus regional drivers of 
change in benthic macroinvertebrate metrics.

Data Availability
All continuous-stage and streamflow data (5-min interval) 

and basic water-quality parameters (15-min interval) col-
lected at the 5 intensively monitored stations, continuous-stage 
data (15-min interval) collected at the 15 trend stations, and 
discrete laboratory-analyzed water samples from the full 20 
station network are publicly available in the NWIS database 
(U.S. Geological Survey, 2018). Those data, or results of sub-
sequent analyses, that could not be stored in NWIS are avail-
able as a data release (Porter and others, 2020). Specifically, 
the data release includes all benthic macroinvertebrate data 
and model results, computed unit values for stage-based and 
RBI flashiness indices, annual streamflow metrics (streamflow 
volume, baseflow separations, runoff ratios, peak streamflow, 
and so forth), annual nutrient and suspended-sediment loads, 

load model calibration and estimation files, and water-quality 
trends. The appendixes contain a summary of some of the 
analyses presented in the data release such as results from 
hypotheses tests, annual exceedance probabilities, general 
additive models, and load an concentration models as well as 
figures presenting results from monthly sampling at the 20 
monitoring stations for water temperature and several subspe-
cies of nitrogen and phosphorus.

Hydrologic Conditions
Stormwater management practices seek to improve water 

quality by reducing peak flows, lowering stream flashiness, 
and increasing riparian connectivity; therefore, analyses of 
hydrologic conditions are necessary to measure the effective-
ness of these actions. Streamflow metrics were analyzed in 
association with precipitation to investigate the spatial and 
temporal patterns that occurred throughout the monitoring 
network. Analyses explore the relation of stream hydrology to 
the duration, intensity, and recurrence of precipitation events, 
degree of impervious cover, and the soil and geological prop-
erties of each monitored watershed.

Precipitation

Countywide annual rainfall totals fluctuated around 
the monitoring period mean (fig. 4), with the lowest annual 
precipitation in WY 2012 and above mean precipitation in 
WYs 2008, 2010, 2011, and 2014. In three of the wettest 
years, WYs 2008, 2011, and 2014, much of the total annual 
precipitation accumulated as a result of high-intensity events. 
In WY 2008, 7.06 inches (in.) of rain fell on the county dur-
ing Hurricane Hanna; Tropical Storm Lee produced a single 
day total of 5.49 in. in WY 2011; and three separate storms 
each generated over 3.5 in. of daily rainfall in WY 2014. 
Conversely, the annual precipitation total in WY 2010 was 
elevated owing to the aggregation of many moderately intense 
storms (0.5–1.0 in.) but lacked extreme events. Monthly 
precipitation totals revealed a seasonal pattern of wetter condi-
tions in late spring (May and June) and early fall (September 
and October), and drier conditions that began in late fall and 
extended through the winter months.

High precipitation periods have pronounced effects on 
hydrologic and water-quality conditions with the potential 
for altering stream geometry and moving substantial loads 
of nutrients and sediment. Likewise, sustained periods of 
low precipitation reduce baseflow as the groundwater table 
recedes, which can subsequently reduce the physical extent 
of aquatic habitat (Bond and others, 2008; Rolls and oth-
ers, 2012), concentrate nutrient and pollutant concentrations 
(Menció and Mas-Pla, 2010), reduce hydrologic connec-
tivity between stream segments (Boulton, 2003), increase 

0, 1,ij i i ijb b nε + +=
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WT (Dahm and others, 2003), and reduce DO—all of 
which can degrade aquatic community health (Sabater and 
Barceló, 2010).

Streamflow

Annual streamflow yield—the volume of streamflow gen-
erated per unit area—was calculated for each of the five inten-
sive monitoring stations to inform hydrologic comparisons 
between watersheds of varying size (fig. 5A). Median annual 
streamflow yields were highest at FLAT and DIFF, 49.81 and 
48.09 million cubic feet per square mile (ft3/mi2), respectively. 
DEAD, LONG, and SFLIL had considerably lower median 
annual streamflow yields of 34.10, 32.95, and 31.87 ft3/mi2, 
respectively.

Streamflow yields increased with annual precipitation 
at all stations, but the amount of precipitation exported as 
stormflow varied between stations as indicated by runoff ratio 
(fig. 5B). The proportion of annual streamflow exported as 
stormflow exceeded the proportion exported as baseflow, as 
indicated by SFI values greater than 0.5, during most years at 
most stations, apart from SFLIL (fig. 5C). Stormflow indices 
and runoff ratios were positively related to annual precipita-
tion at all stations except LONG; however, at this station the 
validity of the runoff ratio and SFI may be compromised by 
backwater produced at the confluence of LONG and ACC. The 
10-year mean runoff ratios were noticeably higher at DIFF 
(0.25) and FLAT (0.23) than the other three stations, which 
contributes to the higher annual streamflow yields observed 
in these watersheds. The elevated runoff ratio and streamflow 
yield at FLAT may be partly attributable to the relatively 
low groundwater storage capacity of soils in the Triassic 
Lowlands (Froelich and Zenone, 1985a). At DIFF, a relatively 
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thin clay-rich saprolite that slows infiltration and generates 
more runoff than more permeable soils (Froelich and Zenone, 
1985a) may contribute to similar conditions. Although total 
watershed impervious coverage was similar in DIFF and 
DEAD (31 and 35 percent, respectively) and both watersheds 
are in the Piedmont, streamflow yields and runoff ratios were 
lower at DEAD (fig. 5). This difference may be attributed to 
the geology underlying DEAD, which has a thicker, well-
drained saprolite that sits atop well-drained schists (Obermeier 
and Langer, 1986) compared to clay-rich saprolite in DIFF. 
The SFLIL watershed, which has similar soil characteristics 
to DIFF, typically has the lowest streamflow yield and SFI 
because it contains the least amount of impervious land cover 
of the intensive sites (16 percent).

Monthly streamflow yields were compared to monthly 
precipitation totals to evaluate watershed responses to precipi-
tation and explore changes in these relations in two sequential 
5-year periods (fig. 6). Overall, the five intensively monitored 
watersheds generated similar streamflow yields in months 
receiving 2 in. of precipitation or less. Regardless of the period 
(WYs 2008–12 and 2013–17), FLAT and DIFF yielded more 
streamflow than the other three watersheds when monthly 
rainfall totals exceeded 2 in. Further, ANCOVA revealed that 
the slope of the relation between streamflow and precipita-
tion decreased significantly at FLAT and DIFF between the 
periods WY 2008–12 and WY 2013–17; no significant change 
was observed for SFLIL or DEAD between these time periods 
(appendix 1; table 1.1, 1.2). Monthly precipitation totals were 
similar between 2008–12 and 2013–17 based on a monthly 
comparison of all pairs using a Steele-Dwass test, so these 
results indicate that DIFF and FLAT exported less streamflow 
during wet months in the second 5-year period than the first. 
Evidence of this pattern is also present in the lower streamflow 
yields and runoff ratios observed in the most recent 3 years 
at DIFF and FLAT. The decreases in these metrics may be 
related to BMP implementations or other changes in land use; 
however, the relation between these metrics and landscape 
change and BMP implementation were beyond the scope of 
this report.

Streamflow yields have been shown to increase with 
increasing impervious land cover (Beighley and Moglen, 
2002; Pappas and others, 2008; Rasmussen and Gatotho, 
2013; Aulenbach and others, 2017). Impervious surfaces cover 
about 30 percent of DIFF, DEAD, LONG, and FLAT and 
about 15 percent of SFLIL. These differences likely explain 
why SFLIL had a lower SFI and runoff ratio compared to the 
other stations. Streamflow yields at these urban stations were 
five times higher than South Fork Quantico Creek (SFQ, 7.62 
mi2 USGS station identifier 01658500), a primarily undevel-
oped watershed in neighboring Prince William County. Runoff 
ratios observed at DEAD, FLAT, DIFF, and LONG were 
comparable to those in a similar study of urban watersheds 
in the Baltimore, Maryland metropolitan area, which ranged 
from 0.17 to 0.34 (Brun and Band, 2000; Groffman and others, 
2004). Meanwhile, the mean runoff ratio at SFLIL (0.11) was 
more comparable to the SFQ watershed (0.13).

Stream Flashiness and Stormflow Event Duration
A visual examination of storm hydrographs between 

monitoring stations can provide useful insights into the 
variability of watershed-specific hydrologic response to 
precipitation-runoff events. These comparisons can elucidate 
differences in peak streamflow, flashiness, and event duration; 
factors that play important roles in overall stream health. A 
hydrographic comparison at the five intensive monitoring sta-
tions and the SFQ reference station during a storm event that 
delivered approximately 1 in. of precipitation across Fairfax 
County and Prince William County on January 10, 2016, is 
shown in figure 7. During this event, DEAD had the high-
est peak but one of the shortest event durations. FLAT and 
DIFF had lower peaks than DEAD and LONG, even though 
the watersheds have similar levels of impervious cover. The 
storm response curves for these urban watersheds in Fairfax 
County fit the classic example of the hydrologic regime in 
a highly urbanized watershed where impervious land cover 
produces rapid runoff and limits groundwater infiltration. The 
hydrologic response at SFQ provides a contrast to DEAD. The 
rising and falling limb in SFQ were more gradual and the peak 
was substantially lower, reflective of greater infiltration owing 
to limited land development.

Duration curves of streamflow yield were used to provide 
a quantitative summary of streamflow characteristics in each 
of the intensively monitored watersheds (fig. 8) and expand 
upon the qualitative assessments in figure 7. Peak stream-
flow yields (0–0.01 nonexceedance) as well as the highest 25 
percent of streamflow yields (0–0.25 nonexceedance), which 
represent stormflow conditions, were highest at FLAT and 
DIFF. Further, FLAT, DIFF, and SFLIL had higher base-
flows, 0.25–0.75 nonexceedance, than DEAD and LONG. 
Additionally, the lowest streamflows, 0.75–0.999 nonex-
ceedance, which typically occur during periods of extended 
drought, were much lower at LONG than the other stations. 
These patterns demonstrate variability in high, moderate, and 
low streamflow characteristics across the monitored water-
sheds, as well as metrics that measure response to precipita-
tion such as runoff ratio and flashiness. For example, elevated 
stormflow yields at DIFF and FLAT are likely related to 
geologic factors that reduce infiltration (clay-rich saprolite and 
shallow soils, respectively). Elevated baseflows in these two 
watersheds may be the result of watershed area, which allows 
for greater storages and longer residence times of groundwa-
ter, as well as geologic factors that promote connectivity to 
the stream network. Likewise, the longer recession curves pic-
tured in figure 7 are likely attributable to greater time of transit 
owing to the larger area of those two watersheds. Meanwhile 
elevated baseflows in SFLIL may also be attributable to 
geologic factors; however, the relatively low impervious land 
cover in this watershed may also be a key driver. Lower base-
flows at DEAD and LONG are likely related to greater rates 
of storm runoff (flashiness) and poor connectivity to shallow 
groundwater storages.
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The RBI was computed using all streamflow timeseries 
data from each intensive monitoring station collected dur-
ing the period of study. DEAD was the flashiest watershed, 
indicated by the highest RBI score (0.417) and SFLIL the 
lowest within the network (0.169), and the reference station 
SFQ was the lowest overall (0.107). For the 20 trend stations, 
stage-based PERIOD5 ranged from 0.10 percent of the time 
at CASTLE to 0.66 percent of the time at DEAD and was 
positively correlated with impervious land cover (Pearson’s r 
= 0.72, p=0.0003; fig. 9). On average, a 10-percent increase 
in watershed imperviousness resulted in a 20-percent (0.1 
percentage points) increase in stage-based PERIOD5. Stage-
based PERIOD5 at DEAD was greater than would be expected 

based only on impervious coverage and highlights that other 
watershed properties such as depth to bedrock, soil poros-
ity, and effective impervious cover (areas directly connected 
to urban drainage systems) may contribute to these storm 
responses. Both RBI scores and stage-based PERIOD5 indices 
were stable in most watersheds throughout the study period. 
DEAD had the greatest reduction in stage-based PERIOD5; 
however, RBI scores indicate that stream flashiness was 
unchanged at this station. The number of times water-level 
rises by 0.5 ft (PERIOD5) is affected by changes in stream 
geometry, which is constantly evolving at all stations as a 
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result of bank erosion, channel scour, or channel aggrada-
tion. The reductions in PERIOD5 at DEAD may therefore be 
affected by a widening and deepening of the channel.

Trends and Temporal Patterns in Streamflow 

Multidecadal trends in baseflow indices and runoff ratios 
were evaluated at two stations where sufficiently long records 
were available, DRGF and ACC (fig. 10A, B). Increasing run-
off ratios are most likely the product of increased impervious 
land cover and stormwater infrastructure, landscape changes 
that both reduce groundwater recharge and increase surface 
runoff (Klein, 1979; Rose and Peters, 2001; Hardison and 
others, 2009). These patterns are reflective of long-term shifts 
in the water budgets of these watersheds—much of the water 
that prior to development would have been intercepted by 
riparian buffers, lost to evapotranspiration, or stored in the soil 
column or aquifers, is now channeled directly to the stream. 
Notably, during the 10 years of the study period, a slower rate 

of change in these metrics was evident, and in some instances, 
the direction of these patterns reversed—increasing baseflows 
and decreasing runoff.

Statistically significant increases of about 1 percent per 
year were observed in the top 10-percent of mean daily flows 
at DRGF and ACC between 1946 and 2017 and 1948 and 
2017, respectively (fig. 11A; red points on upper righthand 
side). Decreases occurred in the lower half of mean daily 
flows at both stations, but with greater significance and mag-
nitude at ACC (fig. 11A; bottom left). Total impervious land 
cover in the ACC watershed increased from 3 percent in 1949 
to 33 percent in 1994 and coincident to this period streamflow 
increased by 48 percent for periods with moderate rain and by 
75 percent during periods of extreme rain (Jennings and Taylor 
Jarnagin, 2002), consistent with previously described relations 
between urbanization and hydrology. Mean daily streamflow 
trends between 2008 and 2018 at these stations were almost 
entirely nonsignificant but generally decreased by around 5 
percent above the 10th percentile of mean daily flows. Below 
these values, conditions were relatively unchanged at DRGF 
and increased by as much as 5 percent at ACC (fig. 11B).
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Figure 7. Hydrographs from the five intensively monitored watersheds and reference station (SFQ) during a 1-inch 
precipitation event that occurred on January 10, 2016. Station names are defined in table 1.
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There were few significant trends in mean daily stream-
flow between 2008 and 2018 at DEAD, FLAT, and DIFF, and 
no significant trends at SFLIL; however, the general patterns 
were similar to those observed over the same period at DRGF 
and ACC (fig. 12). No trends were observed for most quantiles 
at most stations; however, the typical pattern among stations 
indicated a decline in mean daily streamflow values between 
the 10th and 90th percentiles by as much as 10 percent. The 
top 10 percentiles of mean daily streamflow also declined at 
all stations except DEAD. The bottom 10 percentiles of mean 
daily streamflow were relatively unchanged at SFLIL and 
DIFF but increased at DEAD and FLAT. Patterns of decreas-
ing high flows and increasing low flows may result from 
stormwater management practices designed to intercept direct 
runoff and promote groundwater infiltration, climate and pre-
cipitation patterns, or a combination of these and other factors 
(Hopkins and others, 2020).

Streamflow Annual Exceedance Probability
At all four monitoring stations the peak of record had 

an AEP of 0.09, or an 11-year storm (fig. 13; table 1.3). At 
DEAD, the peak occurred in August 2010 resulting from 
a localized high-intensity convective system, at FLAT and 
SFLIL the peak occurred in October 2011 during Tropical 
Storm Lee, and at DIFF in 2008 during Tropical Storm Hanna. 
At DRGF and ACC, the largest storm observed during the 
10-year period occurred during Tropical Storm Lee in 2011. 
When multidecadal data were used to compute the recurrence 
intervals for these events at DRGF and ACC, the storms rep-
resented 42- and 72-year recurrences, respectively. When this 
analysis was conducted for DRGF and ACC using data only 
from the concomitant 10-year study period, both WY 2011 
AEPs were 0.09 (11-year storm reoccurrence). The differences 
in computed AEPs highlights the skew and uncertainty in 
estimations at the four intensive monitoring stations as a result 
of record length and indicates that return intervals for these 
storms may be higher than the values reported above.
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Water-Chemistry Conditions
Spatial differences in a suite of water-chemistry constitu-

ents were explored to assess the aquatic condition of Fairfax 
County streams and to identify how water-chemistry differ-
ences may be related to land use, geology, and other watershed 
properties. Relations between water-chemistry, streamflow, 
and time of year are analyzed to develop an understanding 
of the primary delivery pathways and the environmental fate 
of various constituents. These analyses will support future 
work aimed at developing an understanding between water-
shed management and water-chemistry responses. This report 
includes the analysis of all data collected through March 2018. 
The collection of monthly samples began in April 2008 at 
the initial 14 monitoring stations (a total of 120 samples), 
and October 2013 at 6 add-on stations (a total of 66 samples) 
(table 1). A total of 1,882 storm samples were collected at the 
5 intensive monitoring stations.

Constituent loads were computed for eight constituents at 
each of the five intensively monitored watersheds to provide 
a holistic evaluation of the complex and often integrated 

watershed processes that affect both water quantity and qual-
ity (Barber and others, 2006). For DIFF, FLAT, and SFLIL, 
loads and yields were computed for WYs 2008 through 2017; 
for DEAD, loads and yields were computed for WYs 2009 
through 2017; and for LONG, loads and yields were computed 
for WYs 2014 through 2017 (Porter and others, 2020).

Water-chemistry trends were assessed at 14 stations with 
10 years of monitoring data to describe how conditions have 
changed over time (Porter and others, 2020). Monotonic trends 
were analyzed between April 2008 and March 2018 in WT, 
DO, pH, SC, turbidity, nitrogen, phosphorous, and SS, and for 
certain constituents, FN trends were computed to document 
water-quality trends more closely associated with watershed 
changes than interannual hydrologic variability.

Water Temperature and Dissolved Oxygen

Water temperature is a fundamental water-quality 
parameter given its role in regulating chemical and biological 
reactions and governing the structure of aquatic communities 
(Mulholland and others, 2001; Hillebrand and others, 2010; 
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Demars and others, 2011). A positive correlation between 
watershed imperviousness and stream temperature is com-
monly observed (Galli, 1991; O’Driscoll and others, 2010) as 
a result of reduced baseflows, increased runoff, and as a result 
of the low albedo of roads, sidewalks, and buildings, which 
gain and hold more heat, and consequently increase the tem-
perature of overland runoff. Additionally, increased runoff has 
been shown to result in short-term temperature oscillations and 
spikes (Nelson and Palmer, 2007). Collectively, these effects 
can stress temperature-sensitive aquatic species.

Although DO varies by watershed owing to chemical and 
biological oxygen demands and processes such as photosyn-
thesis and aeration that add oxygen, the solubility of oxygen is 
inversely related to WT, and as a result stream DO concentra-
tions have both daily and seasonal cycles. The concentration 
of DO in streams is an indicator of the balance between pro-
cesses that produce and consume oxygen (Hem, 1985), and the 

resultant net concentration is critical to the survival of aquatic 
organisms that require oxygen for respiration; therefore, DO 
is widely used as an indicator of stream health and in Virginia 
the minimum criterion for healthy streams is 4.0 milligrams 
per liter (mg/L; Commonwealth of Virginia, 1997a).

Hydrologic, Seasonal, and Spatial Patterns
Water temperatures in the monthly samples were between 

0 and 28.1 degrees Celsius (°C) and from 0 to 29.0 °C in the 
continuously collected data, and never exceeded the Virginia 
maximum temperature criterion of 32.0 °C (appendix 2; 
fig. 2.1; Commonwealth of Virginia, 1997a) at any of the 
20 stations over the 10 years of monitoring. Water tempera-
tures were seasonally variable with a median cool season 
temperature of 6.5 °C and median warm season temperature 
of 19.0 °C networkwide. The greatest range in daily mean 
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values from the continuous data at the five intensive monitor-
ing stations were observed during spring months (fig. 14A). 
This pattern is attributed to daily fluctuations in WT caused 
by similar fluctuations in air temperature and from heating by 
solar radiation owing to a lack of lack of leaf cover in the tree 
canopy (fig. 14A; Johnson, 2004). Water temperature vio-
lated the 2-degree per hour change standard (Commonwealth 

of Virginia, 1997b) approximately 0.01 percent of the time 
across the five intensive monitoring stations. Violations were 
observed at all five intensive monitoring stations, but most 
commonly at DEAD (51 percent of all occurrences) and is 
likely related to stream flashiness. These occurrences were 
primarily during extreme storm events in warm months and 
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likely the result of rapid runoff from solar-heated impervious 
surfaces. Station-specific mean WT ranged from 12.2 to 14.8 
°C and was typically lowest in the least developed watersheds.

Dissolved oxygen varied seasonally across monitored 
streams with median concentrations typically 4.0 mg/L higher 
in the cool season than the warm season. Median concentra-
tions measured in the monthly samples varied across stations, 
with the highest concentrations generally observed at CAS-
TLE and INDIAN (10.3 mg/L) and the lowest at PSB (8.3 

mg/L; fig. 15). Median DO was typically lowest at PSB in the 
Coastal Plain and across all Triassic Lowlands streams, and 
highest in the Piedmont. Low median DO at PSB may have 
been the result of increased biological oxygen demand associ-
ated with storage of organic matter (Munn and others, 2018) 
and low topographic relief, which reduces the turbulence-
induced dissolution of oxygen into stream water.
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More than 99 percent of the DO measurements from 
monthly samples were above the minimum criterion of 4.0 
mg/L, with only 13 violations, all of which occurred during 
the warm season. Nine of these occurrences were observed at 
PSB, located within the Coastal Plain, from WYs 2008–2015 
and may be attributed to the factors already discussed. 
Violations did not occur in DOGUE, and this may provide 

some insight into the geologic differences in these two Coastal 
Plain watersheds. DOGUE is underlain by coarse sediments 
that promote oxic conditions, whereas sediments underly-
ing PSB have a greater clay and organic matter content that 
creates anoxic conditions. These differences are supported by 
lower soil permeability in PSB (3.37 inches/hour [in/hr]) than 
in other watersheds that drain the Coastal Plain  
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(4.26–5.19 in/hr; U.S. Geological Survey, 2016) and may 
explain differences in nutrient concentrations between these 
stations (discussed later). Violations also were recorded on 
single occasions at TRKYCK and FROG, and in two instances 
at HPEN, all of which are low-gradient systems outside of the 
Piedmont.

Pronounced diel cycling was apparent in continuous data 
during the spring at all five intensive monitoring stations; 
however, the greatest fluctuations were observed at FLAT, 
where DO varied by as much as 10 mg/L per day (fig. 14B). 
Fluctuations at FLAT and relatively low DO concentrations 
at all Triassic Lowlands stations were most likely related to 
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the combined effect of (1) readily available pools of soluble 
reactive phosphorus that promote photosynthesis that were 
previously deposited in ancient lakebed sediments, and (2) 
increased solar radiation in the early spring prior to leaf out 
(McCormick and Laing, 2003; Frost and others, 2006).

Trends
No trend in WT (in monthly samples) occurred at most 

stations and the combined trend result from all stations was 
nonsignificant (table 4, fig. 16A; Porter and others, 2020). A 
mean annual WT change of +0.03 °C, or about 0.2 percent, 
was observed from the network. Although WT changes were 
nonsignificant at most stations, their comparison to long-term 
and regional patterns provides useful insights. Mean annual 
changes in the 2008–2018 study period are similar to the 
long-term (1985–2016) significant trends observed at DRGF 
and ACC of +0.04 °C per year and to the regional trend of 
+0.028 °C per year between 1960 and 2010 documented in 

Chesapeake Bay streams (Rice and Jastram, 2015). There was 
almost no change in median to maximum mean daily WTs at 
four of the intensive monitoring stations (fig. 17A).

At most stations, no trend in DO was observed over the 
10-year study period, but the combined trend result from all 
monitoring stations revealed a significant decrease of about 
0.33 percent per year, or about 0.03 mg/L per year (table 4, 
fig. 16B; Porter and others, 2020). The largest change occurred 
at FROG, where a statistically significant decrease of approxi-
mately 2 percent per year was observed. The median decrease 
from all stations of –0.04 mg/L is nearly identical to the aver-
age annual decline observed at ACC between 1985 and 2016.

pH

pH is a measure of the relative concentration of free 
hydrogen and hydroxyl ions in water, which dictates the acid-
ity or basicity of a substance. pH also affects the solubility of 
nutrients, which governs speciation and concentration, and  

Table 4. Results from Regional Seasonal Kendall trend tests.

[Significance based on p≤0.1. Green text indicates a significant increasing trend and orange text indicates a significant decreasing trend. mg/L, milligrams per 
liter; FNU, Formazin nephelometric units]

Response, units Abbreviation
Number 
of sta-
tions

Flow normalized Nonflow normalized

p-value
Median 
annual 
change

Median an-
nual percent 

change
p-value

Median 
annual 
change

Median an-
nual percent 

change

Water temperature, degrees 
Celsius

WT 14 0.2825 0.04 0.03 0.5669 0.20 0.16

Dissolved oxygen, mg/L DO 14 0.1016 –0.02 –0.03 0.0457 –0.31 –0.33
pH, standard units pH 14 0.0025 –0.013 –0.02 0.0015 –0.06 –0.09
Specific conductance, uS/

cm
SC 14 <0.0001 58.29 2.32 <0.0001 66.43 2.64

Total nitrogen, mg/L TN 14 0.1648 –0.12 –0.59 0.1599 –0.10 –0.55
Total Kjeldahl nitrogen, 

mg/L
TKN 13 0.9134 0.02 0.67 0.6270 0.00 0.00

Total dissolved nitrogen, 
mg/L

TDN 14 0.7145 0.05 0.35 0.7927 0.00 0.00

Nitrate + nitrite, mg/L as 
nitrogen

NO3– 14 0.0994 –0.13 –1.33 0.0761 –0.16 –1.81

Dissolved total Kjeldhal 
nitrogen, mg/L

DTKN 13 <0.0001 0.12 4.73 0.0007 0.10 3.57

Total phosphorus, mg/L TP 14 0.0041 0.01 3.90 0.0069 0.01 2.73
Total dissolved phosphorus, 

mg/L
TDP 14 <0.0001 0.01 8.13 <0.0001 0.01 10.56

Orthophosphate, mg/L OP 10 0.0474 0.00 3.61 0.0069 0.01 6.98
Total particulate phospho-

rus, mg/L
TPP 12 0.0308 0.00 4.39 0.0454 0.00 0.00

Suspended sediment con-
centration, mg/L

SS 14 0.2396 0.56 1.78 0.6220 0.00 0.00

Turbidity, FNU Turbidity 14 0.3186 –0.12 –0.79 0.2088 –0.43 –3.03
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Figure 16. Water temperature (A), dissolved oxygen (B), pH (C), and specific conductance (D) trend results 
expressed as a percent change per year at 14 monitoring locations between March 2008 and April 2018. The 
p-value refers to the Regional Seasonal Kendall trend test. Station names are defined in table 1.
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stations between April 2008 and March 2018 with nonexceedance probabilities of mean daily values. Station names are defined in 
table 1.
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consequently the biological availability of those constituents 
(Strauss and others, 2002; Li and others, 2013; Cerozi and 
Fitzsimmons, 2016). Stream pH has been shown to decrease 
with watershed imperviousness owing to increased runoff of 
rain, which is typically more acidic than that of fluvial waters 
(Deletic and Maksimovic, 1998; Barałkiewicz and others, 
2014); however, increases in pH also have been cited  
(Conway, 2007; Nagy and others, 2012; Moore and others, 
2017) from additions of calcium (Ca) and bicarbonate from 
concrete and asphalt weathering as well as lawn maintenance 
and road salts found in urban storm runoff (King and others, 
2005; Li and others, 2013; Kaushal and others, 2017).

Hydrologic, Seasonal, and Spatial Patterns
pH was typically inversely related to streamflow owing to 

inputs of precipitation runoff during high flows (fig. 18). The 
median pH of rainwater in Virginia during the study period 
was 5.1 (National Atmospheric Deposition Program, 2016), 
whereas typical stream pH was approximately neutral (7.0±0.5 
units). Within-station seasonal variability was minimal; how-
ever, median annual pH, which ranged from 6.7 to 7.5 units, 
indicated spatial variability across the 20 stations (fig. 19). 
Monthly pH measurements were within the range of natu-
ral waters (6.5–8.5, Hem, 1985) 95.9 percent of the time 
networkwide. The four stations with the highest median 
monthly pH all drain portions of the Triassic Lowlands; 
whereas the lowest monthly pH was observed at DOGUE, 
located in the Coastal Plain. The causes of elevated pH 
in the Triassic Lowlands streams are likely twofold: (1) 
increased photosynthesis that results from the dissolu-
tion of phosphorous-bearing geology removes hydrogen 
(H+) ions from solution, and (2) calcium carbonate-rich 
groundwater discharging to streams (Froelich and Zenone, 
1985b). Low pH observed at DOGUE and PSB may be 
related to the chemistry of the groundwater discharging to 
those streams. Ultisols, intensely weathered reddish clay 
soils that compose much of the Coastal Plain sediments, 
have a consistently low pH, low concentrations of calcium 
and magnesium (Mg), and high concentrations of iron (Fe) 
and aluminum (Al) (Virginia Department of Conservation 
and Recreation, Division of Natural Heritage, 2016). 
The chemistry of these soils affects groundwater pH by 
controlling the rate of carbonate-equilibrium reactions, 
which involves the hydrolysis of carbon dioxide (CO2) 
to form carbonic acid, and ultimately disassociation to 
form H+, carbonate, and bicarbonate ions (Focazio and 
others, 1992). Additionally, surface waters in the Coastal 
Plain are characteristically rich in organic, humic, and 
fluvic acids owing to the accumulation of organic mat-
ter and these acids naturally lower stream pH (Beck and 
others, 1974). Median pH was also low at RABT, located 
in the Piedmont region, which may have also resulted 
from organic matter accumulation. Organic matter was 
not measured directly; however, median TKN and DTKN 
concentrations, which contain dissolved organic nitrogen 

and form a subset of the dissolved organic matter pool (Hood 
and Christian, 2008; Sipler and Bronk, 2015), were higher at 
RABT than any other Piedmont station.

Seasonal variability in mean daily pH values was not 
observed in the continuous data at the five intensive stations; 
however, the range in daily values were typically greater 
from late February to mid-April, as well as in August to late 
September at FLAT (fig. 14C). The fine resolution of the 
continuous data revealed a daily pattern when streamflow was 
stable, in which pH values typically peaked during the warm-
est time of day and were at their lowest in the early morning 
hours. This pattern is controlled by a series of chemical reac-
tions in which CO2 reacts with water (H2O) to form carbonic 
acid (H2CO3) and ultimately releases a H+ ion into water. 
During the daytime, photosynthesizing organisms utilize CO2 
and H2O and the consequent removal of H+ ions causes water 
to become more basic; however, in the evening and early 
morning hours when photosynthesis is suspended, the con-
centration of H+ ions increases, lowering pH. Respiration and 
decomposition processes also cause variability in pH owing to  
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the production of CO2, which dissolves in water as carbonic 
acid. Diurnal swings were most pronounced prior to leaf-out in 
late winter and early spring when daytime solar heating caused 
the greatest fluctuation in daily WT, and consequently, biologi-
cal activity. Diurnal pH fluctuations were greatest at FLAT and 
could be related to elevated phosphorous concentrations that 
increased photosynthetic rates.

Trends
The combined trend results from all monitoring stations 

(in the monthly data) revealed a significant decrease in pH 
over the 10-year study period; however, the network median 
change between 2008 and 2018 was less than 1 percent. 
Significant decreases occurred at four stations, where median 
changes ranged from about –0.2 to –0.5 percent. (table 4, 
fig. 16C; Porter and others, 2020). These changes are similar 
to the significant decrease in pH of 0.01 unit per year observed 
in ACC and DIFF between 1985 and 2016 (fig. 17B). Changes 
of as much as +1 percent per year were present in the lower 
30th percentile of mean daily values, calculated from 15-min 
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measurements at four of the intensive stations; a range of pH 
values between 6.5 and 7.0. Except for trends at DEAD, these 
changes mostly were not significant. Increasing pH values 
observed at DEAD may be attributed to increases in the deliv-
ery of base cations to streams, possibly as a result of increased 
road salt applications or from the dissolution of carbonate-
bearing building materials (Kaushal and others, 2017). Lower 
pH values typically were observed during periods of elevated 
streamflow and values above this range, observed during base-
flow, experienced smaller, nonsignificant changes. As discrete 
samples typically are collected during nonstormflow events, 
differences in the monthly trend results and mean daily value 
trend results reflect that temporal patterns in pH vary with 
hydrology.

Specific Conductance

Specific conductance is the ability of water to conduct 
electric current, corrected for temperature (typically 25 °C), 
and provides an indication of ion concentration in water (Hem, 
1985). Factors that affect SC include temperature and geologic 
weathering (Hem, 1985), as well as anthropogenic sources 
such road deicing salts (Novotny and others, 2008; Daley and 
others, 2009), wastewater (Paul and Meyer, 2001; Potter and 
others, 2014), and weathering of concrete materials (Wright 
and others, 2011; Kaushal and others, 2017). Deicer applica-
tions have been linked with elevated ion concentrations, such 
as sodium and chloride, in streams. These applications are 
considered a major contributor to freshwater salinization in 
the urban environment and have been documented in Fairfax 
County streams (Sanford and others, 2012; Jastram, 2014; 
Hyer and others, 2016); similar relations have been observed 
throughout the northeastern and southeastern United States 
(Kaushal and others, 2005; Moore and others, 2020).

Freshwater salinization is a growing concern in urban 
watersheds where runoff is not typically mitigated by tradi-
tional stormwater management practices such as detention 
ponds (Snodgrass and others, 2017). Salinization can degrade 
stream and drinking water quality through the mobilization of 
nitrogen and phosphorous from soils (Steele and Aitkenhead-
Peterson, 2013; Haq and others, 2018), the leaching of metals 
in water infrastructure (Kaushal, 2016; St. Clair and others, 
2016), and has numerous negative impacts on aquatic life 
(Corsi and others, 2010). Annual stream-quality assess-
ments based on macroinvertebrate sampling, physical habitat, 
and water chemistry consistently identify that 75 percent 
of Fairfax County streams are in fair to very poor condi-
tion (Fairfax County, 2017b). Chloride and sediment were 
identified as the most probable pollutant stressors causing 
the benthic impairments in ACC (Interstate Commission on 
the Potomac River Basin, 2017), and are likely contributors 
to poor benthic conditions in similar settings across Fairfax 
County (Fairfax County, 2017a). These concerns led to the 
development of a chloride surface-water standard in Virginia 
(Virginia Department of Environmental Quality, 2011) and 

the implementation of a chloride total maximum daily load 
(TMDL) in 2017 in ACC, the first such TMDL in the State in 
an urban setting.

Hydrologic, Seasonal, and Spatial Patterns
Median SC values ranged from 165 microsiemens per 

centimeter (µS/cm) at SFLIL to 418 µS/cm at FLAT (fig. 20) 
and typically were related inversely to streamflow network-
wide, except during periods of ion enrichment following road 
deicing salt applications (fig. 21). This hydrologic dependence 
indicates that high-conductance groundwater dominates 
baseflows and low-conductance storm runoff dominates higher 
flows. Variability across stations is a function of geology and 
land cover. Although SC values are elevated by the delivery of 
salts applied to impervious surfaces, geologic effects also were 
evident in Fairfax County streams; the 10-year median values 
for Triassic Lowlands streams were significantly higher (376 
µS/cm) than those in the Coastal Plain (243 µS/cm) or the 
Piedmont (226 µS/cm), all of which were higher than the EPA 
reference conditions for streams in most eastern ecoregions 
(<200 µS/cm; Griffith, 2014).

In the absence of anthropogenic disturbance, SC is con-
trolled by three general processes: (1) the ionic composition 
of precipitation; (2) the ratio of evaporation to crystallization 
processes, which can concentrate or dilute the ionic composi-
tion of precipitation; and (3) the composition of the underlying 
rock (Gibbs, 1970; Griffith, 2014). Although these processes 
are not independent, given the relative proximity of monitored 
streams, it is reasonable to assume similar rates of evapocrys-
tallization and precipitation chemistry; therefore, variability 
across physiographic provinces was most likely driven by the 
mineral composition of the underlying rock strata (Froelich 
and Zenone, 1985b). Ion concentration, and therefore SC, 
typically increases in groundwater with time of contact with 
the geologic materials (Gibbs, 1970; Matsubayashi and others, 
1993), particularly when flowing through geology that lacks 
resistance to chemical weathering (Griffith, 2014). Therefore, 
groundwater SC likely was elevated in Triassic Lowlands 
streams owing to high concentrations of calcium and mag-
nesium leached from highly weathered calcareous shale 
(Froelich and Zenone, 1985a).

Specific conductance increases with impervious land 
cover (Hem, 1985; Gregory and Calhoun, 2007; Peters, 2009), 
and is therefore a useful indicator of the effects of urbaniza-
tion on stream quality. A positive relation (R2=0.51, p=0.0004) 
between impervious land cover and mean SC was observed in 
Fairfax County streams (fig. 22) where SC increased nearly 
100 µS/cm for every 10-percent increase in watershed imper-
viousness. Significant seasonal variability also was apparent 
networkwide with median SC ranging from 239 µS/cm in 
the warm season to 313 µS/cm in the cool season. Spikes in 
SC between 1,000 µS/cm and 5,000 µS/cm were observed 
in winter months (January, February, March) and were most 
pronounced at stations that drain watersheds with higher 
impervious land cover such, as OSCB, BRR, DEAD, and 
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Figure 20. Specific conductance results from the monthly sampling at 20 monitoring stations in Fairfax 
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DIFF, than those that drain less intensively developed water-
sheds, such as CAPT HICK, SGRLND, CASTLE, and SFLIL. 
This pronounced difference was likely a function of the total 
area of roadways, sidewalks, and parking lots treated with 
deicing salts as well as greater connectivity of these surfaces 
to stormwater conveyances, and ultimately to stream chan-
nels. Impervious conveyance systems accelerate the transport 
of deicing salts, ions dissolved from weathered infrastruc-
ture, and other urban contaminants from land to stream (Hatt 
and others, 2004; Novotny and others, 2008). Although the 
application of deicing salts in winter months led to enrichment 
rather than dilution during runoff events at all five intensive 
stations, the effect was less pronounced at SFLIL, where the 
percentage of impervious land cover was lowest.

Trends
Significant increasing trends and (or) FN trends (in 

monthly samples) were observed in all streams with a median 
change of about 2.5 percent per year, or about 7.5 µS/cm per 
year (table 4; fig. 16D; Porter and others, 2020). The combined 
trend result from all stations indicates that SC has increased 
throughout the monitoring network. The largest annual change 
of 3.3 percent (11.6 µS/cm) occurred at BRR and the small-
est annual change of 1.8 percent occurred at CAPT HICK 
(3.6 µS/cm). The median SC of BRR (356 µS/cm) is greater 
than that of CAPT HICK (197 µS/cm), but there was not a 
strong relation between median values and percent changes 
present throughout the network. These changes are similar to 

the long-term trends observed in DRGF and ACC of +5.3 and 
+5.9 µS/cm per year, respectively, which corresponds to about 
+2.8 percent per year.

Mean daily specific conductance, calculated from 15-min 
measurements, increased by about 2–3 percent per year at four 
of the intensive monitoring stations. Using a Mann-Kendall 
method (see trend quantification method 3 in the Methods 
section), SC increases of as much as 5 percent per year were 
observed during the lower 90 percent of mean daily values 
(approximately 100–500 µS/cm; fig. 17C). Most changes that 
occurred in the 10th to 90th percentile of mean daily values 
at DIFF, SFLIL, and DEAD were significant (shaded area in 
fig. 17C). The changes that occurred in the top 10 percent of 
mean daily values were less consistent and mostly nonsig-
nificant. Using a novel method based on a GAM framework 
(see trend quantification method 4 in the Methods section; 
Yang and Moyer, 2020), significant increases of 2–3 percent 
occurred at DEAD (85 µS/cm over 10 years; fig. 23, table 1.4), 
DIFF (138 µS/cm), and SFLIL (38 µS/cm). A nonsignificant 
increase of 1.3 percent per year was observed at FLAT (62 µS/
cm). Notably, the GAM method identified nonlinear trends in 
the mean daily values at DEAD and SFLIL, and linear trends 
at FLAT and DIFF over the 10-year period. Nonlinear trends 
demonstrate that, although there was a 10-year increase in SC, 
there were increasing, decreasing, and stable periods. This 
approach provides a daily estimation of SC that incorporates 
the effects of seasonality and streamflow, increasing the ability 
to link water-quality processes with watershed management.
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The magnitude of SC increases that occurred throughout 
the network varied by time of year. Significant increases at 
the 14 monitoring stations were most consistently observed in 
spring (March, April, and May) and fall (September, October, 
and November) months and occurred in about one-third of 
these station-month trend combinations (fig. 24). Increases in 
mean daily SC of as much as 5 percent per year were com-
mon at the four intensive monitoring locations during all 
seasons but were most often significant at all stations in the 
fall (fig. 25). Overall, the networkwide increases in SC during 
nonwinter months suggest that salts applied to deice roadways 
and other impervious surfaces are stored in the environment 

and released year-round. Other studies of urban watersheds 
have documented the transport of chloride to groundwater, 
which is slowly released to streams throughout the year 
(Perera and others, 2013; Corsi and others, 2015; Moore and 
others, 2020).

Turbidity and Suspended Sediment

Excess SS is a leading cause of water-quality and 
ecosystem impairment in urban streams. Although sediment 
transport occurs naturally and is controlled by fluctuations in 
streamflow, anthropogenic alterations to the landscape can 
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increase erosional rates, decrease transport time to streams, 
and increase the magnitude and recurrence of peak flows that 
exacerbate stream-bed and -bank erosion (Paul and Meyer, 
2001; Soulsby and others, 2006). Suspended fine sediments 
can (1) serve as vectors by which contaminants are transported 
downstream (U.S. Environmental Protection Agency, 2000b); 
(2) reduce light availability causing reduced photosynthesis 
and primary production (Wood, 1997); and (3) when depos-
ited, can harm benthic macroinvertebrate communities, dam-
age aquatic macrophyte beds, and alter the feeding, spawning, 
growth rate, and migration of fish (Luedtke and Brusven, 
1976; Wood, 1997). Sediment transported to Chesapeake Bay 
carries 77 and 18 percent of annual TP and TN loads, respec-
tively, and also conveys metals, pesticides, polychlorinated 
biphenyl, and organic contaminants (Zhang and others, 2015).

The highest yields of SS into Chesapeake Bay occur in 
the watersheds of the Piedmont physiographic province owing 
to soil availability and urban land development (Brakebill 
and others, 2010). Centuries of land-use change from for-
est to agriculture to urban have resulted in the accumulation 
of legacy sediments deposited in both uplands and stream 
channels (Gellis and others, 2009). Consequently, from 1952 
to 2001, erosion rates in the Piedmont were nearly double the 
Valley and Ridge and 10 times higher than the Coastal Plain 
(Gellis and others, 2009). Other factors that influence stream-
bank erosion are stream drainage area (Gellis and others, 
2015, 2017; Hopkins and others, 2018), topography (Fenta and 
others, 2016), floods, freeze-thaw cycles (Wynn and others, 
2008), increased WT and lower pH (Hoomehr and others, 

2018), channel width (Schenk and others, 2013), soil density 
(Wynn and Mostaghimi, 2006), and vegetation type (Wynn 
and Mostaghimi, 2006).

Turbidity is a measure of the relative clarity of a volume 
of water and typically has a strong relation with SS concentra-
tion (Swenson and Baldwin, 1965). It is a particularly valuable 
water-quality parameter because it, unlike SS concentration, 
can be measured continuously and can often be used to esti-
mate SS concentrations and loads more accurately than with 
models including only a streamflow term (Jastram and others, 
2009; Rasmussen and others, 2009).

Hydrologic, Seasonal, and Spatial Patterns
Suspended-sediment concentrations in monthly samples, 

which typically represent baseflow conditions, were gener-
ally low (median = 3 mg/L) but were substantially higher in 
samples collected during stormflow conditions (median = 
421 mg/L, maximum = 2,080 mg/L). Overall, a representa-
tive range of concentrations were sampled that allowed for 
accurate calculations of SS loads and transport dynamics. 
Suspended-sediment concentration increased with streamflow 
at all stations (fig. 26). Fine materials, such as silts and clays, 
typically were mobilized during low-flow conditions, but as 
streamflow increased, the associated increase in water velocity 
resulted in the entrainment of larger and heavier sand grains, 
particularly on the rising limb of storm hydrographs when 
shear stress was greatest (Kurashige, 1993). Although the 
largest storms typically transported the coarsest material, fine 
material still represented most of the SS concentration, which 
suggests that total SS loads at all stations were dominated by 
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silts and clays (68–85 percent of the total sample). Fine sedi-
ments account for about 90 percent of the sediment inputs to 
the Chesapeake Bay (Zhang and Blomquist, 2018).

The timing of peak SS concentration on a hydrograph can 
provide useful insight into the source of SS and can be inves-
tigated by examining turbidity hysteresis patterns. Turbidity 
peaked within 1 hour of peak streamflow in 87 percent (222 
out of 255 storms) of the storms examined across all stations 
(fig. 27), which suggests that sediment was quickly delivered 
to streams from storage within the stream channel network 
and from local streambank erosion (Landers and Sturm, 2013), 
but some between-station variability was present. In most 
storms, turbidity peaked less than 2 hours before streamflow at 
DIFF and FLAT (represented by positive LAG values on the 
x-axis of fig. 27). These storms would form a clockwise loop 
in a hysteresis plot (fig. 28A), indicating in-channel material 
and streambank erosion to be dominant sources of SS. This 
pattern was consistent with other studies in the Difficult Run 

watershed that reported suspended fine sediments were domi-
nated by streambank material (91 percent of SS concentra-
tion; Cashman and others, 2018). The longer streamflow lags 
(>4 hours) observed at DIFF and FLAT are likely the result 
of an initial flush of instream material coupled with a longer 
transit time of runoff owing to watershed size. Turbidity peaks 
occurred less than 1 hour after streamflow (negative LAG val-
ues on the x-axis of fig. 27) during some storms at all stations 
but were the more common response at DEAD, LONG, and 
SFLIL. These storms would create a counterclockwise hys-
teresis loop and suggest that sediment sources such as upland 
material and erosion of upper streambank slopes are impor-
tant components of the SS budget (fig. 28B). Although these 
analyses provide important insight, a complete understanding 
of the mechanisms that control event-based sediment transport 
has not been fully achieved owing to the myriad of processes 
affecting availability and mobilization such as seasonality, 
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antecedent conditions, stormflow magnitude, and precipitation 
intensity (Lawler and others, 2006; McGuire and McDonnell, 
2010; Lloyd and others, 2016).

Concentrations of SS measured at the five intensive 
monitoring stations were significantly higher in the warm sea-
son than the cool season at four out of five stations (fig. 29). In 
particular, concentrations were significantly lower in fall and 
winter months than spring months at DIFF, SFLIL, LONG, 

and DEAD. These patterns are consistent with two 
processes commonly associated with streambank ero-
sion: hydrology and climate (Lawler and others, 1997). 
Streamflow yields in spring months (March-May) 
were nearly double those in fall months (September-
November), which suggests that the hydrologic condi-
tions required for sediment erosion and entrainment 
were more commonly met during the spring season. 
Additionally, climate-based factors such as increased 
bank erosion in late winter and spring has been attrib-
uted to soil weakening by freeze-thaw cycles (Lawler 
and others, 1997; Stott, 1997; Wynn and others, 2008) 
or by sudden increases in WT relative to soil tempera-
ture (Kelly and Gularte, 1981; Grabowski and others, 
2011; Hoomehr and others, 2018; Akinola and others, 
2019). The latter related to sudden WT increases is 
uniquely important in urban watersheds (Akinola and 
others, 2019) where warm weather thunderstorms can 
produce runoff from heated impervious surfaces that 
can substantially increase stream temperature (>7 °C; 
Nelson and Palmer, 2007; Hester and Bauman, 2013), 
but has a lesser effect on soil temperature. Cross-
correlation analyses were used to evaluate seasonal 
patterns in the source of sediment (not presented), but a 
seasonal shift was not identified.

Median SS concentration ranged from 196 to 361 
mg/L and did not vary significantly for most pairwise 
comparisons between the five intensive monitoring 
stations. The highest concentrations observed across 
the five intensive monitoring stations consistently 
occurred during stormflows at SFLIL (15 out of the 
highest 16). In urban streams, SS mobilization is often 
linked to changes to the hydrologic regime that result 
from urban development and transformation of uplands 
from pervious to impervious surfaces (Bledsoe and 
Watson, 2001; Paul and Meyer, 2001). Impervious land 
cover is lower at SFLIL than the other four intensively 
monitored watersheds and hydrologic metrics such as 
streamflow yield, flashiness, and runoff ratio, which are 
typically used to measure the effects of urbanization on 
streambank and -bed erosion, were low relative to other 
stations. Despite these properties, which are typically 
associated with limiting sediment transport, SS concen-
trations at SFLIL may be higher than the other water-
sheds during very large storms because there is more 
available sediment that has not been transported during 
smaller events as a result of in-channel and floodplain 
trapping (Skalak and Pizzuto, 2010; Hupp and others, 
2013). Additionally, recent land development in this  

 watershed converted a large portion of forest to residential               
lawn and impervious cover, potentially altering the hydrologic 
regime and promoting erosional processes.

watershed converted a large portion of forest to residen-
tial lawn and impervious cover, potentially altering the 
hydrologic regime and promoting erosional processes.
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Loads
At all five stations, turbidity and streamflow terms were 

strong predictors of SS concentration and explained more 
than 90 percent of variability (tables 1.5, 1.6). The wide range 
in measured and computed concentrations, and the strength 
of the sediment-turbidity relation highlights the importance 
of employing a continuous turbidity monitoring approach in 
studies of small, flashy urban streams. At SFLIL, seasonal 
terms also were included and may represent an increase in SS 

concentration in response to warmer tem-
peratures or high-intensity thunderstorms in 
spring and summer months.

Substantial interannual variability was 
observed for SS loads at most stations and 
was strongly related to SFI (fig. 30; Porter 
and others, 2020). The highest yields at the 
five intensive monitoring stations occurred 
at SFLIL and DIFF during the wettest years 
(WYs 2008, 2011, and 2014). Notably, a 
large proportion of the total annual precipita-
tion in these 3 years was generated during 
high-intensity events (daily precipitation 
equaled or exceeded 1 in.) and coincided 
with annual stormflow volumes that exceeded 
10-year station-specific means. These two 
watersheds yielded considerably more SS 
than the other watersheds over the 10-year 
monitoring period, which was heavily 
influenced by these 3 wet years. The lack 
of annual variability in SS loads at DEAD 
during these years was likely related to a 
lack of variance in annual streamflow. At 
FLAT, lower SS yields in these years may be 
attributed to the wide channels, broad sloping 
topography, and shallow soils characteris-
tic of the Triassic Lowlands, features that 
may limit streambank erosion and sediment 
availability. Cumulative loads were heavily 
weighted by isolated extreme events such as 
Tropical Storm Hanna in WY 2008, Tropical 
Storm Lee in WY 2011, and a series of 
record-setting daily rainfall totals in late April 
and early May of WY 2014 (fig. 31A). For 
example, these three events resulted in annual 
loads at DIFF that exceeded the 10-year mean 
by 139, 74, and 129 percent in WYs 2008, 
2011, and 2014, respectively. Notably, pre-
cipitation totals were also above average in 
WY 2010 but did not coincide with high SS 
yields because there were few large, intense 
precipitation events during that year. Water 
year 2010 was the only year with annual 
precipitation greater than the 10-year mean 
that did not produce a storm with an AEP 
greater than 0.64 (approximately the 1.5-year 

recurrence interval), except at DEAD. Annual SS loads are 
typically better related to large precipitation events and peak 
streamflows than annual precipitation or streamflow volume 
(Jastram, 2014). The cumulative sediment yields are similar 
at DIFF and SFLIL during large stormflows but differ in other 
conditions; more sediment is transported in DIFF than SFLIL 
during small storms and baseflow. Watershed physiographic 
characteristics are similar between these adjacent watersheds; 
therefore, these differences were likely a result of greater 
impervious land cover at DIFF.
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Figure 29. Suspended-sediment concentration results from the monthly sampling 
at 20 monitoring stations in Fairfax County, with comparison of data collected during 
the cool (October-March) and warm (April-September) seasons. Station names are 
defined in table 1.
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About 70 percent of the annual SS load in any given 
year was generated during weeks that received more than 2 
in. of rainfall in DEAD, DIFF, FLAT, and SFLIL (fig. 32A). 
Less than half of the annual SS yields were delivered dur-
ing these weeks at LONG. The timing of sediment yields at 
LONG may be affected by backwater conditions as a result 
of the sampling location and proximity to the Lake Accotink 
impoundment. Backwater conditions, which occur primarily 
during large storms, reduce water velocity and subsequently 
cause deposition of SS. This may explain the poor relation 
between SS yield and peak stage (not presented) at this station. 
The effects of backwater are evident around the monitoring 
station, as temporary sand bars and islands were commonly 
observed in the stream channel following large hydrologic 
events. Following storm events when backwater conditions 
did not occur, the remobilization of previously deposited sedi-
ments resulted in streambed scour and visually conspicuous 
changes to the channel structure. An alternative location for 
this streamgage has been identified upstream of the zone of 
backwater influence and relocation has been scheduled for WY 
2020. Overall, relations between precipitation and SS yields 
highlight that the majority of sediment transport occurred dur-
ing large storm events.

Comparison of SS yields from Fairfax County, Gwinnett 
County, Georgia, and the CB-NTN reflect three important 
factors that drive sediment loads in these watersheds: (1) 

the Piedmont region has more erosive soils and urbanized 
land than the adjacent physiographic provinces (Gellis and 
others, 2009), (2) headwater streams typically transport 
more sediment than higher order streams owing to a lack 
of opportunity for in-channel deposition and greater energy 
availability for entrainment (Smith and Wilcock, 2015), and 
(3) SS loads typically increase with urbanization (Paul and 
Meyer, 2001). Median SS yields in Fairfax County watersheds 
were comparable to those computed for the Gwinnett County 
watersheds (Aulenbach and others 2017); though Gwinnett 
County yields spanned a much greater range and contained a 
mix of high- and low-yielding watersheds (fig. 33A). Fairfax 
County streams typically yielded more SS than CB-NTN 
watersheds—likely because monitored Fairfax County water-
sheds are much smaller and contain more urban land use than 
CB-NTN watersheds (Donovan and others, 2015, 2016; Smith 
and Wilcock, 2015). Additionally, Fairfax County watersheds 
have steeper topography than most CB-NTN watersheds; 
previous studies have reported positive correlation between 
topographic relief and SS yield (Jansen and Painter, 1974; 
Syvitski and Morehead, 1999; Syvitski and others, 2000). Two 
stations within the CB-NTN, DRGF and ACC, are located 
within Fairfax County and, though considerably larger, had 
similar land use and land cover characteristics. These stations 
provided a more direct comparison to the watersheds in this 
study and had comparable yields to stations in the Fairfax  
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Figure 31. Percent of annual suspended-sediment (A), total phosphorus (B), total nitrogen (C), and nitrate (D) loads generated 
during weeks that received 0.2–1.25 inches of rain and more than 2 inches of rain for each of the five intensive monitoring locations. 
Station names are defined in table 1.
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Figure 32. Cumulative estimated yield over the 10-year study period at the five intensive monitoring stations 
in Fairfax County for suspended sediment (A), total phosphorus (B), and total nitrogen (C). Monthly precipitation 
totals are presented for months when total rainfall was greater than or equal to 6 inches. Station names are 
defined in table 1.
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Figure 33. Suspended-sediment (A), total phosphorus (B), total nitrogen (C), and nitrate (D) yields from three monitoring 
networks—Fairfax County, Gwinnett County, Georgia, and the Chesapeake Bay Non-tidal Network. Blue points represent the 
mean yield at Accotink Creek near Annandale, Virginia (ACC) and Difficult Run near Great Falls, Virginia (DRGF), and red points 
represent the mean yield at the reference station, South Fork Quantico Creek near Independence Hill, Virginia (SFQ).
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County monitoring network. Yields in the monitored Fairfax 
County watersheds were approximately seven times higher 
than at SFQ, the low-development reference watershed 
(Moyer and Blomquist, 2018), which highlights the effect of 
urbanization on SS mobilization.

Trends
At most stations, no trend was observed in turbidity or 

SS concentration in monthly samples over the 10-year study 
period and the combined trend result from all stations was 
nonsignificant for both constituents (table 4; fig. 34; Porter 
and others, 2020). The largest increases in SS concentration 
occurred in FLAT (11.5 percent, 0.34 milligram per liter per 
year [mg/L/yr]) and INDIAN (6.27 percent, 0.19 mg/L/yr), 
where turbidity increases of about 12 percent (0.24 Formazin 
nephelometric unit [FNU] per year) also occurred. The largest 
reductions in both SS concentration (–5.72 percent, –0.23 
mg/L/yr) and turbidity (–9.81 percent, –0.31 FNU/yr) occurred 

at BRR. Changes in turbidity and SS concentration occurred 
relatively consistently over time in BRR and INDIAN but 
appear to have increased relatively quickly at FLAT between 
2017 and 2018, a period when a stream restoration activ-
ity was occurring in proximity to the monitoring station. A 
Mann-Kendall method (see trend quantification method 3 in 
the Methods section) was used to investigate trends in mean 
daily turbidity calculated from 15-minute measurements at the 
intensive monitoring stations. Decreases in turbidity between 5 
and 15 percent per year were observed in the lower 90 percent 
of mean daily values (approximately 1–10 FNU; fig. 17D) 
at all stations. Many of the changes that occurred in the 10th 
to 90th percentile of mean daily values at DEAD, DIFF, and 
SFLIL were significant (shaded area in fig. 17D). The changes 
that occurred in the top 10 percent of mean daily values were 
not typically significant at any station.

Trends in FN suspended-sediment concentration and 
load were estimated by WRTDS using a dataset of monthly 
and storm-targeted samples available from four intensive 
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monitoring stations (fig. 35). Both concentration and load 
declined at DEAD and SFLIL by as much as 5 percent per 
year and increased at FLAT by more than 10 percent per year. 
Changes in load at DIFF were nonsignificant, but concentra-
tions had a significant increase of about 1 percent per year. 
Differences in FN concentration and load trends occur when-
ever the changes in water chemistry vary with flow; in this 
case, concentration increases may have been greater during 
low-flow conditions than high flows.

Phosphorus

Phosphorus is an essential nutrient required for the 
growth of plants and animals alike, but excess phosphorous 
in aquatic ecosystems can lead to eutrophication and, in turn, 
to ecosystem degradation. Phosphorus readily binds to soils 
and fluvial sediment, yet these matrices have a finite capac-
ity to sorb phosphorous (Richardson and Craft, 1993). When 
available phosphorous sorption capacity is met, referred to as 
phosphorous saturation, through excess application of fertil-
izer or wastewater discharge, the unsorbed phosphorous frac-
tions are exported to streams as dissolved phosphorous, and 
can result in degraded aquatic ecosystems (Conley and others, 
2009). Transport and sources of phosphorous are higher in 
urban watersheds than undeveloped watersheds (Meybeck, 
1998; Alvarez-Cobelas and others, 2009) and in some cases 
can equal the contribution from agricultural watersheds 
(Omernik, 1976; Paul and Meyer, 2001; Ator and others, 
2011). Sources of phosphorous present in urban watersheds 
commonly include nonpoint sources (NPS) such as animal or 
pet waste, fertilizer, geologically derived phosphorous, and 
decomposition of plant and animal matter, as well as point-
source discharges from municipal and industrial wastewater 
treatment facilities (La Valle, 1975; Paul and Meyer, 2001). 
There are no permitted point-source discharges of wastewater 
into the monitored Fairfax streams, highlighting the impor-
tance of understanding NPS inputs. Phosphorus inputs from 
these urban sources typically bind to sediments and are ulti-
mately transported downstream by the erosion of streambeds, 
streambanks, floodplains, and upland areas by overland runoff 
and periods of elevated streamflow (Cowen and Lee, 1976; 
Yang and Toor, 2018).

Phosphorus can be temporarily immobilized in streambed 
or streambank sediments or deposited behind impoundments, 
which, in the short term, can reduce annual loads (Denver and 
others, 2010; Ator and others, 2011). Unfortunately, this tem-
porarily stored phosphorous may be remobilized by erosion, 
impoundment overflow, maintenance dredging, or microbially 
mediated processes (Correll, 1998; Paul and Meyer, 2001; 
Ator and others, 2005). Even in watersheds where phospho-
rous inputs have been reduced, concentrations and loads may 
remain high owing to the ongoing desorption of phosphorous 
from sediments to the water column, and continued erosion of 
phosphorous-containing particulates (Denver and others, 2010; 
Wang and Liang, 2015). For example, phosphorous removal 
practices were implemented at the Norman M. Cole Pollution 
Control Plant in Fairfax County in the 1970s; however, a lag 
period of 10–15 years occurred between implementation of 
these practices and quantifiable reductions in phosphorous and 
an associated decline in phytoplankton as a result of contin-
ued sediment loading to the water column (Jones and oth-
ers, 2017).

Increases in dissolved phosphorous can result from 
warming temperatures that affect both biotic and abiotic pro-
cesses (Duan and others, 2012), the prevalence of anoxic con-
ditions (House and Denison, 2002; Lehtoranta and Pitkänen, 
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2003), increased nutrient applications causing phosphorous-
saturated soils (Sharpley, 1995), increased soil pH (James and 
Barko, 2004), or changing salinity levels (Haq and others, 
2018). For example, in oxic environments phosphorous forms 
strong bonds to clays, iron and aluminum oxides, and organic 
matter, and may remain stored in streambank and stream-
bed sediments (Manning and Wang, 1994; Lehtoranta and 
Pitkänen, 2003). Alternatively, in eutrophic environments, 
excessive primary production can cause anoxic conditions 
that can weaken these bonds and result in diffusion of dis-
solved phosphorous to the water column (Correll, 1998). Clay 
soils have a greater phosphorous sorption capacity than sandy 
soils due to grain size and their net negative charge, which 
affects surface area availability, increases aluminum and iron 
activity, and forms bonds with positively charged nutrients 
(Olsen and Watanabe, 1957; Ballard and Fiskell, 1974; Xu 
and others, 2006). Because of this affinity to bind to sediment, 
phosphorous generally enters surface waters through surficial 
flows, rather than groundwater, and is commonly associated 
with erosional processes and transported downstream by way 
of SS (Correll, 1998; Denver and others, 2010). A phospho-
rous criterion specific to Virginia streams currently does not 
exist; however, the EPA reference condition for streams in the 
ecoregions in Fairfax County (45, 64, and 65) are 0.03, 0.04, 
and 0.03 mg/L, respectively (U.S. Environmental Protection 
Agency, 2000a).

Hydrologic, Seasonal, and Spatial Patterns
Median TP concentrations ranged from 0.016 to 0.077 

mg/L as phosphorous, with a networkwide median of 0.022 
mg/L as phosphorous, and were composed primarily of dis-
solved phosphorous, which had a networkwide median con-
centration of 0.013 mg/L as phosphorous, most of which was 
orthophosphate (OP; networkwide median concentration of 
0.012 mg/L as phosphorous; fig. 36). A strong positive relation 
between TP concentration and streamflow was apparent, and 
as streamflow increased the phosphorous composition became 
particulate dominant (fig. 37). Although phosphorous gener-
ally was present at low levels in Fairfax streams, concentra-
tions and yields generally were higher than those measured 
in less developed watersheds throughout the Chesapeake Bay 
watershed (Moyer and others, 2017) Even small quantities of 
OP, the most biologically available form of phosphorous, can 
cause eutrophication in freshwaters (Correll, 1998) and has 
been associated with harmful algal blooms (Davis and oth-
ers, 2010).

In 60 percent of stations, TP concentrations were sig-
nificantly higher in the warm season than in the cool season 
(fig. 36). This pattern is consistent with temperature-dependent 
releases of OP from sediments (Duan and others, 2012) in 
which increased WT facilitates increased microbial metabo-
lism that augments phosphorous mineralization and dis-
sociation to surrounding waters (Duan and Kaushal, 2013; 
Sugiyama and Hama, 2013; Wilhelm and others, 2014). 
Additionally, increased decomposition and subsequent 

depletion of DO produces anoxic conditions in warmer months 
that then triggers the disassociation of phosphorous from iron, 
aluminum, and manganese in sediments and organic matter 
into the overlying water column (Duan and Kaushal, 2013). 
This seasonal effect also was related to SS concentration, 
which as previously discussed, was elevated in warm months 
and is strongly related to TP concentration. Of the stations 
with the overall highest TDP concentrations, the seasonal 
signal was weaker at DOGUE and RABT. This may indicate 
greater year-round phosphorous availability from a consistent 
input of nonpoint sources and, in the case of DOGUE, the low 
sorptive capacity of sandy soils.

Median TP concentrations in both monthly and storm 
samples were highest at stations located in the Triassic 
Lowlands (FROG, FLAT, and HPEN), two of the stations 
in the Coastal Plain (DOGUE and PSB), and two stations 
within the Piedmont (DEAD and RABT). Elevated TP at 
FROG, FLAT, and HPEN likely was a result of dissociation 
of phosphorous from the underlying geology—shale and 
limestone produced from particulate matter of plants and 
animals and consequently rich in phosphorous (Froelich and 
Zenone, 1985b). Additionally, poor drainage in these soils 
results in anoxic conditions that can lead to iron reduction 
and the subsequent release of iron-bound phosphorous to the 
water column (Lehtoranta and Pitkänen, 2003). Elevated TP 
in Coastal Plain stations may be a result of the low sorptive 
capacity of quartz sand-rich unconsolidated soils, which limits 
storage and promotes mobilization to streams (Nair and others, 
2004; Chakraborty and others, 2012). Additionally, phospho-
rous may be elevated because of contributions from NPS such 
as septic system effluent or leaking sanitary sewer lines. At 
SFLIL, the highest TP concentrations were associated with 
the highest SS concentrations that typically occurred during 
the largest storm events. Spatial and seasonal results for TDP, 
OP, and total particulate phosphorus (TPP), similar to figure 
36, are provided in appendix 2 in figures 2.2, 2.3, and 2.4, 
respectively.

Loads
Total phosphorous and TPP concentrations generally 

were well predicted by models that contained turbidity and 
streamflow terms, which reflects the strong relation between 
sediment and phosphorous transport (appendix 2, figs. 2.5, 
2.6). The significance of either a seasonal or WT term in most 
models was indicative of seasonal fluctuations in phosphorous 
concentrations. A positive time term was included in several 
models, which was consistent with trends in phosphorous con-
centrations documented throughout the county and discussed 
in more detail below.p

Median annual TP yields were highest at FLAT and 
DEAD and ranged from 247 to 642 pounds per square mile 
(lbs/mi2) networkwide (Porter and others, 2020). The 10-year 
cumulative TP yield was highest at FLAT because of rela-
tively high phosphorous concentrations and streamflow yield 
(fig. 31B). The highest TP loads occurred in years with high 
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precipitation totals, which exported most streamflow as 
stormflow (fig. 38). Weeks in which more than 2 in. of rain fell 
generated about 50 percent of the annual TP loads (fig. 32B), 
highlighting the relation between streamflow and TP export. 
Interannual variability in phosphorous yields was most appar-
ent at DIFF, FLAT, and SFLIL, where the highest loading 
years also were the wettest years during the study period and 
had the highest peak annual flows. For example, TP yields at 
SFLIL ranged from as high as 1,275 lbs/mi2 in WY 2014 to as 
low as 103 lbs/mi2 in WY 2009. The range in annual loads was 
much lower at DEAD and LONG because of low interannual 
variability in streamflow yield at those stations.

Phosphorus loads primarily were composed of TPP at 
all stations (fig. 39), but the composition varied both spatially 
and annually. The TPP portion of the TP load was greatest at 
all stations in the wettest years. The TPP:TP ratio was low-
est at FLAT because of a greater composition of dissolved 
phosphorous, likely contributed by geologic materials. TDP 
loads at DEAD are typically higher than those at DIFF, 
LONG, or SFLIL and may result from physical or chemical 
processes that promote the desorption of phosphorus from 

stream sediments or from NPS contributions of phosphorous. 
Overall, the high proportion of particulate phosphorous at all 
watersheds suggests that management of phosphorous loads is 
strongly dependent on management of SS.

Total phosphorous yields from Fairfax County were 
higher than most yields reported in comparison studies—at 
or above the 75th percentile of yields from Gwinnett County, 
Georgia (Aulenbach and others 2017), and ranged between the 
75th and 90th percentile of CB-NTN watersheds (fig. 33B). 
Yields from this study were comparable to those from the two 
predominantly urban CB-NTN watersheds in Fairfax County 
(ACC and DRGF), but five times higher than at SFQ. Elevated 
phosphorous yields in Fairfax County likely are related to the 
similarly high SS yields in these watersheds, given the strong 
relation of TP to sediment, and may be intrinsically higher 
than CB-NTN stations owing to factors related to stream 
order and watershed size. Larger watersheds and higher order 
streams typically have smaller yields than small headwater 
streams as a result of fluvial trapping of sediments (Smith 
and Wilcock, 2015). Total phosphorous yields were lower 
in Gwinnett County than Fairfax County, despite similar SS 
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yields and nearly identical mean TDP:TP ratios (18.2 and 18.9 
percent, respectively) (Aulenbach and others, 2017). This 
comparison suggests that TDP concentrations and (or) the 
phosphorous concentration of sediments are higher in Fairfax 
County streams than Gwinnett County streams, a condition 

that may result from differences in NPS phosphorous inputs or 
biogeochemical processes that affect the release of TDP from 
sediments.
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Trends
The combined TP trend result (in monthly samples) 

from all stations revealed significant concentration and FN 
concentration increases of about 4 percent per year (table 4; 
fig. 40A; Porter and others, 2020). Samples in this trend analy-
sis typically were collected during baseflow conditions when 
TP concentrations are relatively low. Therefore, these percent 
changes equate to small changes in concentration; the largest 
significant TP increase between 2008 and 2018 was 0.02 mg/L 
at PSB. FLAT and FROG have the highest median TP concen-
trations of all network stations; a significant TP decrease of 
about 4 percent per year (0.003 mg/L/yr) occurred at FROG.

Increases in TP observed throughout the network are 
consistent with increases observed in OP, TDP, and TPP 
(figs. 40B, 41; Porter and others, 2020). The combined trend 
result from all stations revealed significant concentration 
and FN concentration increases in each of these parameters. 
Dissolved phosphorous increases occurred in all streams 
except FLAT and FROG and most of these increases were 
significant. Median TDP increases were about 9 percent per 

year, but as with TP, TDP concentrations are very low in the 
samples used for this analysis (0.01 mg/L on average), so 
care should be applied when interpreting percent changes. A 
significant TDP decrease of about 5 percent per year occurred 
at FROG (–0.003 mg/L/yr), whereas no trend was observed 
at FLAT. Dissolved phosphorous and OP trends are similar in 
most streams—concentrations have increased at all stations 
but FLAT and FROG—because dissolved phosphorous is 
dominantly OP. The similarity of TP and TDP trends in most 
stations indicate that changes in particulate phosphorous were 
relatively small and that TP trends mostly resulted from dis-
solved phosphorous changes.

Trends in flow-normalized phosphorous concentration 
(in monthly samples) and load estimates by WRTDS (monthly 
and storm-targeted samples) indicate significant increases in 
TP concentrations and load at DIFF and FLAT by about 5 
percent per year; whereas, concentration increased and load 
declined at DEAD and no trends occurred at SFLIL (fig. 42). 
The seemingly contradictory trends at DEAD result from 
decreasing TP concentrations during baseflows and increas-
ing TP concentrations during stormflows, the latter of which 
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has a large influence on trends in load. Similar to the monthly 
concentration results previously discussed, increases in TDP 
also occurred in most stations. Unlike the monthly sample 
dataset, where trends in TPP were unavailable because most 
results were censored, the inclusion of storm samples allowed 
for computation of TPP trends in concentration and load. 
Increases in TPP concentration and load occurred at DIFF and 
FLAT, and decreases occurred at DEAD and SFLIL.

Nitrogen

Although nitrogen is naturally occurring and essential to 
the growth of plants and animals, inputs that exceed ecosystem 
processing and storage capacities may be exported to down-
gradient waterbodies (Hem, 1985; Paul and Meyer, 2001). 
Nitrate, the biologically available dissolved form of nitrogen, 
is the primary delivery pathway of nitrogen to streams. This is 
a result of its high solubility, which enables it to move readily 
through land surfaces to groundwater, where it can persist for 
decades (Hem, 1985; Keeney and Follett, 1991). The average 
residence time of groundwater discharged to Fairfax County 

streams varies from about 4 to 14 years, with longer residence 
times associated with streams that drain Coastal Plain geology 
(Sanford and others, 2015); thus, some of the NO3– in Fairfax 
County streams likely entered these watersheds many years 
ago. Ultimately, excessive nitrogen promotes eutrophication 
and hypoxia and consequently degrades aquatic ecosystem 
health (Hem, 1985). Common urban nonpoint nitrogen inputs 
include anthropogenic sources such as atmospheric deposition, 
fertilizer application, leaking wastewater infrastructure, septic 
systems, and pet waste (Paul and Meyer, 2001; Bettez and 
Groffman, 2013; Hyer and others, 2016), as well as natural 
sources such as plant humic substances and biological fixation 
(Wanielista and others, 1977; Carpenter and others, 1998). The 
export of nitrogen associated with these inputs is positively 
correlated with urban development (Shields and others, 2008; 
Tasdighi and others, 2017), though nitrogen retention var-
ies with watershed size (Groffman and others, 2004; Kaushal 
and others, 2008). A nitrogen criterion specific to Virginia 
streams does not currently exist; however, the EPA reference 
condition for streams in the ecoregions in Fairfax County (45, 
64, and 65) are 0.61, 2.23, and 0.62 mg/L, respectively (U.S. 
Environmental Protection Agency, 2000a).
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Hydrologic, Seasonal, and Spatial Patterns
Total nitrogen, measured from monthly samples that 

commonly represented nonstormflow conditions, was primar-
ily dissolved nitrogen (mean TDN:TN ratio of 94 percent), 
mostly delivered to streams as NO3– (mean NO3–:TDN ratio 
of 82 percent). Other forms of TDN included organic nitro-
gen, ammonia, and nitrite. Nitrate and nitrite were analyzed 
as a combined fraction for this study and will be referred to as 
nitrate or NO3– hereafter, as nitrite is quickly oxidized to NO3– 
in most stream conditions. Ammonia also was typically low 
because aerobic conditions transform ammonia to nitrite and 
nitrate through nitrification.

Nitrate concentrations were typically highest during 
low to intermediate streamflows and diluted during large 
flow events. These patterns are evident in monthly and storm 
samples collected from the five intensive monitoring stations 
and in the continuous NO3– data collected at SFLIL (fig. 43). 
Total nitrogen concentrations typically increased with stream-
flow, despite NO3– dilution, which indicates the importance 
of particulate nitrogen transport during storm flows (fig. 44). 
Dissolved nitrogen represented about 50–60 percent of TN in 
samples collected during stormflows, but the highest TN con-
centrations, greater than 10 mg/L at some stations, observed 
during the highest streamflow samples were almost entirely 
composed of particulate nitrogen. Coarse organic matter 
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dominates the particulate nitrogen budget during these large 
storm events and results from the transport of leaves, grass 
clippings, woody debris, and other allochthonous material car-
ried in runoff to streams.

Total nitrogen concentrations varied by season at 
approximately half of the stations and were typically low-
est in warm months when denitrification rates are greatest, 
though a few streams deviate from this pattern (fig. 45). The 
only station with significantly higher warm season concen-
trations was PHCT, where uncharacteristically high TN and 
dissolved nitrogen concentrations were observed in August 
and September in several years. These observations were 
coincident with the lowest annual streamflows and signal 
elevated dissolved nitrogen in deeper groundwater discharges. 
Terrestrial denitrification (reduction of NO3– to atmospheric 
N2) is often the dominant nitrogen loss term in nitrogen 
budgets of mid-Atlantic watersheds (Van Breemen and others, 
2002) and similar seasonal nitrogen patterns (elevated cool 
season concentrations) have been documented in other urban 
watersheds (Tufford and others, 1998; Deek and others, 2010; 
Meng and others, 2018).

Denitrification rates vary in the Coastal Plain as a result 
of heterogenous lithology but are low in watersheds with pre-
dominantly sandy sediments that contain little organic material 
and where water remains oxic (Ator and others, 2005; Ator 
and Denver, 2015). Nitrate concentrations remain relatively 

stable throughout the year at DOGUE, a watershed in the 
Coastal Plain; whereas, a seasonal signal associated with 
denitrification was apparent at PSB, a neighboring Coastal 
Plain watershed. The sandy soils characteristic of DOGUE 
promote oxic conditions, which limit denitrification; whereas, 
PSB is underlain by clays and silts that produce greater rates 
of anoxic conditions that favor denitrification.

Nitrate also exhibited low seasonal variability at CAPT 
HICK (fig. 2.5), which is likely caused by year-round con-
tributions of septic system effluent, a dominant nitrogen 
source in the watershed that is responsible for the elevated 
NO3– concentrations (Hyer and others, 2016). Streamflows are 
lowest during summer months and are primarily supported by 
groundwater discharges, which contain high NO3– concentra-
tions at CAPT HICK. Although denitrification rates can be 
high in summer months, the concentrated groundwater contri-
bution during this period may have offset expected reductions. 
The effect of concentrated low flows was most prevalent at 
PHCT, which also has a high density of septic system infra-
structure. PHCT was the only station where the median TN 
concentration was significantly higher in the warm season, 
which was a result of anomalously high NO3– concentrations 
collected in some summer low-flow samples.

A network-wide median TN concentration of 1.6 mg/L 
occurred in the monthly discrete samples collected across all 
20 watersheds during the study period, but concentrations 
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varied between stations. The highest NO3– concentrations 
were consistently observed at CAPT HICK and SFLIL, 
where previous research identified septic system effluent as 
the dominant source of nitrogen in these streams as a result 
of the high density of septic systems within the watersheds 
(Hyer and others, 2016). There is no indication of septic 
system failures in these watersheds, but conventional septic 
systems do not include NO3– removal capabilities and can 
impact surface-water quality when high NO3– groundwater is 
discharged to streams (Aravena and others, 1993; Lindsey and 
others, 2003). There is a positive relation (R2=0.52, p=0.0003) 
between median NO3– concentrations and septic system 
densities throughout the monitoring network, which sug-
gests the importance of septic effluent as a nitrogen source in 

Fairfax County streams not served by sanitary sewers (fig. 46). 
However, CAPT HICK, DOGUE, and DEAD all had median 
NO3– concentrations that were notably higher than would be 
expected based solely on this relation. This pattern may result 
from variability in (1) nitrogen sources and applications, with 
contemporary and legacy inputs other than septic effluent con-
tributing to elevated concentrations; (2) denitrification rates; 
or (3) groundwater flow paths and septic system locations that 
affect how efficiently septic effluent is transported to streams. 
In CAPT HICK, areas immediately outside of the watershed 
also are served by septic systems and may contribute NO3– to 
the stream where groundwater flow paths cross watershed 
boundaries. In DOGUE, high NO3– concentrations may result 
from low denitrification rates associated with aerobic sandy 

0

2

4

6

8

10

12

14

FLAT

0

2

4

6

8

10

12

14

DEAD

0

2

4

6

8

10

12

14

0.01 0.1 1 10 100 1,000 10,000

SFLIL

LONG

DIFF

0.01 0.1 1 10 100 1,000 10,000

To
ta

l n
itr

og
en

, i
n 

m
ill

ig
ra

m
s 

pe
r l

ite
r a

s 
ni

tro
ge

n

Streamflow, in cubic feet per second

Streamflow, in cubic feet per second

EXPLANATION
Ratio of nitrate plus 

nitrite to total nitrogen 
concentration 

0
0.2
0.4
0.6
0.8
1.0

Figure 44. Total nitrogen concentrations compared to streamflow in the monthly and storm 
samples collected at the five intensive monitoring stations in Fairfax County. Station names are 
defined in table 1.



Water-Chemistry Conditions  65

* * * * * * * **0.01

0.1

1

10

20

Physiographic province

FL
AT

FR
OG

HPEN

SGRLN
D

BRR

CAPT HICK

CASTLE
DEAD

DIFF

LIL
 DIFF

LO
NG

OCSB
PHCT

RABT
SFL

IL
W

SB

IN
DIA

N

TRKYCK

DOGUE
PSB

Station

Triassic Lowlands Piedmont Coastal Plain

To
ta

l n
itr

og
en

, i
n 

m
ill

ig
ra

m
s 

pe
r l

ite
r a

s 
N

Method detection limit

EXPLANATION
Month data were collected

   October to March (cool seasons)

   April to September (warm seasons)

Outlier

Highest value within 1.5 times IQR of 75th percentile

Lowest value within 1.5 times IQR of 25th percentile

Indicates significant difference between seasons 
(p-value less than or equal to 0.05)

75th percentile

Median

25th percentile

*

ra
ng

e 
(IQ

R)
In

te
rq

ua
rt

ile

Figure 45. Total nitrogen results from the monthly sampling at 20 monitoring stations in Fairfax County 
with comparison of data collected during the cool (October–March) and warm (April–September) 
seasons. A significant difference between warm- and cool-season sample concentration distributions 
was determined from a nonparametric Wilcoxon test with a p-value of ≤0.05. Stations are arranged by 
physiographic province and station names are defined in table 1.



66  Spatial and Temporal Patterns in Selected Streams in Fairfax County, Virginia, 2007–18

soils in some Coastal Plain watersheds. In DEAD, high NO3– 
concentrations may result from nonpoint nitrogen sources 
other than septic effluent, such as leaking sanitary sewer lines 
or fertilizer applications; however, the exact cause is not yet 
well understood. Spatial and seasonal boxplots of TDN and 
total particulate nitrogen (TPN), similar to figure 45, are pro-
vided in appendix 2 in figures 2.6 and 2.7, respectively.

Loads
The predictive power of TN, TDN, and NO3– concentra-

tion models varied across stations but were generally lower 
than for particulate constituents (tables 1.5, 1.6). Model 
predictions of TN were weakest, with the exception at LONG 
where particulate nitrogen dominated. Conversely, the use of 
turbidity as an explanatory variable resulted in strong predic-
tions of TPN at all stations. Most TN, TDN, and NO3– models 
contained a seasonal term, which represents seasonal avail-
ability of NO3– due to denitrification. Most TN, TDN, and 
NO3– models also contained a positive SC term, which was 
reflective of higher NO3– concentrations during baseflow 
conditions when discharging groundwater dominated stream-
flow. Continuous NO3– data from the Satlantic SUNA in situ 
nitrate sensor was available for recalibration of TN and TDN 
models at SFLIL and subsequent recalculation of WY 2017 
loads; the WY 2017 NO3– load was computed directly. The 
TDN model that included continuous NO3– as an explanatory 
variable explained approximately 20 percent more variability 

and reduced model bias as compared to the model that did not 
utilize continuous NO3–. The TN model that included continu-
ous NO3– data showed minor improvements over the previous 
model but continued to underpredict the highest observed TN 
concentrations—periods when NO3– represents a minor frac-
tion and coarse organic material represents a major fraction of 
the TN budget.

Median TN yields were similar across stations and 
ranged from about 3,600 to 6,300 lbs/mi2 (Porter and others, 
2020). Annual variability in the composition of TN yields 
were primarily driven by streamflow, with higher yields 
generated in wetter years (for example, 2014; fig. 47). These 
patterns are consistent with other studies of urban streams 
in which substantial decreases in nitrogen retention were 
observed between dry and wet years (O’Driscoll and others, 
2010; Duncan and others, 2017). On average, TDN accounted 
for 70 percent of TN yields (fig. 48) and, although the overall 
TDN load increased in wet years, the ratio of TDN:TN 
decreased by approximately 15 percent as the composition 
shifted towards particulate nitrogen. In most years, NO3– rep-
resented about 50 percent of the TN yield at DEAD, DIFF, 
and FLAT. Nitrate yields were higher at SFLIL than the other 
monitoring stations and typically accounted for over two-
thirds of the TN yield. Elevated NO3– yields in this watershed 
likely result from contributions of septic system effluent, as 
previously discussed. At LONG, NO3– yields accounted for 
only one-third of the TN yield and were lower than the other 
monitoring stations. The composition of these annual TN 
yields resulted from NO3– concentrations that consistently 
were lower than the other monitoring stations; NO3– rarely 
exceeded 1 mg/L as nitrogen at LONG. A combination of 
physical watershed properties that promote denitrification rates 
and (or) limited nonpoint nitrogen sources are likely respon-
sible for these conditions.

The cumulative aggregation of TN yields occurs largely 
as a steady accumulation over time with small-magnitude step 
increases during major precipitation events (fig. 31C). These 
patterns highlight the importance of groundwater NO3– contri-
butions to annual nitrogen loads. The year-round transport of 
NO3– to streams also is revealed in analyses of annual precipi-
tation; weeks that received less than 1.25 in. of rain contrib-
uted a greater proportion of the annual NO3– load than weeks 
that received more than 2.0 in. of rain (fig. 30D). Because of 
particulate nitrogen contributions, both rainfall classifications 
contribute about 30–40 percent of the annual TN load at all 
stations (fig. 29C).

Total nitrogen and NO3– yields were higher in Fairfax 
County than for the Gwinnett County, Georgia, watersheds 
(fig. 33C, D) and ranged between the 40th and 75th quantiles 
of CB-NTN watersheds; however, CB-NTN yields spanned a 
greater range because of some low-yielding forested water-
sheds and high-yielding agricultural watersheds. Both TN and 
NO3– yields from ACC and DRGF were comparable to those 
in this study. Total nitrogen yields may be higher in monitored 
Fairfax County streams than in Gwinnett County streams 
because of greater nonpoint nitrogen source inputs or lower 
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rates of denitrification. Along with nitrogen availability and 
soil moisture, soil temperature is a major control on rates of 
terrestrial denitrification, with warmer conditions promoting 
greater rates of nitrogen loss (Pilegaard, 2013). Over a similar 
time period, median TN and NO3– yields were 6 and 29 times 
higher in the monitored Fairfax County watersheds than at 
SFQ, respectively (Moyer and Blomquist, 2018).

Trends
In the monthly samples, a significant decrease in TN 

concentrations and (or) FN concentrations occurred at five 
monitoring stations, but the combined trend result from all sta-
tions revealed no significant changes (table 4; figs. 49A, 50). 
Of the stations where TN declined, changes ranged from about 
–2 to –4 percent per year, or about –0.01 to –0.07 mg/L per 
year. A significant TN increase was only observed at SFLIL, a 
change of about 0.5 mg/L over the 10-year study period (about 
2 percent per year). Though nonsignificant, concentrations and 
FN concentrations also increased at CAPT HICK, at rates of 
about 1 percent per year (0.05 mg/L/yr) and 0.66 percent per 
year (0.03 mg/L/yr), respectively. The 10-year TN increases 
of 1–2 percent per year at CAPT HICK and SFLIL are notable 

because the highest median TN concentrations in the moni-
toring network, 3–5 mg/L, are commonly observed at these 
stations.

Trends in NO3– and DTKN, the components of TDN, 
are useful in understanding TN changes. The combined trend 
results of NO3– concentration and FN concentration from all 
stations revealed a significant decrease, with a median reduc-
tion of about 0.15 mg/L over the 10-year monitoring period 
(fig. 49B). Conversely, the same measure of trend in DTKN 
revealed a significant 10-year increase of about 0.11 mg/L. 
The combined trend result for TDN from all stations was 
not significant, reflecting the offsetting patterns of these two 
dissolved components. For NO3–, trends and (or) FN trends 
decreased significantly at five stations (figs. 49B, 50B; Porter 
and others, 2020). Significant increases were observed at 
SFLIL and CAPT HICK, a notable result since these water-
sheds have the highest median NO3– concentrations in the net-
work. For DTKN, increases occurred in concentration and (or) 
FN concentration in half of the monitoring stations. Dissolved 
TKN is composed of dissolved organic nitrogen and ammonia 
and is quickly converted to NO3– in most surface waters.

Trends in FN nitrogen concentration and load were 
estimated by WRTDS using a dataset of monthly and storm-
targeted samples available from four of the intensive  

2014

2014

2014

2014

2014

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

0 10 20 30 40 50 60 70 80

To
ta

l n
itr

og
en

 y
ie

ld
, i

n 
po

un
ds

 p
er

 a
cr

e

Total annual streamflow, in million cubic feet

EXPLANATION
Annual yield by monitoring station—

Line is linear regression line. 2014 
indicates value for wettest year 
during study period. Station names 
defined in table 1

   DEAD (R2 = 0.95)

   DIFF (R2 = 0.96)

   FLAT (R2 = 0.91)

   LONG (R2 = 0.22)

   SFLIL (R2 = 0.99)

Figure 47. Annual total nitrogen yield compared to streamflow volume for the five intensive monitoring stations in Fairfax County. Data 
that correspond to the wettest year during the study period (2014), based on total annual precipitation, are labeled. Station names are 
defined in table 1.



68  Spatial and Temporal Patterns in Selected Streams in Fairfax County, Virginia, 2007–18

Total nitrogen

Total dissolved nitrogen

Total particulate nitrogen

Nitrate + nitrite, as nitrogen

TN

TDN

TPN

NO3

TN TDN TPN NO3

DEAD

TN TDN TPN NO3

DIFF

TN TDN TPN NO3

FLAT

TN TDN TPN NO3

SFLIL

TN TDN TPN NO3

LONG

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000
An

nu
al

 y
ie

ld
, i

n 
po

un
ds

 p
er

 s
qu

ar
e 

m
ile

Station

EXPLANATION
Outlier

Highest value within 1.5 IQR
of 75th percentile

Lowest value within 1.5 IRQ
of 25th percentile

Annual yield

75th percentile

Median

25th percentile ra
ng

e 
(IQ

R)
In

te
rq

ua
rt

ile
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nitrate (NO3) yields for the five intensive monitoring stations in Fairfax County. Points included for LONG owing to sample 
size (n = 5). Station names are defined in table 1.
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Benthic Macroinvertebrates

Lotic water quality is typically evaluated by physical (for 
example, streamflow, turbidity) and chemical (for example, 
pH, DO, SC) metrics. Physicochemical metrics provide rel-
evant snapshots of water quality, but unlike biological metrics, 
do not provide an integrated, comprehensive assessment of the 
health of a waterbody over time (Karr, 1999). Because benthic 
macroinvertebrates live in the aquatic environment and have 
varying degrees of tolerance to water-quality impairment, 

patterns in community structure and function can be used to 
indicate both positive and negative changes in their surround-
ings. Based on this premise, biomonitoring can be used to 
integrate the impact of physical and chemical urban stressors, 
such as altered streamflow and NPS pollution on aquatic 
ecosystems (Barbour and others, 1999; Poff and others, 2006). 
Urban stressors commonly are associated with reductions in 
community richness and composition and a shift from sensi-
tive to tolerant species (Roy and others, 2003; Patrick and oth-
ers, 2015). The presence and abundance of a species indicates 
if, and to what extent, its needs are being met by the surround-
ing ecosystem (Johnson, 2004). The absence of a species does 
not always indicate poor water quality but instead may be 
due to physical habitat suitability, which may be a function of 
physiography or anthropogenic disturbance. Although the rela-
tion between urbanization and decreased species abundance 
and diversity has been well established (Lenat and Crawford, 
1994; Roy and others, 2003), the response to individual stress-
ors such as increased stormflows, pollutant concentration, and 
sediment transport/deposition vary by species (O’Driscoll and 
others, 2010).

monitoring stations (fig. 51). TN concentration and load 
declined at DEAD and FLAT by about 1–2 percent per year. 
No trend in concentration and an increase in load of about 
1 percent per year was observed at DIFF. Differences in FN 
concentration and load trends occur whenever the changes in 
water chemistry vary with flow. TN concentration and load in-
creased at SFLIL by about 1.35 percent per year, about 2,500 
pounds over the study period.
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Figure 49. Total nitrogen (A) and nitrate + nitrite (B) flow-normalized concentration trend results expressed as a percent change per 
year at 14 monitoring locations between April 2008 and March 2018. The p-value refers to the Regional Seasonal Kendall trend test. 
Station names are defined in table 1.
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A total of 139 macroinvertebrate samples were collected 
at the 14 monitoring stations for which trends in water qual-
ity were assessed. Samples were collected annually at each 
station, except for INDIAN in 2014 owing to construction 
activities. Seven additional samples were excluded as a result 
of inconsistencies in the sample sorting process; therefore, 

the total number of samples used in the analysis of trends was 
132. These data were used to examine temporal trends in 20 
benthic metrics at both the networkwide and station scale. 
Trends were computed on 10 years of data at most stations 
(2008–17), 9 years at three stations that were established in 
2009 (OCSB, FLAT, and FROG), and 6 years at INDIAN. 
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Figure 50. Annual change in flow-normalized concentrations of total, dissolved, and particulate nitrogen (A) and 
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March 2018. The p-value refers to the Regional Seasonal Kendall trend test. Note that it is possible for components 
of either dissolved or particulate fractions to be slightly higher than the total as a result of model uncertainty. 
Station names are defined in table 1.
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Mixed-effect models were more sensitive to detecting change 
in analyses of networkwide trends than those at individual 
stations because the full dataset of 132 samples is leveraged, 
whereas the individual station regressions had a maximum 
of 10 samples. Percent composition metrics also tended to be 
more sensitive than the richness metrics at individual stations, 
likely owing to the limited species pool within the county and 
the degree of urbanization at each station.

Improvements in broad biodiversity metrics were 
observed across the network and at many individual stations 
between 2008 and 2017 (tables 5, 6; fig. 52A, B). The Fairfax 
IBI score increased significantly at the network scale, from 
a predicted score of 34.19 to 50.46 out of 100 (fig. 52A), an 
improvement that reflects nearly a full rating category (from 
poor to fair); significant increases also were observed at four 
individual stations. At 11 stations the IBI scores in 2017 
were at least 1 qualitative group higher (for example, fair to 
good) than those in 2009 (the first year all 14 stations were 
sampled). Total taxa richness, as well as percent composi-
tion and the richness of both Ephemeroptera, Plecoptera, and 
Trichoptera (EPT) and Coleoptera, Odonata, Tricoptera, and 
Ephemeroptera (COTE) metrics also increased at the network 
scale. Although significant increases in composition metrics 
were observed at most individual stations, significant increases 
in richness metrics were rare at the station scale. Conversely, 
dominance (the relative abundance of the most common taxa 

in the sample) decreased significantly across the network and 
at most individual stations; this decline in homogeneity may 
be attributed to decreases in the percentage of Chironomidae 
(nonbiting midges) and Oligochaeta (worms), which include 
highly tolerant species.

A shift in functional composition was indicated by sig-
nificant trends in functional feeding group (FFG) metrics. The 
structure and composition of trophic groups reflects resource 
availability (Barbour and others, 1999). Changes in FFGs 
can affect ecosystem processes such as nutrient mineraliza-
tion, primary production, and organic matter decomposition 
(Wallace and others, 1982; Wallace and Webster, 1996; Diaz 
Villanueva and others, 2012; Ramírez and Gutiérrez-Fonseca, 
2014). Composition and richness of filter feeders, preda-
tors, and scrapers increased across the 10-year period at the 
network scale. The proportion of filter feeders, predators, and 
scrapers increased significantly at most stations; conversely, 
no significant change was noted in the richness of filter feeders 
or predators at any station and scrapers taxa increased signifi-
cantly at only two stations. Increases in tolerant filter-feeding 
caddisflies in the genera Chimarra spp., Cheumatopsyche 
spp., and Hydropsyche spp. (CCHs), and representatives 
of the order Odonata (damselflies and dragonflies), which 
contains many tolerant predators, may partly explain changes 
in EPT, COTE, filterer, and predator metrics. Notably, the 
pattern of increasing composition of filterer and predator FFGs 
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Table 5. The change in benthic macroinvertebrate composition metrics (number of target taxa in a standardized sample with 100 total 
individuals) between 2008 and 2018 at each monitoring station.

[The Index of Biological Integrity (IBI) represents the change in metric score, which also ranges from 0 to 100. Station names are defined in table 1. Orange 
text indicates a statistically significant increasing trend and green text a statistically significant decreasing trend (p≤0.05). EPT, Ephemeroptera, Plecoptera, and 
Trichoptera; COTE, Coleoptera, Odonata, Tricoptera, and Ephemeroptera; CCH, Chimarra, Cheumatopsyche, and Hydropsyche]

Station IBI EPT COTE Filterer CCH Predator Odonata Scraper Gastropoda Dominance ChiroOligo

All stations 16.3 7.3 11.8 9.0 6.7 2.2 1.5 1.7 1.5 –15.3 –17.3
BRR 42.3 10.4 13.2 7.9 6.8 5.3 4.9 0.8 3.0 –10.4 –19.1
CAPT HICK –4.5 3.9 4.9 10.2 9.8 0.9 1.2 –5.7 1.2 3.2 –0.6
CASTLE –11.3 –13.4 11.8 12.0 12.5 1.7 1.3 2.0 1.7 0.6 10.7
DEAD 7.0 10.6 13.1 11.0 10.7 1.3 1.4 –0.2 –0.1 –24.4 –12.9
DIFF 28.2 1.1 15.5 3.6 1.1 3.1 2.3 14.7 0.9 –18.4 –21.1
FLAT 48.6 3.5 25.3 6.8 2.5 10.7 9.5 18.0 12.2 –34.6 –42.8
FROG 32.5 27.5 31.5 31.2 27.5 9.5 1.6 1.2 –0.3 –28.3 –35.3
INDIAN 36.6 27.6 31.9 31.3 27.6 9.9 1.9 1.3 –0.3 –32.6 –40.9
LIL DIFF 11.7 19.0 19.2 19.9 16.3 1.3 1.4 1.6 3.4 –27.2 –25.2
OCSB –5.9 –2.2 –5.0 –3.0 –2.2 –3.1 –2.5 –0.9 0.7 0.8 0.2
PHCT –1.8 1.9 2.1 2.5 1.7 0.5 0.6 –0.2 0.6 14.8 –1.1
PSB 11.9 1.1 2.1 2.0 1.1 1.0 0.7 1.2 0.9 –8.9 –5.4
SFLIL 29.0 20.0 22.3 19.4 19.7 3.1 0.2 3.2 2.2 –50.5 –45.3
TRKYCK 18.4 19.7 21.4 19.3 19.4 0.5 0.5 2.2 1.4 –13.7 –22.9
MEADOWS 3.0 13.3 29.5 –21.7 4.3 4.6 0.2 9.0 0.0 0.2 6.6

Table 6. The change in benthic macroinvertebrate richness metrics (number of unique taxa) between 2008 and 2018 at each 
monitoring station.

[Station names are defined in table 1. Orange text indicates a statistically significant increasing trend (p≤0.05).EPT, Ephemeroptera, Plecoptera, and Trichoptera; 
COTE, Coleoptera, Odonata, Tricoptera, and Ephemeroptera; CCH, Chimarra, Cheumatopsyche, and Hydropsyche]

Station Total EPT COTE Filterer CCH Predator Odonata Scraper Gastropoda

All stations 5.1 1.1 3.1 1.1 0.6 1.7 1.5 1.4 1.3
BRR 15.0 3.2 8.4 2.0 1.2 5.2 4.7 2.6 2.3
CAPT HICK 1.3 –2.6 1.1 1.8 1.0 0.7 2.0 –0.4 2.0
CASTLE 3.6 –0.3 1.3 –1.1 –0.5 2.5 2.3 1.0 1.6
DEAD –0.1 –0.5 0.8 0.1 –0.5 0.8 1.2 –0.3 –0.3
DIFF 7.3 0.1 1.9 2.0 0.0 1.8 0.7 2.1 1.0
FLAT 17.1 3.0 8.8 3.8 1.8 5.3 3.3 5.9 3.7
FROG 3.7 0.7 2.7 –1.2 0.1 1.2 0.8 3.4 2.4
INDIAN 2.2 1.9 3.2 2.4 1.9 0.4 0.9 0.5 –1.0
LIL DIFF 1.9 –0.5 3.5 –0.7 0.2 2.2 2.0 1.2 1.8
OCSB –0.5 0.1 –0.5 –0.4 0.1 0.0 0.4 –1.8 –0.3
PHCT 2.4 1.0 1.7 1.1 0.2 1.0 1.2 1.0 0.7
PSB 5.8 1.2 2.3 2.0 1.2 0.8 0.3 1.5 0.8
SFLIL 3.2 1.1 0.9 –0.4 0.0 0.9 0.3 2.7 3.5
TRKYCK 3.7 0.6 1.9 0.0 0.1 0.6 0.5 1.3 1.2
MEADOWS 11.2 5.7 5.4 –0.3 0.1 5.2 0.5 2.8 0.0
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and increases in EPT and COTE metrics was similar across 
several stations (BRR, INDIAN, LIL DIFF, DEAD, SFLIL, 
and TRKYCK), which suggests some similarities in the way 
conditions in these watersheds are changing despite exposure 
to different degrees of land-use change and best management 
practices (BMP) implementation.

Increases in the class Gastropoda, which contains 
many tolerant snails, were observed at most stations and 
likely explain increases in the composition and richness of 
the scraper FFG. The increase in scrapers may be related to 
decreased canopy cover resulting from increased urbanization 
and subsequent increase in photosynthetically active radia-
tion (PAR). Additionally, increasing WT may be an important 
driving factor of increasing phosphorous concentrations, as 
was previously discussed. In freshwater ecosystems, increases 
in PAR and (or) phosphorous concentration can stimulate 
primary productivity (algal growth), a primary food source 
for scrapers. Collector and shredder FFGs (not presented) 
composed a small fraction of the total community; trends in 
composition and richness were nonsignificant at the network 
scale. Although the low proportion of shredders and collectors 

affects ecosystem processes such as organic matter decom-
position, the increase in richness and composition of filterer, 
scraper, and especially predator FFGs is indicative of a more 
balanced community and altered ecosystem functioning.

To illustrate overall networkwide trends, and important 
deviations from it, consider SFLIL and CASTLE. The former 
was representative of most stations throughout the network 
in that conditions were initially poor based on the Fairfax 
IBI, and percent composition of EPT and COTE metrics but 
showed significant improvements over time. Improvements 
were coincident with the proliferation of more tolerant cad-
disflies (CCH), Gastropods, and Odonates, and a decrease in 
Chronomids and Oligochaetes. The improvements at SFLIL 
and many other stations has driven the overall positive net-
workwide trends in these metrics. Conversely, CASTLE was 
the least developed watershed over the study period and had 
the best mean annual Fairfax IBI score (85.13). This was the 
only station to initially be classified as excellent (based on the 
Fairfax IBI), which indicated high biodiversity and a balanced 
community structure. However, over the 10 years of monitor-
ing, parts of this watershed were actively developed, and as a 
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result the IBI score decreased from 95.73 in 2008 to 81.74 in 
2018. Although declines in the IBI were statistically insig-
nificant, it was accompanied by significant declines in overall 
EPT composition, and significant increases in Chironomids, 
Oligochaetes, and tolerant caddisflies (CCH), which indicates 
a shift from less tolerant to more tolerant taxa. Trends at 
CASTLE reveal a link between degrading benthic community 
health and recent land development, whereas SFLIL and many 
other stations previously characterized by poor biological 
conditions show signs of moderate recovery following decades 
of disturbance.

SFLIL and CASTLE can likewise be compared to a 
best-available, or reference, condition station, MEADOWS, 
located on a tributary downstream of SFQ in Prince William 
Forest National Park and sampled annually by Fairfax County 
Stormwater Planning Division (FCSWPD) between 2008 and 
2017. MEADOWS had a mean annual Fairfax IBI score of 
95.61 and showed significant increases in total taxa richness 
and the composition of EPTs and COTEs over the sampling 
period. Similar to SFLIL and CASTLE, a significant increase 
in the composition of tolerant caddisflies (CCHs) occurred 
at MEADOWS, but by a lesser magnitude than the composi-
tion of COTEs and EPTs, and it coincided with an increase 
in the composition of Coleoptera and Ephemeroptera (not 
presented). This pattern suggests that although tolerant cad-
disflies (CCHs) may have increased regionally across the 
urban gradient, the magnitude of change may depend on site 
condition (for example, physical habitat) or other factors 
unique to each station (for example, hydrology, water chem-
istry). Further, several similarities and differences of trends in 
FFGs between MEADOWS and Fairfax County stations were 
notable. Whereas the increase in CCHs at SFLIL and many 
other Fairfax County streams was attributed to an increase in 
filterers, a significant decrease in the composition of the filter-
ers occurred at MEADOWS. This decrease coincided with a 
decrease in the composition of black flies (family Simuliidae, 
not presented). Similar to Fairfax County streams, an increase 
in the richness and composition of predator and scraper FFGs 
was observed at MEADOWS; however, unlike at SFLIL and 
many other stations, these changes did not coincide with an 
increase in Gastropods or Odonates. These results indicate that 
although there are some regional similarities in the direction 
of trends in FFGs, the taxonomic drivers of those changes may 
vary spatially as a result of station-specific factors.

Observed changes in the metrics considered here sug-
gest that the biodiversity, function, and condition of streams 
in Fairfax County are improving, but many of these improve-
ments are driven by increased diversity and percent composi-
tion of organisms that are tolerant of the urban environment. 
This is indicated by changes in taxa-specific metrics (for 
example, CCH and Odonata), which provide additional insight 
into the changes observed in broader biodiversity and FFG 
metrics. This appears to be particularly true for stations that 
were initially rated as poor based on the Fairfax IBI. For 
example, those stations that saw significant increases in rich-
ness and (or) composition of EPT, or decreased dominance had 

mean IBI scores between 20.5 and 22.9 in 2009. Regardless of 
the mechanism that underlies the increased heterogeneity and 
diversity of tolerant organisms, these improvements in condi-
tion provide valuable insight into understanding one potential 
trajectory that urban systems may take as conditions change 
and stabilize over time. 
 
 

Summary

Fairfax County, Virginia, has experienced rapid urbaniza-
tion since the mid-20th century and as a result, many streams 
are showing signs indicative of the so-called urban stream 
syndrome. The U.S. Geological Survey (USGS), in coopera-
tion with Fairfax County Stormwater Planning Division, 
established a long-term water resources monitoring program in 
late 2007 to (1) assess water-quantity, -quality, and ecological 
conditions; (2) compute annual nutrient and sediment loads; 
and (3) evaluate trends in streamflow, water quality, and eco-
logical condition. Results from the first 10 years of monitor-
ing (water years [WY] 2008–17) indicate that Fairfax County 
streams show many of the classic symptoms of urbanization, 
such as increased storm runoff, localized hot spots of elevated 
nutrient concentrations, high rates of sediment transport, and 
low Index of Biological Integrity scores. Efforts to mitigate 
these detrimental effects are underway through the use of best 
management practices (BMPs) and stream restoration projects. 
An evaluation of watershed-scale response to these land and 
stream management implementations is ongoing.

Precipitation was highest in WYs 2008, 2011, and 
2014 due in large part to short duration, high-intensity storm 
events. These precipitation periods had an outsized effect on 
hydrologic and water-quality conditions and contributed to 
substantial increases in annual nutrient and sediment loads at 
most stations. Streamflow yields varied by watershed, with 
FLAT and DIFF yielding more water than the other inten-
sively monitored watersheds. Streamflow yield was positively 
correlated with annual rainfall at all stations; however, the 
amount of direct runoff, referred to as runoff ratio, also was 
higher at DIFF and FLAT (0.25 and 0.23, respectively). These 
differences likely can be attributed to watershed impervious-
ness and geologic and soil properties. The slope of the relation 
between precipitation and streamflow decreased at DIFF and 
FLAT between the first and second 5-year periods of monitor-
ing, which indicated a reduction in the amount of streamflow 
produced by storm events; in the second 5- year period of 
monitoring the relation between monthly streamflow and pre-
cipitation yields were similar at all five stations. Stream flashi-
ness, defined as the rate at which streamflow changes over 
time, was strongly correlated with watershed imperviousness 
(Pearson’s r = 0.79), and every 10-percent increase in imper-
viousness increased flashiness by approximately 20 percent. 
The stage-based flashiness metric, which could be evaluated 
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at all 20 stations, was lowest at CASTLE, the least impervious 
watershed, and highest at DEAD, the third most impervious 
watershed.

Decadal trends in mean daily streamflows were explored 
at four of the five intensive monitoring stations and revealed 
few significant trends but had a general pattern of increasing 
low and median mean daily flows and decreasing high-mean 
daily flows. Multidecadal trends in mean daily streamflow 
were investigated at two long-term CB-NTN stations (DRGF 
and ACC), with records dating back to the 1940s. At both 
stations, urbanization that occurred over the more than 
70-year period resulted in statistically significant increases 
of approximately 1 percent per year in the top 10 percent of 
mean daily flows and decreases in low and median mean daily 
flows. Annual exceedance probabilities (AEPs), computed 
on peak annual streamflows at four of the intensive moni-
toring stations, indicated the occurrence of storms with an 
AEP of 0.09 (an approximately 11-year storm recurrence) at 
DEAD in 2010, FLAT and SFLIL in 2011, and DIFF in 2008. 
Conversely, these same events had AEPs between 0.02 and 
0.01 (50- to 100-year storm recurrences) at ACC and DRGF 
when computed using multidecade records. Records of short 
length can skew AEP analyses and may have underestimated 
the AEP of storms at the four intensive monitoring stations.

Spatial and seasonal patterns in basic water-quality 
parameters (dissolved oxygen [DO], pH, specific conduc-
tance [SC], and water temperature [WT]) were assessed in 
the monthly data collected at all 20 stations and the continu-
ous data collected at the 5 intensive monitoring stations. 
Patterns in all parameters reflect a mix of seasonal factors 
such as photosynthesis and denitrification, which are driven by 
monthly changes in air temperature, spatial patterns driven by 
differences in geologic and soil properties, and anthropogenic 
stressors such as deicing salt applications and septic infrastruc-
ture. Water temperature was seasonally dependent and never 
exceeded the Virginia maximum criterion. Nonsignificant 
trends in WT were observed at all stations, with a median 
change of +0.03 °C per year.

Dissolved oxygen varied both seasonally, owing to WT, 
and spatially owing to land use, physiographic province, 
and other factors. Dissolved oxygen was lowest in warm 
months and at stations located in the Triassic Lowlands, as 
well as PSB in the Coastal Plain. Stream DO was generally 
within range to support aquatic life (>4.0 milligrams per 
liter [mg/L]), though on occasion lower concentrations were 
measured in summer months (9 of 13 occurrences at PSB in 
the Coastal Plain). Dissolved oxygen decreased by less than 
1 mg/L over the period of record at most stations, but most 
results were not statistically significant.

Stream pH was typically neutral (pH = 7±0.5) and 
decreased during periods of high streamflow as a result of 
inputs of acidic rainwater. The highest mean pH was observed 
in stations located in the Triassic Lowlands and was attributed 
to increased photosynthesis owing to elevated phosphorous 
and elevated calcium carbonate in groundwater resulting from 
the underlying geology. The lowest mean pH was observed 

in Coastal Plain stations and may be the result of carbonate-
equilibrium reactions that increase groundwater acidity; addi-
tionally, Ultisol soils common in the Coastal Plain typically 
have low pH owing to their ionic composition. Continuous pH 
data revealed a diurnal pattern of daytime increases and night-
time decreases in pH as a result of photosynthetic processes. 
Trends in pH were generally nonsignificant (approximately 
0.01 unit per year).

Spatial and seasonal patterns in SC were related strongly 
to physiographic province, impervious land cover and the 
application of deicing salts. Further, SC was inversely related 
to streamflow, which indicates groundwater-dominant base-
flows and dilution by lower conductance storm runoff. Mean 
SC was significantly higher among stations in the Triassic 
Lowlands than the Piedmont or Coastal Plain as a result of 
natural geological processes that differ by region. Specific 
conductance was strongly correlated with increased impervi-
ous surface coverage. For each 10-percent increase in water-
shed imperviousness, there was an approximate 100-unit 
increase in SC. This relation was exacerbated in winter months 
when deicing salts were applied to roadways, parking lots, 
and sidewalks. Following salt applications, SC commonly 
increased by 1–2 orders of magnitude and did not typically 
return to baseline conditions until late spring or early summer. 
Spikes in SC represent wash-off of salts that can shock aquatic 
organisms and produce conditions that likely exceed impair-
ment thresholds for freshwater species. Specific conductance 
increased at all stations by about 2.5 percent per year, or about 
7.5 microsiemens per centimeter (µS/cm) per year. Specific 
conductance increases were most commonly observed in 
spring and fall months, which was likely a result of continued 
wash-off and resuspension of salts applied in the previous 
winter and from the transport of chloride stored in groundwa-
ter to streams.

Turbidity was a strong surrogate for suspended-sediment 
(SS) concentration and enabled strong predictions of SS loads 
(R2>0.90 for all SS models). Suspended-sediment concentra-
tions were highest in the spring and lowest in the fall. Seasonal 
variability in SS concentration likely reflects seasonal patterns 
in streamflow and sediment availability. Suspended-sediment 
loads, and yields were highly variable across WYs and 
strongly related to annual precipitation and peak streamflow. 
Although median annual yield did not vary significantly by 
station, annual yields at SFLIL and DIFF were more variable 
between wet and dry years. The three wettest WYs—2008, 
2011, and 2014—produced substantially higher loads at 
SFLIL and DIFF than at the other stations; consequently, 
those stations yielded substantially more SS over the 10-year 
period. The range in annual yields at SFLIL and DIFF likely 
resulted from a greater range in streamflow and more erodible 
streambanks, particularly during extreme stormflows. Small 
decreases in turbidity of about 0.10 Formazin nephelometric 
unit (FNU) per year and no changes in SS concentration were 
observed at most stations, and most trend results were not 
statistically significant. The largest SS concentration increases 
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occurred at FLAT, coincident with active construction of a 
stream restoration project in close proximity to the monitor-
ing station.

Phosphorus concentration varied both spatially and 
seasonally, and typically increased with streamflow. The 
dominance of the particulate fraction in high-flow samples and 
in annual loads reflected the phosphorous sorption capacity 
of fine sediments in these watersheds. Concentrations were 
highest in watersheds that drain the Triassic Lowlands because 
of naturally occurring phosphorous concentrations contributed 
by geologic materials. Concentrations of phosphorous also 
were high at DOGUE, located in the Coastal Plain, which 
may reflect the low phosphorous sorptive capacity of sandy 
soils. Higher total phosphorous (TP) concentrations were 
observed throughout the network during warmer months as a 
result of temperature-dependent phosphorous desorption from 
streambed sediments and from increased sediment transport to 
streams during intense, frequent summer storms. The domi-
nant species in monthly samples, which commonly were col-
lected during baseflow conditions, was orthophosphate. Total 
phosphorous trends mostly were nonsignificant but increases 
of about 4 percent per year occurred at most stations; however, 
the station with the highest median TP concentrations (FROG) 
experienced a TP decrease of about 5 percent per year.

Nitrogen concentrations varied both spatially and 
seasonally. Nitrate (NO3–) concentrations were typically 
diluted by surface runoff during stormflow events; however, 
total nitrogen (TN) remained relatively constant owing to an 
increase of coarse organic material. Total nitrogen loads were 
primarily derived from NO3– in discharging groundwater and 
from the runoff or erosion of particulate-bound nitrogen; as 
a result, TN was mobilized to streams during both storm and 
nonstorm events. The highest median concentrations of NO3– 
during nonstormflow conditions were observed in watersheds 
with a high density of septic systems (CAPT HICK, SFLIL). 
Concentrations of nitrogen and subspecies were lowest in 
summer and highest in winter months at most stations owing 
to seasonal cycles of dentification. Total nitrogen yields were 
similar among stations (medians ranged from 3,600 to 6,300 
pounds per square mile); variability in loads was primarily 
a function of annual streamflow volume. Total nitrogen and 
NO3– concentrations increased at the two stations with the 
highest median baseflow concentrations (CAPT HICK and 
SFLIL) but decreased by about 2 percent per year at most 
other stations.

The evaluation of the health of the aquatic communities 
in the streams monitored was assessed through annual benthic 
macroinvertebrate samples. Based on biological data collected 
at 40 randomly selected locations as part of the Fairfax County 
stream quality assessment program in 2017 it was reported 
that 75 percent of Fairfax County streams were generally of 
fair, poor, and very poor health; conditions that had been con-
sistent dating back to 1999. However, many metrics assessed 
as part of this study showed an improving trend, especially 
at stations that were already in poor condition. Changes in all 
metrics suggest that the biodiversity, function, and condition 

of streams in Fairfax County is improving, but some of these 
improvements are driven by increased diversity and per-
cent composition of organisms that are tolerant of the urban 
environment.
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Appendix 1 Results of Hypotheses Tests, Annual Exceedance Probabilities, 
General Additive Models, and Load and Concentration Models

Table 1.1. Difference in slope, with standard error and p-value for each pairwise comparison from an analysis of covariance testing 
for differences in the slopes of regression lines for monthly streamflow and monthly precipitation for all station by station combinations 
within each observation period (2008–12 and 2013–17).

[Significant differences are in red, based on p≤0.05. DEAD, Dead Run at Whann Avenue near Mclean, VA; DIFF, Difficult Run above Fox Lake near Fairfax, 
VA; FLAT, Flatlick Branch above Frog Branch at Chantilly, VA; LONG, Long Branch near Annandale, VA; SFLIL, South Fork Little Difficult Run above mouth 
near Vienna, VA]

Period Station Station Difference Standard error p-value

2008–12 DIFF DEAD 0.285 0.063 <0.001
2008–12 DIFF SFLIL 0.293 0.068 <0.001
2008–12 FLAT DIFF 0.077 0.085 0.365
2008–12 FLAT SFLIL 0.371 0.082 <0.001
2008–12 FLAT DEAD 0.366 0.078 <0.001
2008–12 DEAD SFLIL 0.011 0.060 0.85
2013–17 DIFF DEAD 0.130 0.070 0.064
2013–17 DIFF SFLIL 0.185 0.079 0.021
2013–17 DIFF LONG 0.106 0.073 0.149
2013–17 DIFF FLAT –0.029 0.082 0.725
2013–17 FLAT DEAD 0.160 0.066 0.021
2013–17 FLAT SFLIL 0.214 0.078 0.007
2013–17 FLAT LONG 0.135 0.071 0.061
2013–17 SFLIL LONG –0.079 0.067 0.245
2013–17 DEAD SFLIL 0.053 0.065 0.422
2013–17 DEAD LONG –0.026 0.057 0.654

Table 1.2. Differences in slope with standard error and p-value from an analysis of covariance testing for differences in the slopes 
of regression lines for monthly streamflow and monthly precipitation at each station across the two observation periods (2008–12 and 
2013–17). Significant differences are in red, based on p≤0.05.

[[DEAD, Dead Run at Whann Avenue near Mclean, VA; DIFF, Difficult Run above Fox Lake near Fairfax, VA; FLAT, Flatlick Branch above Frog Branch at 
Chantilly, VA; LONG, Long Branch near Annandale, VA; SFLIL, South Fork Little Difficult Run above mouth near Vienna, VA; N/A, not available]

Station Difference Standard error p-value

DEAD –0.042 0.054 0.427
DIFF –0.189 0.076 0.014
FLAT –0.241 0.087 0.007
SFLIL –0.082 0.070 0.244
LONG N/A N/A N/A
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Table 1.3. Annual exceedance probabilities for each of the four intensive monitoring stations with a minimum 10-year record.

[DEAD, Dead Run at Whann Avenue near Mclean, VA; DIFF, Difficult Run above Fox Lake near Fairfax, VA; FLAT, Flatlick Branch above Frog Branch at 
Chantilly, VA; LONG, Long Branch near Annandale, VA; SFLIL, South Fork Little Difficult Run above mouth near Vienna, VA]

Water year
Station

DEAD DIFF FLAT SFLIL

2008 0.18 0.09 0.27 0.27
2009 0.82 0.36 0.64 0.73
2010 0.09 0.82 0.73 0.64
2011 0.27 0.18 0.09 0.09
2012 0.64 0.91 0.36 0.45
2013 0.91 0.45 0.18 0.55
2014 0.36 0.27 0.55 0.36
2015 0.55 0.64 0.45 0.18
2016 0.46 0.73 0.91 0.91
2017 0.73 0.55 0.82 0.82

Table 1.4. Model results from generalized additive model run on the continuously collected data at the four intensive stations.

[DEAD, Dead Run at Whann Avenue near Mclean, VA; DIFF, Difficult Run above Fox Lake near Fairfax, VA; FLAT, Flatlick Branch above Frog Branch at 
Chantilly, VA; LONG, Long Branch near Annandale, VA; SFLIL, South Fork Little Difficult Run above mouth near Vienna, VA; CI, confidence interval, µS/cm, 
microsiemens per centimeter]

Station Adjusted R2 Trend 95-percent CI p-value
Geometric median 

(µS/cm)
Change 
(µS/cm)

DEAD 0.44 0.29 0.02–0.56 0.04 305.9 93.7
DIFF 0.57 0.34 0.14–0.54 <0.01 403.5 148.7
FLAT 0.54 0.14 –0.01–0.28 0.06 446.7 64.0
SFLIL 0.38 0.24 0.12–0.35 <0.01 168.8 38.6
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Appendix 2 Water Temperature, Orthophosphate, Nitrate Plus Nitrite, and 
Dissolved and Particulate Components of Phosphorus and Nitrogen at Each 
Monitoring Station by Season
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Figure 2.1. Water temperature results from the monthly sampling at 20 monitoring stations in Fairfax County, with comparison of data 
collected during the cool (October-March) and warm (April-September) seasons. The effect of season is statistically significant at all 
stations, based on p≤0.05. Stations are arranged by physiographic province. Station names are defined as DEAD, Dead Run at Whann 
Avenue near Mclean, VA; DIFF, Difficult Run above Fox Lake near Fairfax, VA; FLAT, Flatlick Branch above Frog Branch at Chantilly, 
VA; LONG, Long Branch near Annandale, VA; SFLIL, South Fork Little Difficult Run above mouth near Vienna, VA; BRR, Big Rocky Run 
at Stringfellow Rd near Chantilly, VA; CAPT HICK, Captain Hickory Run at Route 681 near Great Falls, VA; CASTLE, Castle Creek at 
Newman Road at Clifton, VA; DOGUE, Douge Creek Tributary at Woodley Drive at Mount Vernon, VA; FROG, Frog Branch above Flatlick 
Branch at Chantilly, VA; HPEN, Horsepen Rn above Horsepen Run Tributary near Herndon, VA; INDIAN, Indian Run at Bren Mar Drive 
at Alexandria, VA; LIL DIFF, Little Difficult Run near Vienna, VA; OCSB, Old Courthouse Spring Branch near Vienna, VA; PHCT, Popes 
Head Creek tributary near Fairfax Station, VA; PSB, Paul Spring Br above North Branch near Gum Springs, VA; RABT, Rabbit Branch 
Tributary above Lake Royal near Burke, VA; SGRLND, Sugarland Run Tributary below Crayton Road near Herndon, VA; TRKYCK, 
Turkeycock Run at Edsall Road at Alexandria, VA; WSB, Willow Springs Branch at Highway 29 near Centreville, VA.
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Figure 2.2. Total dissolved phosphorus results from the monthly sampling at 20 monitoring stations in Fairfax County, with comparison 
of data collected during the cool (October-March) and warm (April-September) seasons. A significant difference between warm and 
cool season sample concentration distributions was determined from a nonparametric Wilcoxon test with a p-value of ≤0.05. Stations 
are arranged by physiographic province. Station names are defined in figure 2.1.
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Figure 2.3. Orthophosphate results from the monthly sampling at 20 monitoring stations in Fairfax 
County, with comparison of data collected during the cool (October-March) and warm (April-September) 
seasons. A significant difference between warm and cool season sample concentration distributions 
was determined from a nonparametric Wilcoxon test with a p-value of ≤0.05. Stations are arranged by 
physiographic province. Station names are defined in figure 2.1.
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Figure 2.4. Total particulate phosphorus results from the monthly sampling at 20 monitoring stations 
in Fairfax County, with comparison of data collected during the cool (October-March) and warm 
(April-September) seasons. A significant difference between warm and cool season sample concentration 
distributions was determined from a nonparametric Wilcoxon test with a p-value of ≤0.05. Stations are 
arranged by physiographic province. Station names are defined in figure 2.1.
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Figure 2.5. Nitrate plus nitrite results from the monthly sampling at 20 monitoring stations in Fairfax 
County, with comparison of data collected during the cool (October-March) and warm (April-September) 
seasons. A significant difference between warm and cool season sample concentration distributions 
was determined from a nonparametric Wilcoxon test with a p-value of ≤0.05. Stations are arranged by 
physiographic province. Station names are defined in figure 2.1.
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Figure 2.6. Total dissolved nitrogen results from the monthly sampling at 20 monitoring stations in Fairfax 
County, with comparison of data collected during the cool (October-March) and warm (April-September) 
seasons. A significant difference between warm and cool season sample concentration distributions 
was determined from a nonparametric Wilcoxon test with a p-value of ≤0.05. Stations are arranged by 
physiographic province. Station names are defined in figure 2.1.
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Figure 2.7. Total particulate nitrogen results from the monthly sampling at 20 monitoring stations 
in Fairfax County, with comparison of data collected during the cool (October-March) and warm 
(April-September) seasons. A significant difference between warm and cool season sample concentration 
distributions was determined from a nonparametric Wilcoxon test with a p-value of ≤0.05. Stations are 
arranged by physiographic province. Station names are defined in figure 2.1.
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