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ABSTRACT
As the world’s population shifts toward living in cities, urbanization and its deleterious effects
on the environment are a cause of increasing concern. The hyporheic zone is an important part of
stream ecosystems, and here we focus on the effect of urbanization on the hyporheic zone from
ten first-to-second-order streams within the Virginia Piedmont. We use sediment hydraulic
conductivity and stream geomorphic complexity (vertical undulation of thalweg, channel
sinuosity) as metrics of the potential for hyporheic exchange (hyporheic potential). Our results
include bivariate plots that relate urbanization (e.g., total percent impervious) with hyporheic
potential at several spatial scales. For example, at the watershed level, we observed a decrease in
horizontal hydraulic conductivity with urbanization and an increase in vertical hydraulic
conductivity, which ultimately results in a negligible trend from conflicting processes. Vertical
geomorphic complexity increased with total percent impervious cover. This trend was somewhat
unexpected and may be due to erosion of legacy sediment in stream banks. At the reach level,
hydraulic conductivity increased and sinuosity decreased as the riparian buffer width increased;
these trends are weak and are essentially negligible. The hydraulic conductivity results conform
to expected trends and are a product of aforementioned concomitant processes. Our results
emphasize the complexity of hydrologic and geomorphic processes occurring in urban stream
systems at multiple scales. Overall, the watershed level effects enhancing hyporheic exchange,
which is contrary to expectations. Given the importance of hyporheic exchange to stream
function, further study is warranted to better understand the effects of urbanization.
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1. Introduction
Urbanization is a global phenomenon, with population increasing in cities worldwide.
This concentration of people puts a strain on water resources and the environment by increasing
pollutant discharges and reducing the capacity of the environment to absorb and neutralize such
pollutants. Another consequence of urbanization is the degradation and loss of habitat for
organisms, both aquatic and terrestrial. Millions of dollars have gone to restoring streams
(Bernhardt, et al., 2005; Palmer, et al., 2005) as societies recognize their importance for humans
and ecosystems alike. Current restoration practice has created a new industry that attempts to
create stable stream banks primarily for protecting human infrastructure (e.g., houses, roads,
bridges). The industry’s focus is generally on the stream’s channel form, appeasing human
aesthetics and assuming that ecological function will follow the stream form modifications
(Kenwick, et al., 2009). In an effort to maximize the benefits of stream restoration, the fluvial
connectivity to the hyporheic zone, a three-dimensional zone of interaction between groundwater
and surface waters (Brunke & Gonser, 1997; Jones & Mulholland, 2000), has only recently been
considered during restoration practices (Boulton, 2007; Kasahara, et al., 2009; Hester & Gooseff,
2010). Since the hyporheic zone contains flow paths that occur over several scales and is
extremely heterogeneous, attempts to relate proxies of hyporheic extent and exchange to
urbanization may benefit restoration practices.

1.1 Effects of Urbanization on Streams
Urbanization’s effects on streams have been long documented. Since the 1950s,
engineers have realized that urbanization increases flood peak discharges, decreases stream base
flows, increases the volume of water transported in streams, degrades water quality, and makes
streams flashy (Leopold, 1968; Whitlow & Gregory, 1989; Booth, et al., 2004; Mays, 2005).
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Storm water management practices developed to deal with the increased peak flows, primarily
through detention ponds designed to the retain peak discharge (Booth, et al., 2002; Mays, 2005).
Lane’s work in 1955 indicated that sediment supply (Qsediment) and discharge (Qwater) are
in equilibrium with the median grain size (d50) and channel slope (Schannel) in an undisturbed
system (equation (1)).
(1)
Changing the value of one parameter throws the system out of equilibrium. Using this
relationship, some responses to urbanization can be predicted, especially with the use of Figure 1
(National Resources Conservation Service (NRCS), 2007). For example, urbanization increases
Qwater, which can increase Qsediment and lead to channel degradation – a result commonly observed
in streams (Graf, 1975; Booth & Jackson, 1997; Doyle, et al., 2000).
The effects of urbanization on fluvial geomorphology include changes to both stream
geometry and the watershed drainage network. Stream sinuosity decreases as humans straighten
streams and build within the floodplains, which can result in streams becoming disconnected
from their floodplains (Lane, 1955; Chin, 2006; Notebaert, et al., 2011). Storm water
management practices (culverts, etc.) can also increase drainage densities by artificially creating
new streams and modifying existing ones (Walsh, et al., 2005; Chin, 2006).
Urbanization occurs in two phases, an initial intense construction phase and a long-term
built-out phase. High sediment loads characterize the construction phase, with fines sediment
depositing in the streams along with reductions in channel width (Graf, 1975; Chin, 2006). This
sediment load eventually tapers off when construction ceases (Chin, 2006). The long-term builtout environment is characterized by increased impervious area, lower sediment loads than during
construction (although often more than natural conditions), and decreased ecological health,
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while the streams respond by widening the channel widths and incising (Wolman, 1967; Chin,
2006). The median grain size increases due to these changes as armoring and the flushing of fine
sediment occurs (Wolman, 1967; Graf, 1975; Chin, 2006). This cumulative effect of multiple
stressors is sometimes called the urban stream syndrome (Walsh, et al., 2005).
Various stream processes take different timescales to respond to urban stressors,
primarily due to the complex relationship between the stream ecosystem and the land. For
example, in gravel-bed streams, channel width and depth can take over a decade to respond,
while streambed features, meander wavelengths, and reach gradients can take decades to
centuries to reach equilibrium (Knighton, 1998). Antecedent conditions, such as legacy sediment
stored behind historic low-head milldams (Walter & Merritts, 2008; Schenk & Hupp, 2009) blur
the relationships between land use/cover and fluvial responses (Kang & Marston, 1993; Miller,
et al., 1993; Colosimo & Wilcock, 2006; Horwitz, et al., 2008; Cuffney, et al., 2010). In
particular, studies have found that sediment flushing times from the construction phase range
from 5-13 years (Chin, 2006), while geomorphic change (adjustments to changing stream
conditions from urbanization, climate, base-level change, etc.) can occurs over decades
(Knighton, 1998; Chin, 2006). Furthermore, prior land use can have lingering effects. For
example, Cuffney et al. (2010) found that in urbanizing watersheds that were once primarily
agricultural, previous land use greatly influenced current stream condition. Similarly, a study by
Miller et al. (1993) noted that land use changes during the 1940s and 1950s in Illinois led to
decreased sediment supply that in combination with intense storm flows led to streams incision
that was still occurring in the 1990s (Miller, et al., 1993). Kang & Marston (2006) found the
greatest impact on sedimentation within urban streams to occur after 4-15 years but before 30
years. Regardless, stream discharge is not linearly correlated to drainage area (Galster, et al.,
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2006). Thus, we would not expect urban stressors to linearly correlate with deleterious effects to
streams.
Finally, urbanization itself is hard to measure. The most common method is total percent
impervious area, which measures the fraction of the land that has impervious cover (e.g.,
pavement, rooftops). A key limitation of this metric is not all impervious area equally blocks
infiltration to groundwater (Booth & Jackson, 1997). Specifically, connected impervious area
(primarily roads and parking lots) more completely blocks infiltration than disconnected
impervious area (some rooftops) by redirecting water to the storm water infrastructure, and is
accordingly often the preferred metric (Schueler, 1994; Booth & Jackson, 1997; Wang, et al.,
2001; Booth, et al., 2004; Roy & Shuster, 2009). An accurate assessment of connected
impervious is difficult, requiring extensive field observations and storm water drainage system
data (Roy & Shuster, 2009). Thus, some studies have tried to estimate connected impervious
from total impervious area (Sutherland, 1995; Roy & Shuster, 2009) or developed land cover
(Steedman, 1988; Wang, et al., 2001) although the relationships are often weak. Land cover,
though informative, correlates less than connected impervious with ecosystem metrics (Wang, et
al., 2001).
Previous studies have attempted to correlate total percent impervious with stream
ecosystem health (Horwitz, et al., 2008; Cuffney, et al., 2010; Riva-Murray, et al., 2010),
although most used a small range in urbanization or paired studies. In comparison, Clapcott et al.
(2010) used a full urbanization gradient to look at land-use effects on stream health. A stream
usually begins to show the deleterious effects of urbanization (e.g., reduction in water quality,
reduced aquatic species diverseness) when its contributing watershed contains 3-10% impervious
and is usually degraded above 15% (Schueler, 1994; Cuffney, et al., 2010). A very small
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incremental change in the total impervious percentage can thus produce relatively large
deleterious effects.

1.2 Hyporheic Zone and its Benefits
Channel bed forms (e.g., pools and riffles) and channel sinuosity generate head gradients
that drive hyporheic flow in streams (Boano, et al., 2006; Gooseff, et al., 2006). Mixing of
surface water with deeper groundwater in the hyporheic zone creates unique conditions that
facilitate stream temperature buffering, biogeochemical cycling, and pollutant mitigation, while
creating habitat (Brunke & Gonser, 1997; Boulton, et al., 1998; Dent, et al., 2000; Groffman, et
al., 2005). Many organisms spend all or part of their life cycles within the hyporheic zone (Wood
& Armitage, 1997; Boulton, 2007). The inherent heterogeneity of hyporheic sediments and flow
paths along with the unique chemical environments – predominately from oxygen and carbon
sources from surface water and high interstitial surface area of sediments – create redox
gradients within sediments. The redox gradients, in turn, cause biogeochemical hot spots
(Kasahara & Hill, 2008), which can be important for the life of the stream (Brunke & Gonser,
1997). The wide range of redox conditions are conducive to a wide range of reactions, including
denitrification, mineralization of organic toxins, and precipitation of metals (Conant, et al., 2004;
Fischer, et al., 2005; Gandy, et al., 2007; Smith, et al., 2009).

1.3 Expected Impact of Urbanization on Hyporheic Potential
Human activity affects hyporheic exchange and function in streams in a variety of ways
(Hancock, 2002; Hester & Gooseff, 2010). In this study, we quantify those impacts in terms of
their effect on hyporheic exchange via Darcy’s law. In particular, an increase in hydraulic
conductivity (Kh and Kv horizontally and vertically, respectively) increases water exchange in
Darcy’s Law,

(Todd & Mays, 2005), while an increase in stream geomorphic

complexity (sinuosity S horizontally (Cardenas, 2009) and vertical complexity (VC) of the
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thalweg (Hester & Doyle, 2008) increases the hydraulic gradient, i. All these metrics we
collectively define as hyporheic potential.
Based on existing literature, we expect the following responses of hyporheic potential to
urbanization at two spatial viewpoints – the watershed and reach levels (Figure 2). These
represent our hypotheses that we aim to test. The watershed level viewpoint encompasses the
watershed upstream of the field site and focuses on land cover-driven processes (i.e. upstream
processes influencing the stream reach) (Richards, et al., 1996; Wang, et al., 2001). The reach
level viewpoint focuses on the riparian buffer immediately adjacent to the stream reach of
interest, lateral inputs/constraints, and direct impacts to channels (Allen, et al., 1997; Wang, et
al., 2001; Cianfrani, et al., 2006). We discuss the anticipated response of each metric of
hyporheic potential to urbanization in detail below. Note that the trends in Figure 2 are shown as
linear not because we expect linear trends per se, but because we choose to form expectations
only about direction of trends rather than trend shape, and linear is used as the simplest default.
1.3.1 Response to Urbanization at Watershed Level
We expect an increase in connected impervious (or developed land cover) within a
watershed to increase input of fine sediments to streams and therefore colmation (clogging of
pore spaces (Brunke, 1999; Packman & MacKay, 2003; Velickovic, 2005; Fries & Taghon,
2010)) of the streambed during and for a while after the construction phase. Fine sediments can
come from anywhere within the watershed (Schueler, 1994; Richards, et al., 1996): a study from
the UK showed that fine sediments can be transported up to 30 km downstream and penetrate
unconsolidated streambed sediments as deep as 60 cm (Petts, 1988), though the effects are
greatest near the source. Improper sedimentation control activities and road construction are key
contributors (Carter, et al., 2003; Chin, 2006). During the construction phase, we therefore
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expect increases in percent urban land cover or impervious area to be associated with decreased
K.
On the other hand, during the built-out development phase, an increase in connected
impervious may lead to two conflicting effects on K: a decrease because of colmation from fine
sediments from stream bank erosion and an increase from streambed coarsening during bed
erosion. During the built-out scenario, fine sediment can erode from various locations within the
channel system during the increased peak storm discharges of urban watersheds. For example,
2/3 of the sediment supply to the channel can come from stream banks (Trimble, 1997), which is
often silt, clay and fine sands in the Piedmont of the Mid-Atlantic (Wolman, 1954). Similar fine
sediment is also stored behind shallow-head, valley-wide milldams from earlier agricultural
periods (Walter & Merritts, 2008; Cranmer E., 2009; Merritts, et al., 2011). In contrast, where
stream banks are more stable, fine sediments are not eroded, allowing elevated urban storm flows
to remove fine sediment from the streambed thereby coarsening shallow sediments (armoring)
(Chin, 2006). This flushing of fines (Rheg, et al., 2005) could theoretically reverse colmation
during the built-out phase and increase K. Observed results then reflect a combination of current
urbanization and past land uses, instead of just urbanization.
We expect an increase in connected impervious area at the watershed level to decrease
VC. Urbanization leads to larger runoff volumes and higher peak storm flows, which causes
channel degradation. Other observed results include armoring of sediments in incised channels
and upstream erosion causing downstream aggradation. This instability decreases VC, even to the
loss of pool-riffle sequences (Schueler, 1994; Doyle, et al., 2000; Walsh, et al., 2005).
Urbanization can therefore homogenize the streambed through sedimentation and/or the removal
of natural hydraulic structures.
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Lane’s balance predicts that as connected impervious area increases, S should increase all
else equal. By increasing the water supply and decreasing the sediment supply during built out
conditions, the stream may respond through decreasing the upstream slope through increasing S.
This assumes no channelization or encroachment by urban infrastructure and little influence of
bank stability or vegetative cover (see section 1.3.2 for details).
1.3.2 Response to Urbanization at Reach Level
Possible metrics of urbanization at the reach level (within the riparian buffer) include
percent urban land cover and total percent impervious within the riparian buffer, proximity of
roads, and width of forested riparian buffer. For this study, we chose riparian-forested buffer
width because we felt it had the most physical basis and has been shown to correlate with
commonly used biotic indices (Allen, et al., 1997; Brabec, et al., 2002). We consider that
decreasing forested buffer widths are indicative of increasing urbanization.
We expect that greater forested buffer widths are indicative of vegetated banks, which
ultimately increases K. The increase in K comes from the vegetation stabilizing the banks, and
thereby decreasing bank erosion (Allmendinger, et al., 2005; Pollen & Simon, 2005). The
decrease in bank erosion means less fine sediments are entering the stream and undergoing
colmation, assuming that the stream banks are mostly comprised of fine sediments. Healthy,
mature riparian corridors aid in limiting fine sediment transport from the riparian buffer
(Fullerton, et al., 2006).
We expect that streams with larger forested buffer widths should have greater VC. One
cause was discussed previously: larger buffers reduce sediment input to the channel by reducing
bank erosion – sediment inputs that would otherwise reduce vertical complexity by filling in
pools. Wider buffers potentially also yield a greater source of large wood to the stream channel,
thereby increasing VC. On the other hand, reduced bank erosion may also reduce the large wood
8

recruitment that bank retreat could cause, thereby reducing the increasing in VC that might
otherwise occur due to increased supply of large wood to the channel.
We expect to find narrower buffers associated with decreased S due to past
channelization for flood control, navigation, property boundary marking, or other purposes
(Pizzuto, et al., 2000; Walsh, et al., 2005; Chin, 2006). A case study from Zimbabwe shows how
the sinuosity of marshy land disappeared entirely as its channels were straightened (Whitlow &
Gregory, 1989).
1.3.3 Goals of Current Study
While some studies of the hyporheic zone have been conducted within urban watersheds
(Ryan & Boufadel, 2007; Ryan, et al., 2010), we are aware of none that evaluate our hypotheses
across a full range of urbanization. This study is a first-attempt at understanding urbanization’s
effect on the hyporheic zone through hyporheic potential, specifically through K, S, and VC. A
graphic summary of our expected trends is included as Figure 2.
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2. Methods
2.1 Study Sites
We selected our study sites from among those of a larger study of 50 watersheds in the
Virginia piedmont and coastal plain near Richmond and Fredericksburg VA and Washington DC
(Yagow, et al., 2008). Of the 50 sites, we selected ten piedmont locations (Table 1, Figure 3) to
span a broad range of urbanization, minimize variation in stream order and parent geology, and
to eliminate agricultural land cover.

2.2 Reach Level Characterization of Hyporheic Potential
At each site, we selected a stream reach approximately 300 m in length for sinuosity
analysis and a subset approximately 100 m in length at the center of the 300m reach for thalweg
surveying and falling head tests. The 300 m and 100 m reaches were selected such that the
sinuosity analyses and thalweg surveys were reasonably representative of the larger stream
system by containing several meanders and pool-riffle sequences, respectively. We surveyed the
thalweg of the 100 m sections with an autolevel and stadia rod, taking measurements every few
meters and at all sharp discontinuities in the streambed such as large wood and steps. Some of
the thalweg surveys were less than 100 m due to major obstructions (i.e. large trees that we were
unable to move around). The stream sinuosity was calculated by first digitizing the 300 m reach
stream banks from the aerial photos (Virginia Base Mapping Program (VBMP), 2006) in ArcGIS
and then measuring both the thalweg length and the linear (down valley) length of the reach.
Following a similar method to Gooseff et al. (2007), S was used as the metric for horizontal
complexity, while VC was calculated as the root mean square of the difference of each survey
point elevation from the linear trendline of the whole thalweg survey (equation (2))
(2)
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where si is the relative streambed elevation at a given point i (meters), yi is the calculated
streambed elevation from the linear trendline at point i (meters), and n is the total number of
surveyed points.
We used reusable permeameters and piezometers to measure Kv and Kh, respectively. The
permeameters were constructed in a similar manner to Genereux et al. (2008). We marked clear
polycarbonate tubing (inner diameter = 6.985 cm, outer diameter = 7.620 cm) every 0.5 cm with
a permanent marker. The piezometers were also made from the polycarbonate tubing (inner
diameter = 3.175 cm, wall thickness = 0.3175 cm) to which we added a nylon drive point. The
lowest 5 cm of the piezometer were reserved for sediment collection, while the next 10 cm were
for the screened interval. In the screened area, we drilled holes with a 0.476 cm (3/16 inch) bit,
and then covered the section with tautly stretched drain-sock material secured by electrical tape.
We marked the sediment/water interface at ten cm above the top of the screen section, and
subsequently marked the piezometer every 0.5 cm thereafter with a permanent marker.
All permeameters and piezometers were developed using a Geotech peristaltic pump after
each installation and prior to falling head tests. Falling head tests (Horslev, 1951; Kalbus, et al.,
2006) were conducted by filling the tube with water to the top and then letting water levels return
to background. Onset Hobo pressure transducers (model # U20-001-04) recorded the water
pressure at the bottom of the water column in the tube (bottom of the piezometer and at the
sediment surface in the permeameter, respectively). The logging interval was ten seconds for the
permeameters and one second for the piezometers because water levels dropped faster in the
piezometers. The pressure transducers were cooled in stream water for ten minutes before use to
maintain data quality. For each field site, we conducted 8-12 permeameter tests and 3-10
piezometer tests. Sediment coarseness prevented piezometer installation in certain locations, as
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the screened section of the piezometer was not completely covered because the piezometer could
not be fully inserted 25 cm into the streambed, which is a necessary requirement for the falling
head tests.
We used a time series of pressures generated during the falling head piezometer and
permeameter tests to calculate Kh and Kv, respectively. The Hobos recorded pressures, which
then were converted to pressure heads. For the piezometers (Kh), we calculated the percent
recovery of the pressure heads and plotted them against time on a semi-log plot. The percent
recovery of the heads can be calculated by
(3)
where h is the head at any point in time (meters), H is the head at the sediment-water interface
(meters), and H0 is the head when the piezometer is completely full (meters). According to
Horslev (1951), the time lag, T0, occurs when the percent recovery is 37% on the semi-log plot
and Kh is equivalent to
(4)
where R is the radius of the piezometer tubing (meters) and L is the screened linear length of the
screened interval (meters).
For the permeameters (Kv), the Darcy method, equation (5), uses the change in head to
calculate Kv (Landon, et al., 2001).
(5)
Lv is the length of permeameter within the streambed (meters), H0 is the initial head (meters), T0
is the initial time (seconds), Hf is the final head (meters), and Tf is the final time (seconds). In
this method of calculation, the final time can be at any point (Landon, et al., 2001); some studies
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have used regressions to generate this time value (Chen, 2000; Genereux, et al., 2008; Chen, et
al., 2009). By contrast, the Horslev method – following Genereux et al. (2008) – requires an
anisotropy ratio in order to complete the calculation – a value that cannot be known aprioi. Some
simplifications exist that are dependent on the diameter size and depth of penetration into the bed
sediments (Song, et al., 2010) – but these conditions were not satisfied in this study. We
calculated Kv by using both methods and found that the result was almost identical; thus, we used
the Darcy simplification for our remaining calculations.
Reach-wide representative Kh and Kv’s were calculated as the geometric mean of all
measurements within the reach. We digitized the location of each piezometer and permeameter
in ArcGIS on the 2006 aerial photography (VBMP, 2006). We noted geomorphic feature type for
every location we took a K measurement. We defined riffles as shallower, steeper, and higher
velocity sections typically with coarser sediment, while the slower, deeper sections with lower
velocities were considered pools (Montgomery & Buffington, 1997). Stream sections that were
not classified as pools or riffles were considered runs. We also calculated geometric mean K for
each geomorphic feature type. For both Kh and Kv, we also conducted an analysis of variance
(ANOVA) statistical test at α=.05 to compare the variance within each field site to variance
among field sites.

2.3 Watershed Level Characterization of Urbanization
We used the watershed delineations that Yagow et al. (2008) created from the National
Elevation Dataset (NED) using Spatial Analyst in ArcGIS. We calculated the percent
urban/developed land cover within each watershed from the Normalized Land Cover Dataset
(NLCD) Center (Vogelmann, et al., 2001; Homer, et al., 2004) and land cover datasets from
Coastal Change Analysis Program by the National Oceanic and Atmospheric Administration
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(NOAA) (NOAA Coastal Change Analysis Program). Both datasets use 30 m by 30 m pixels and
determine their land cover parameters from satellite imagery. The NOAA land cover dataset
differs from the NLCD in that the NOAA datasets include more detailed wetland land cover
types. The NLCD datasets (1992, 2001, and 2006) did not include the detailed wetland land
cover types and cannot be directly compared to each other because of the reclassification of land
cover types (Fry, et al., 2009). Unlike the 1992 NLCD product (which only produced a land
cover product), three additional datasets are associated with the 2001 NLCD – a total percent
impervious dataset, a percent canopy cover dataset, and the change in land cover between the
two time periods (i.e. the difference between the percent impervious values for the two years,
also known as a change product). At time of press, the 2006 NLCD dataset is provisional and
includes the total percent impervious and change in percent impervious from 2006 to 2001. For
our analysis, we used two urbanization metrics – percent total impervious and percent developed
land cover – that were averages from each watershed. The impervious dataset came from the
2006 NLCD total percent impervious provisional data, which contained pixels with percentages
of imperviousness. The land cover came from the 2005 NOAA land cover dataset; the
urbanization metric was the percentage of that total area that was classified as developed land
cover.
We also calculated the rate of change of urbanization over time. For the NOAA land
cover datasets, NOAA developed an ArcGIS tool that calculates total percent impervious for the
entire watershed by using their land cover dataset and population data along with curve numbers.
The change in land cover was then calculated from the NOAA data by using the difference
between two different datasets. For the NLCD data, the 2006-2001 change product for total
imperviousness was used. For both NOAA and NLCD, the resulting rates of change used in the
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analysis are absolute differences in land cover and total imperviousness, respectively, rather than
percent changes in those variables.

2.4 Reach Level Characterization of Urbanization
We characterized riparian zone urbanization via forested buffer width. We first digitized
the 300 m stream reaches and riparian forest extent on both sides of the stream was digitized
from the aerial photography. The riparian width was then determined by dividing the forested
area by twice the reach length to arrive at an average buffer width for a single side of the stream.
We also calculated the buffer widths for the 100 m reaches for comparison. Since there was little
difference in the values calculated for the different reach lengths, as well as the conclusions that
we derived from them, we chose to only carry one buffer width estimate (300 m) forward in the
analysis.

2.5 Bivariate Plot Analysis
We used bivariate plots to analyze the response of hyporheic potential to urbanization
metrics. Many such plots are possible, so in our analysis we focused on a subset of possible plots
with preference for relationships that 1) have greater statistical significance (higher r2), 2) were
expected based on physical processes as discussed in the introduction, and 3) use total percent
impervious as the urbanization metric due to its greater physical meaning. We analyzed the
relationships via a best-fit linear regression. In certain cases we also qualitatively evaluated
trends in the maximum envelope, i.e. a trend in the upper bound of the points in the scatter plot
e.g., Wang et al. (2001), particularly when linear regression r2 values were low and such an
interpretation made physical sense.
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3. Results
Figures 4 through 7, 12 through 17, 19, 20, and 22 through 29 show the surveyed
thalwegs for the stream reaches and the locations of the K measurements. Field sites P4 and P10
had particular trouble with piezometer installations due to streambed coarseness, while P12 has a
low number of measurements due to the low water level within the stream (P12 looked more like
a series of disconnected pools than a flowing stream). Field photos (Figures 8 through 11, 18, 21,
30, and 31) are included to help clarify certain features in the stream, and are further discussed in
Section 3.3. Table 2 shows the reach-averaged K values, along with the other hyporheic potential
metrics.

3.1 Response to Watershed-Level Urbanization
Kh decreases with increasing impervious cover and increasing urban land cover (Figure
32, both r2 <.01). On the other hand, Kv indicated an increase with increased impervious cover
and increased developed land cover (Figure 33, respectively r2 <0.01 & r2 =0.04). Nevertheless,
both the Kh and Kv trends are negligible. Kh and Kv similarly decrease and increase, respectively,
with increasing rate of change in the NLCD total percent impervious between 2001 and 2006
(Figure 34, respectively r2 =0.01 & r2 =0.06). Again, the regression trends are negligible. Similar
to the regression trends the maximum Kh and Kv for a given degree of urbanization (maximum
envelope Kh and maximum envelope Kh, respectively) decrease and increase, respectively with
the change in urbanization. Nevertheless, both the regression trend and maximum envelope trend
for Kv are heavily dependent on P19’s values; if P19 is removed, both trends are reversed. VC
increases as impervious cover and urban land cover increase (Figure 35, respectively r2 =0.15 &
r2 =0.19), while a similar trend exists for S (Figure 36, respectively r2 =0.38 & r2 =0.15).
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3.2 Response to Reach-Level Urbanization
Kh and Kv appear to increase with increasing riparian buffer width (Figure 37,
respectively r2 =0.02 & r2 =0.12). VC and S decrease with increasing forested buffer widths
(Figures 38 & 39, both respectively r2 =0.09). Nevertheless, all reach-level trends are negligible
or nearly negligible. Several studies have suggested that the effectiveness of riparian buffer
widths in mitigating urban-derived stressors begin to decrease at around 100 to 150 m (Allen, et
al., 1997; Brabec, et al., 2002). Based on this and the fact that our buffer widths were all less
than 150 m, none of the field sites was eliminated from the resulting plots.

3.3 K Heterogeneity within Field Reaches
The ten field sites have a range of streambed conditions from fine sediment to small
boulders. The streams are predominately gravel-bed streams. The streambeds of P1 and P2
appear to contain moderately sized clasts (large sands & small gravels). P5, P8, P9, and P12’s
streambeds are slightly finer than P1& P2’s. The streambed of P4 and P6 ranges from silts and
fine sands to buried boulders (riprap fallen into the stream), but the dominate clast size is gravels.
P10’s streambed appears to be mostly comprised of cobbles, while P19’s streambed appears to
be very fine gravels. Since grain size analysis of the streambed was not conducted, any
conclusions drawn about the clast size come from visual analysis and hence are qualitative.
K varies within each field site. We placed most of the piezometers and permeameters
within the thalweg, with about 17% off to one side. The piezometers off to one side were moved
away from the thalweg due to streambed coarseness in the thalweg that prevented the screen
section from being fully covered. The permeameters encountered difficulties in similar places
and were moved off to one side due to stability issues. We also tried to cover a range of
streambed features (pools, riffles, etc.) in order to generate an average K that was representative
of the whole reach. K measurements for P12 were in pools due to the lack of surface water
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elsewhere in the reach. The aerial photograph figures show the individual measurements along
with their spatial distribution (Figures 5, 7, 13, 15, 17, 20, 23, 25, 27, & 29). Field sites with the
smallest range of measurements tend to come from streams with visually more homogenous
streambed distributions, i.e. P1 and P19 (Figure 40). The ANOVA showed that Kh did not vary
among field sites at the .05 significance level (F(9,67) = 1.648, p =0.120). On the other hand Kv did
vary significantly (F(9,82) = 8.378, p <0.001), but this result is dependent on only one significantly
different site (P19). Variation among sites for both Kh and Kv is therefore minimal to negligible,
consistent with the low r2 values in Figures 32, 33, and 37. The variation in K within sites is
therefore often as large or larger as variation among site means, particularly for Kh.
Given the aforementioned variability within the streams, three narratives describe some
of the range in conditions. Sites P2 and P8 highlight some of the differences between highly
urban and less urban streams. Site P19 is unique in that it has a highly urban watershed, yet has a
well-sorted very fine gravel streambed. P2 is a predominately gravel stream within a highly
urban (22.5% impervious 2006 NLCD, 75.29% urban land cover NOAA) watershed near
McLean, VA. This field site is located in a local park with single-family housing on either side
of the park. The stream is migrating, cutting into the stream bank, and exposing a clay/silt layer
(Figure 8). Human trash, such as styrofoam and plastic trash bins, litters the stream (Figure 9).
Fallen trees partially block sections of the stream flow (Figure 10). In the summer of 2010, one
local resident observed that larger clasts were beginning to dominate the streambed.
Gravels dominate P8, a tributary to Cedar Run in Prince William County VA. This
watershed is the second most pristine of all the field sites (0.1% impervious 2006 NLCD, 0.58%
urban land cover NOAA). The watershed contains large residential lots, which from satellite
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imagery results in the land cover being classified as forest. Orlando Road crosses over the
tributary (Figure 21).
P19, Beaver Branch, is a well-sorted, very fine gravel stream near Richmond, VA in
Henrico County and contains large amounts of urbanization (21.0% impervious 2006 NLCD,
71.07% urban land cover NOAA).The field site is located within a park. East of the park there is
residential housing, while west of the park there are commercial buildings. Two culverts drain
the commercial area’s parking lots into this stream reach, while two storm water structures have
been exposed (Figures 30 and 31). The locals call the very fine gravel stream bank their “beach”
and allow children to play on the banks and in shallower sections of the stream.
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4. Discussion
4.1 Response to Watershed-Level Urbanization
We expected that as urbanization increases in the contributing watershed, VC decreases, S
increases, and the effect on K depends on the net effect of several competing processes (Section
1.3). K should decrease as a function of change in urbanization. The actual results showed that
VC unexpectedly increased, while S increased as expected (Figure 41). The trends for Kh and Kv
were essentially negligible. Due to the high level of scatter in our plots, which is typical of
relationships between urban metrics and stream ecosystem metrics (Clapcott, et al., 2010), we
used a cutoff of r2=0.15 to distinguish between negligible and non-negligible trends.
Elevated levels of fine sediments come from both phases of urbanization (Chin, 2006).
The initial phase of urbanization dumps extremely large loads of watershed-derived sediment
into the streams (Schueler, 1994; Richards, et al., 1996), especially through improper
sedimentation controls (Carter, et al., 2003). The built-out phase sees a slightly elevated level of
fine sediment (two to five times higher than background concentration) when compared with
natural conditions. The primary source of sediment during build-out is from stream bank erosion
(Booth & Jackson, 1997; Trimble, 1997). As mentioned in the introduction, urbanization often
leads to channel incision, which aids in altering streambed features. These multiple sources of
fine sediment may explain some of the observed variability in K within and among sites (Figure
40).
The somewhat elevated level of fine sediments undergoing colmation and the general
increase in streambed coarseness (through either armoring or the preferential removal of fines
from the streambed (Chin, 2006)) may balance each other to produce the negligible trends
observed (Figures 32-33). Furthermore, colmation could be reversed through resuspension of
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sediments or bioturbation by benthic macroinvertebrates (Nogaro, et al., 2006). In particular, Kv
might be more affected than Kh if burrows are mostly vertical, potentially explaining the slight
difference in trends observed. Another possibility is fine sediment accumulations at depths
deeper than those sampled by the permeameters. In particular, fine sediment particle size can
influence the settling velocity and the depth of penetration within the streambed (Rehg, et al.,
2005). A flume study by Schälchli showed that the depth of colmation, dc, can be estimated by
the mean streambed grain size, dm, when measured in meters (Brunke, 1999; Velickovic, 2005).
(6)
For gravel (2-64 mm), the depth of colmation ranges from 10.6 to 29.2 cm. If the permeameters
were measuring conductivity above such a deeper colmation depth, it would be possible for the
Kv to increase at the same time that Kh decreases with increased urbanization – especially if the
streams are still responding to the combination of urbanization and past land uses instead of just
urbanization. Finally, increased peak storm discharge with increased urbanization could coarsen
the bed due to preferential erosion of fines from the bed and banks (Chin, 2006) and ultimately
out-compete with the colmation process. Regardless, both trends were sufficiently weak
suggesting that it is important not to over-interpret its meaning.
The trends of Kh and Kv versus rate of change in total percent impervious between 2001
and 2006 were essentially negligible (Figure 34). The range of the change in percent impervious
among our study watersheds (0.1-4.7%) is small compared to the overall range of
imperviousness (0.1-47.3%). This low rate of change is likely due to many our watersheds being
located in the northern part of the state (i.e. Fairfax County), where rapid urbanization occurred
between 1950-1970s (Banham, 2009; Hogan & Walbridge, 2009). The higher observed
percentages tended to come from field sites outside of Fairfax County. The low rate of change
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indicates that sediment from new construction probably does not have a large effect on our study
streams, which is consistent with the negligible trends. In addition, some of the scatter in the
plots is likely due to a temporal mismatch between the impervious data (2001 & 2006) and the K
data (2010).
The unexpected increase in VC with increased urbanization in theory could be explained
by from localized adjustments to downed trees. Urbanization typically erodes stream banks by
undercutting, especially if the tree roots along the bank do not reach the toe of the bank (Pollen
& Simon, 2005; Allmendinger, et al., 2005). Undercut stream banks can topple these trees
securing the bank (Pizzuto, et al., 2010) and this wood supply can then increase prevalence of
geomorphic forms such as pools. Legacy sediment is prevalent within the Mid-Atlantic Piedmont
(Walter & Merritts, 2008; Pizzuto & O’Neal, 2009), and is mostly comprised of pre-Colonial
upland soils deposited behind millpond dams. These deposits can add upwards of a meter onto
the pre-Colonial land surface (Cranmer E. , 2009), increasing the stream bank height and
exacerbating bank erosion. The addition of large woody debris (LWD) competes with
homogenization of the streambed through deposition of sediment from upstream or bank erosion.
Given the observed trend, addition of LWD may at first appear the best explanation, yet the
streams with the highest VC (P1, P2, P5, & P6) are not those with the largest number of fallen
logs (P4, P6, & P8); instead, the observed LWD frequency seems to be uncorrelated with VC.
The increase in S with increased urban land cover is consistent with the Lane’s Balance
prediction. As urbanization increases, stream discharge increases and sediment supply decreases.
To return to equilibrium, the stream needs to decrease the channel slope by increasing the
channel sinuosity. Given that the streams in our study are relatively unconstrained for urban
environments (forested buffer widths of 27 to 145 m; average is 66 m), this explanation is quite
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plausible. The meander wavelengths can take several years to centuries to geomorphically
resolve (Knighton, 1998), but most of the development in the watersheds used for this study is
sufficiently old.

4.2 Response to Reach-Level Urbanization
As buffer width increases (i.e. local encroachment of urbanization decreases), we expect
Kh, Kv, VC, and S to all increase (Section 1.3). Our results for K conform to the predicted trends,
but S and VC decreased with larger buffer widths (Figures 37-39). However, these trends are
sufficiently weak as to be negligible (Figure 41). This lack of significant trends may have
individual causes specific to particular metrics of hyporheic potential (in particular for VC which
we discuss here in Section 4.2), or instead it may mean that forested buffers do not have a
significant influence on hyporheic potential (which we feel is more likely – see Section 4.4).
Unexpectedly, VC decreased with larger buffer widths (Figure 38). In theory, the
stabilizing effect of more vegetation in wider buffers should reduce sediment inputs to the
channel that would otherwise fill in pools, thereby increasing VC. Similarly, larger riparian
buffers may provide a larger source of LWD to the channel, which could increase VC. On the
other hand, as discussed previously, narrower buffers could lead to increased stream bank
erosion which instead adds greater amounts of large wood to the stream channel through
undercutting the stream banks (Pizzuto, et al., 2010). The net effect of these processes could
explain the lack of observed trend. Nevertheless, the small amounts of LWD present in the field
sites mentioned earlier makes this unlikely.

4.3 Heterogeneity within Sites & by Geomorphic Feature
Sediment K varies widely, especially among different streambed features and clast sizes.
We present figures showing the location and approximate value of each measurement (Figures 8
through 11, 18, 21, 30, and 31).The ANOVA analysis indicates that the variability within each
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field site is greater than among the field sites, except for P19’s Kv. This is corroborated the large
spread in standard deviations for each field site (Figure 40). This is reasonable given the small
sample size (Table 2) and the inherent natural variability in streambed K (Calver, 2001),
particularly since we intentionally spanned a range of geomorphic conditions (pools, riffles,
runs). Nevertheless, we determined mean values for each geomorphic feature type (Table 3). We
qualitatively defined riffles as shallow, fast-moving sections of the stream with coarser clasts,
and pools as deep, slow-moving sections with fine sediment. Stream sections that were not
classified as riffles or pools were classified as runs. We expect riffles to have higher hydraulic
conductivities due to steeper slopes and faster moving water (UK Environmental Agency, 2009).
The measured mean K values do not seem to support this expectation (Table 3). Again, the small
sample size and inherent K variability can explain some of the results. Another possibility for the
variability could come from the qualitative method of distinguishing geomorphic feature types.
Lastly, the depths of the sediments characterized by the falling head tests (~10-20 cm) may
somehow have been inappropriate for detecting the differences of interest. The changes in the
streambed grain size, local flow conditions, and local weather would also further complicate the
comparison among geomorphic features. Given all these variations, we provide narratives of
three individual sites (P19, P2, and P8) that are useful in explaining some of the heterogeneity.
P19 was often the outlier in our plots. Unlike the other field sites that tended to have
poorly sorted mixture of clasts from fines to boulders, P19 appears to have well sorted clasts that
are predominately very fine gravel. This well sorted property (i.e. tending to have the same grain
size) seems to explain why Kv at P19 is an order of magnitude larger than the other streams
(Table 3). Besides P19’s dominant grain size, the physical presence of two sewer manholes
(Figure 31) makes the stream unique.
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We now use P2 (highly urban) and P8 (relatively pristine) to contrast the effect of
urbanization within a stream reach. The fallen trees in P2 disrupt the stream flow (Figure 10) and
often generate pools (Figure 11). Since pools tend to develop on bends from the scour from
helical flow paths, surviving tree roots on the banks help deepen these pools by diverting the
water from the bank toward the streambed (Gran & Paola, 2001). P8’s banks are much shorter,
giving the vegetation a better chance of stabilizing the banks and reducing erosion (Figure 20).
Field observations at P8 do not show obvious signs of erosion, while locals’ testimony at P2
indicate that bank erosion is occurring in addition to the coarsening of the streambed clasts. At
P2, three possible sediment sources of the larger clasts exist. Firstly, the clasts could come from
a general consequence of urbanization and the higher peak discharge it generates. Secondly, the
interstate highway construction in the upper sections of the watershed could be adding larger
clasts to the stream reach. Lastly, the clasts could be transported from the melt-water from the
three winter storms of the 2009-2010 season (each with over a foot of snow accumulation). The
dominant process most likely is the higher peak discharge, as it preferentially erodes the finer
sediments and leaves the coarse ones behind (Chin, 2006). Heterogeneity within reaches appears
to have more sources and interactions in an urbanized watershed as opposed to a rural one.

4.4 Implications of Urbanization for Hyporheic Potential and Extent
Stream studies show that ecosystem metrics (e.g., LWD counts, riparian shade cover,
taxa richness) weakly correlate with urbanization metrics (Cianfrani, et al., 2006; Clapcott, et al.,
2010; Cuffney, et al., 2010) and that a high degree of noise is inherent. Most of our correlations
are similarly very weak (r2 < 0.15), indicating urbanization generally has weak or conflicting
effects on hyporheic potential. In fact, one overall conclusion is that reach-scale urbanization
(forested buffer width in the case of this study) has essentially no effect on hyporheic potential
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(Figure 41). Control on hyporheic potential is therefore scale dependent, with watershed-level
processes being more important than reach-level processes. Furthermore, both reach-level and
watershed-level urbanization appear to have negligible effect on K, perhaps because bank
erosion and streambed coarsening balance each other.
Nevertheless, we did observe two trends where r2 was greater than 0.15 that we feel are
probably significant given the noisiness inherent in this type of study. In particular, VC and S
both increased with watershed-level urbanization (Figure 41), indicating that urbanization
enhances hyporheic potential at the watershed level and (given no net effect at the reach-level)
more generally. This overall conclusion is unexpected in that hyporheic exchange is generally
considered as positive for stream ecosystems as well as for humans via ecosystem services, and
we generally expect urbanization to degrade stream ecosystem function.
This study measured hyporheic potential as K, S, and VC. Additional measurements
would expand the picture of urban impacts on hyporheic exchange. For example, salt tracer
studies (Harvey & Bencala, 1993; Briggs, et al., 2010) can provide direct integrated reach-level
measurements of exchange to compare to hyporheic potential used in this study. Conducting
pebble counts or sieve analyses could help interpret the K results by quantifying the range of
clast sizes and approximating the depth of colmation.
The highly complex relationship between urban streams and their watersheds, and the
great number of processes and variables that affect urban streams, contribute heavily to the
scatter observed in our results (Clapcott et al., 2010). Since the field sites came from the Yagow
et al. (2008) study, the bedrock geology, stream size, and stream slope were partially controlled.
Nevertheless, remaining variation in stream size and slope could influence K and VC and hence
hyporheic exchange. If this study was repeated with new or additional watersheds, minimizing
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these variations might reduce observed scatter. Furthermore, variation among watersheds in
terms of storm water infrastructure or best management practices (BMPs, e.g., sediment control
plans during construction and detention ponds during built out conditions) were ignored in our
GIS analysis and could contribute to scatter. These controls could be incorporated in the future
based on aerial photographs or ground surveys. BMP density could also be estimated based on
building ages (estimated from housing styles1) and historical trends in BMPs in Fairfax County.
In particular, storm water detention ponds were not prevalent in Northern Virginia until the late
1970s. Adding the storm water infrastructure to the analysis would better predict the actual
sediment delivery and timing from the watershed to the stream reaches and could help interpret
or refine the bivariate plots. Finally, clearer relationships might be obtained by determining
connected impervious (as opposed to total impervious used in this study) for each watershed
because it is a better predictor of urbanization effects than total impervious because it has more
direct physical impacts on stream health (Roy & Shuster, 2009).

1

My father’s comments on building trends within Northern Virginia can be used as field estimate of the age of the
development. Houses built in the 1950s contain brick facades, windows on all sides for cross-ventilation, and highpitched roofs. Houses built in the 1960s tend to have carports. Houses from the 1970s will have siding on all except
one facade, enclosed garages, and be multi-stories (split-level or two stories); houses in the 1980s and later look
like bigger versions of 1970s housing. (Cranmer M. , 2010)

27

5. Conclusion
Urbanization and its associated impacts disrupt the dynamic equilibrium of streams,
changing their physical condition, and degrading stream ecosystems. The hyporheic zone is an
integral part of streams, is often important to ecosystem function, and can potentially remediate
pollutants. It is therefore logical to expect that urbanization degrades hyporheic exchange and
function, yet this has not been studied quantitatively. This study attempted to do so by examining
how hyporheic potential metrics (i.e. proxies for hyporheic exchange: sediment hydraulic
conductivity (K) and stream complexity (VC and S)) vary along an urbanization gradient in the
Virginia piedmont.
Results at the watershed level indicate that in the watersheds we studied, increased
urbanization as percent developed land cover and total percent impervious, is associated with
essentially no changes in Kh and Kv, and increased VC, & S (Figure 41). While many potential
mechanisms may be behind the observed trends, increased fine sedimentation from stream bank
erosion and streambed coarsening at higher urbanization may cancel, thereby creating an overall
negligible trend for K. Higher urban peak storm flows and Lane’s Balance may explain the trend
in S, while the trend in VC is hard to explain via urban changes to hydrology. The trends in K
with change in total percent impervious follow the total impervious trends, indicating that new
construction also plays a role. At the reach level, increased forested buffer width (i.e. decreased
urbanization in the riparian zone) is associated with essentially no change in any hyporheic
potential metric, due either to conflicting processes or more general lack of influence at the reach
scale.
Despite the noisiness inherent in this type of study, the weak correlations lead to the
following general conclusions. First, controls on hyporheic potential are scale dependent, with
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watershed-level processes being more important than reach-level processes. Both reach-level and
watershed-level urbanization appear to have negligible effect on K, perhaps because bank
erosion and streambed coarsening balance each other. Second, urbanization enhances hyporheic
potential at the watershed level and (given no net effect at the reach-level) more generally. This
is unexpected in that hyporheic exchange is generally considered as positive for stream
ecosystems as well as humans via ecosystem services, and we generally expect urbanization to
degrade stream ecosystem function. Lastly, due to the highly complex relationship between
urban streams and their watersheds, a great number of processes and variables that affect urban
streams can contribute heavily to the scatter observed in our results (Clapcott et al., 2010). Some
of these are the bedrock geology, discharge, the use of total impervious instead of connected
impervious, weather fluctuations, and the variation among watersheds in terms of storm water
infrastructure.
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Appendix A: Appendix of Figures

Figure 1. Lane’s balance showing the relationship between sediment supply and discharge
(NRCS, 2007). Used under fair use guidelines, 2011.

Figure 2. Expected trends of hyporheic potential with urbanization.
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Figure 3. Field site locations from initial report by Yagow et al. (2008). Field site names for this
study are bolded, while the watersheds are light grey. Used under fair use guidelines, 2011.
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Figure 4. Thalweg survey of P1. Piezometer and permeameter locations denoted by the letters,
along with pertinent features. Survey conducted in June 2010.

Figure 5. Digital aerial photograph of P1 showing the locations for piezometer and permeameter
measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.
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Figure 6. Thalweg survey of P2. Piezometer and permeameter locations denoted by the letters,
along with pertinent features. Survey conducted in June 2010.

Figure 7. Digital aerial photograph of P2 showing the locations for piezometer and permeameter
measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.
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Figure 8. Eroding stream bank exposing clay layer at field site P2. Photo by author, 2010.

Figure 9. Example of litter within the stream at P2. Photo by author, 2010.
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Figure 10. Fallen tree disrupting stream flow at P2. Photo by author, 2010.

Figure 11. Deep pool caused by tree at field site P2. Photo by author, 2010.
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Figure 12. Thalweg survey of P4. Piezometer and permeameter locations denoted by the letters,
along with pertinent features. Survey conducted in July 2010.

Figure 13. Digital aerial photograph of P4 showing the locations for piezometer and
permeameter measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.
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Figure 14. Thalweg survey of P5. Piezometer and permeameter locations denoted by the letters,
along with pertinent features. Survey conducted in July 2010.

Figure 15. Digital aerial photograph of P5 showing the locations for piezometer and
permeameter measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.
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Figure 16. Thalweg survey of P6. Piezometer and permeameter locations denoted by the letters,
along with pertinent features. Survey conducted in July 2010.

Figure 17. Digital aerial photograph of P6 showing the locations for piezometer and
permeameter measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.
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Figure 18. Field photos of long pool at P6. Photo by author, 2010.

Figure 19. Thalweg survey of P8. Piezometer and permeameter locations denoted by the letters,
along with pertinent features. Survey conducted in June 2010; redone in January 2011.
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Figure 20. Digital aerial photograph of P8 showing the locations for piezometer and
permeameter measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.

Figure 21. Field photo showing the streambed at P8. Photo by author, 2010.
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Figure 22. Thalweg survey of P9. Piezometer and permeameter locations denoted by the letters,
along with pertinent features. Survey conducted in June 2010.

Figure 23. Digital aerial photograph of P9 showing the locations for piezometer and
permeameter measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.
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Figure 24. Thalweg survey of P10. Piezometer and permeameter locations denoted by the letters,
along with pertinent features. Survey conducted in July 2010.

Figure 25. Digital aerial photograph of P10 showing the locations for piezometer and
permeameter measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.
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Figure 26. Thalweg survey of P12. Piezometer and permeameter locations denoted by the letters,
along with pertinent features. Survey conducted in July 2010.

Figure 27. Digital aerial photograph of P12 showing the locations for piezometer and
permeameter measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.
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Figure 28. Thalweg survey of P19. Piezometer and permeameter locations denoted by the letters,
along with pertinent features.

Figure 29. Digital aerial photograph of P19 showing the locations for piezometer and
permeameter measurements. Aerial Imagery  2006-2007 Commonwealth of Virginia.
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Figure 30. Culverts from parking lot in P19 watershed. Photo by author, 2010.

Figure 31. Example of one of the two sewer manholes interfering with the stream in P19. Photo
by author, 2010.
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Figure 32. Horizontal hydraulic conductivity (geometric mean of the whole reach) as a function
of percent impervious (2006 NLCD) and percent developed land cover (NOAA 2005).

Figure 33. Vertical hydraulic conductivity (geometric mean of the whole reach) as a function of
percent impervious (2006 NLCD) and percent developed land cover (NOAA 2005).
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Figure 34. Hydraulic conductivity (geometric mean of whole reach) as a function of the change
in percent impervious.

Figure 35. Vertical complexity as a function of percent developed land cover (NOAA 2005) and
percent impervious (2006 NLCD).
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Figure 36. Sinuosity as a function of percent developed land cover (NOAA 2005) and percent
impervious (2006 NLCD).

Figure 37. Hydraulic conductivity as a function of riparian buffer width.
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Figure 38. Vertical complexity as a function of riparian buffer width.

Figure 39. Local sinuosity variation with riparian buffer width.
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Figure 40. Horizontal hydraulic conductivity (geometric mean of the whole reach) as a function
of percent impervious (2006 NLCD). The error bars are ± the standard deviation for all test
locations at each stream reach site. The inherent variability within each field site causes some of
the error bars to appear less than 1×10-5 m/s.

Figure 41. Summary of expected and actual hyporheic potential trends with urbanization. The
coefficients of determination (r2 values) less than 0.15 are shown as flat, while those greater to or
equal 0.15 are shown as trends.
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Appendix B: Appendix of Tables
Table 1. Watershed-level characteristics.
Field
Stream Name
Watershed
Site ID
Area (km2)
P1
P2
P4
P5
P6
P8
P9
P10
P12
P19
Site
ID
P1
P2
P4
P5
P6
P8
P9
P10
P12
P19

Stream
Order
(NHD)
1
2
2
2
2
1
1
1
1
1

Wolftrap Creek
----------------------Big Rocky Run
Tributary of Accotink Creek
Long Branch
Tributary of Cedar Run
---------------------Tributary of Horsepen Run
Tributary of Northeast Creek
Beaver Branch

2.49
8.88
8.87
1.39
9.47
5.16
0.63
1.42
6.34
1.29

Table 2. Reach-level characteristics
Vertical
Local
Kh (m/s)
Complexity (m) Sinuosity
0.23
1.2 7.8E-04
0.38
1.1 4.0E-04
0.15
1.3 2.6E-04
0.19
1.2 3.4E-04
0.19
1.2 1.3E-03
0.16
1.1 1.0E-03
0.11
1.1 3.1E-04
0.07
1.1 1.5E-04
0.16
1.1 4.8E-04
0.11
1.1 8.6E-04

Standard
Deviation (m/s)
5.1E-04
5.0E-04
8.4E-04
7.6E-04
5.5E-04
7.1E-04
5.6E-04
2.1E-04
1.1E-03
3.9E-04

% Impervious
(2006 NLCD)
47.3
22.5
36.8
25.5
13.8
0.1
11.7
0.3
13.5
21.0

% Urban
Land Cover
(2006 NLCD)
87.8
82.3
88.6
81.7
68.6
4.4
69.6
3.4
64.5
75.9

% Developed (2005
NOAA CSC Land
Cover)
86.2
75.3
83.8
76.0
63.4
0.6
58.8
2.6
52.2
71.1

Number of Kv (m/s)
Standard
Number of
Piezometers
Deviation (m/s) Permeameters
9 6.2E-05
10
2.0E-04
8 2.1E-04
8
1.7E-04
6 1.8E-04
9
2.1E-04
10 2.1E-05
10
3.9E-05
9 1.4E-05
10
1.4E-05
8 1.2E-04
10
5.9E-04
9 8.3E-05
10
2.8E-04
3 4.5E-05
10
7.2E-05
4 3.4E-05
4
1.4E-04
10 8.0E-04
10
1.1E-03
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Change in %
Impervious
(2006-2001 NLCD)
0.8
0.7
2.8
1.4
1.6
0.1
2.5
0.1
4.7
3.0
Forested Buffer
Width (m)
44
63
34
29
51
130
27
145
31
110

Table 3. Mean hydraulic conductivity values by loosely defined geomorphic features.
Mean Kh (m/s)
Mean Kv (m/s)
Pool
Riffle
Run
Pool
Riffle
Run
9.88E-04 3.88E-04 1.05E-03 7.40E-05 5.29E-05 5.60E-05
P1
5.91E-04 1.82E-04
2.23E-04 2.51E-04
P2
2.85E-04
4.03E-04
1.05E-04
1.77E-04 2.24E-04
P4
3.52E-04 6.06E-04 1.82E-04 1.16E-05 7.06E-05 3.93E-05
P5
8.73E-04 1.10E-03 1.59E-03 1.11E-05 9.95E-06 1.80E-05
P6
5.71E-04 2.31E-03 1.08E-03 2.11E-04 1.42E-05 6.72E-04
P8
3.53E-04 6.94E-04 2.10E-04 9.47E-05 4.37E-05 1.14E-04
P9
1.48E-04 9.96E-05 5.84E-05 2.85E-05
P10
4.82E-04
3.37E-05
P12
6.65E-04
1.02E-03 4.00E-04
1.27E-03
P19
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