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ABSTRACT

Previous research efforts have shown that fish and macroinvertebrates are responsive to fine
sediment in streambeds. Excess fine sediment (<2mm in diameter) impairs over 40,000 miles of
streams in the U.S., degrading habitat quality for many egscies. Embeddednessnb, %,

a measure of fine sediment in gravel bed streams, is negatively correlated with bankfull shear
velocity (-, m/9. This relationship can be modeledéayib = au®, with baseline coefficient values

of a = 10 andb = 11. The purpose of this thesis was to investigate the applicability of this
relationship across the U.S., to begin to quantify the variation of embeddedness in time, and to
determine the applicability @mbeddedness as a habitat metric for lotic biota. The areas that were
studied included Stroubles Creek at the Virginia Tech Stream Lab, the Upper Roanoke River Basin
in southwest Virginia, and Level Il and lll ecoregions nationwide with the U.S. EPArdtio
Rivers and Streams Assessment dataset. Nationally, measurements of embeddedness were higher
than modeled in areas with higher sediment supply, and lower than modeled in regions with low
fine sediment supply. By calculating shear velocity through rdgnsensed channel geometry
metrics, embeddedness may be predicted throughout a stream network. Various biotic metrics
were found to be correlated to embeddedness, with regional variation. Burrowing
macroinvertebrate taxa, which may use increased sandc&mesgpredation, increased with
increasing embeddedness while the number of Ephemeroptera, Plecoptera, Trichoptera (EPT) taxa,
the number of lithophilic spawning fish, and the number of salmonid taxa decreased with
increasing embeddedness. Highly embeddédtsate is generally considered poor habitat, which

was supported by a trend of decreasing intolerant fish taxa with increasing embeddedness.
Richness (total number of taxa) did not show a significant correlation, indicating that
embeddedness, and fine@lsaent in general, is not necessarily an impairment to all stream habitat,

but is impactful for particular taxa.
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GENERAL AUDIENCE ABSTRACT

Previous research has shown that fish and macroinvertebrates are responsive to fine sediment in
streambeds. Excess fine sediment (sand, silt, and clay) impairs over 40,000 miles of streams in the
U.S., degrading habitat quality for many aguigapecies. Embeddednessnb, %, a measure of

fine sediment in gravel bed streams, decreases with increasing bankfull shear ugipoifg (a
measure of a streambés ability to move a part.i:
to investigate the relationship between embeddedness and shear velocity in varying areas, to begin
to quantify the variation of embeddedness in time, and to determine the applicability of
embeddedness as a habitat metric for stream biota. The areas that weddrstiudled Stroubles

Creek at the Virginia Tech Stream Lab, the Upper Roanoke River Basin in southwest Virginia,
and Level Il and IIl ecoregions nationwide with the U.S. EPA National Rivers and Streams
Assessment dataset. Nationally, measurements ofdeletieess were higher in areas that may
have higher sediment supply, and lower in regions with low fine sediment supply. By calculating
shear velocity with remotely available stream data, embeddedness may be predicted throughout a
stream network and compdrwith biota in those locations. Various biotic metrics were found to

be correlated to embeddedness, with regional variation. Burrowing macroinvertebrate taxa, which
may use increased sand to escape predation, increased with increasing embeddednéss while t
number of Ephemeroptera, Plecoptera, Trichoptera (EPT) taxa, the number of lithophilic spawning
fish, and the number of salmonid taxa decreased. Highly embedded substrate is generally
considered poor habitat, which was supported by a trend of decréasiegant fish taxa with

increasing embeddedness.
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1. Introduction

1.1 Streambed sediments and biota

Excess fine sediment (<2mm in diameter) impairs over 40,000 miles of streams in the U.S.
(USEPA, 2022), degrading habitat quality for many aquatic species (Kemp et al., 2011; Wharton
et al., 2017; Wood & Armitage, 1997). Sediment may enter waterwaysgthrerosion of
hillslopes or streambanks. Fine sediments may move through streams at higher flows as wash load
or suspended load, or they might settle within streams, increasing fine sediment in the bed.
Macroinvertebrate communities and some species lofafis known to be responsive to various

metrics of sedimentation, especially fine sediment in the benthos (Govenor et al. 2019).

Figure 1. Embeddedness is a spatial average of the vertical extent to which a particle is
surrounded by a finer (< 2 mmsubstrate.

Embeddedness, or the degree to which gravel and larger particles are surrounded by sand
and silt, can be an important habitat parameter for aquatic biota (Figure 1). Embeddedness
decreases surface area available to benthic macroinvertebratBsharaohd therefore has been
negatively correlated to general habitat suitability (Barbour et al. 1999). Sediment size controls the
pore space in the bed, which influences which macroinvertebrates can live in the bed. When
embeddedness is high, pore sgabetween gravel and cobbles are filled with sand. Due to the
filling of interstitial spaces with fine sediment, embeddedness has been found to reduce the
availability of refugia -aste@ dbyr i myehitgtrfalt®w
invertebrate distribution (Jones et al. 2011). In addition to direct habitat impacts, embeddedness or
presence of sand in the bed impacts sediment transport. The grain size distribution of sediment on
the bed affects transport of that sediment, with irsgdasand in the bed increasing the transport
of gravel and cobbles (Wilcock and Crowe 2003). Juvenile salmonids have been found to have a
decreasing growth rate and increasing mortality with increasing fine sediment loading, specifically

measured via embdddness (Suttle et al. 2004). Burrowing macroinvertebrate taxa, which are



unavailable as prey to salmon, have been found to have a significant positive linear relationship
with embeddedness (Suttle et al. 2004).

Studies in Virginia and West Virginia hatf@und embeddedness to be a significant factor
for local endangered fish populations. Roanoke logpd?ehc(na rey are an endangered fish in
the North Fork Roanoke River whef. rex habitat is impaired by high sediment and
embeddedness (Roberts et al @0RAdults and juveniles preferentially use habitat with lower silt
cover and embeddedness (Roberts et al. 2016). As lithophilic spawners, they lay their eggs in
gravel or cobble. If the gravel is highly embedded, eggs are more likely to be flushed aviay du
decreased hiding effects. Alternatively, eggs might be buried and not receive the oxygen they
require if there is excess fine sediment. For Candy Da¢hgostoma osburnan endangered
fish in the New River basin, habitat selection has been deamed by shifts from the low
velocity, slightly embedded areas used by juvenile Candy Darters to the swift, shallow areas with
little fine sediment and complex substrate, used by adults. Adult Candy Darters have been found

to avoid areas with greater tha5% embeddedness (Dunn & Angermeier 2016).

Embeddedness is one of many habitat factors impacting these two species of fish and biota
more generally. As such, embeddedness is generally measured along with other parameters to
assess habitavailable to fish or aguatic macroinvertebrates (Fitzpatrick et al. 1998; Sutherland
et al. 2010) . While the pathways of embeddedness impacts on macroinvertebrates have been
studied (Wood & Armitage 1997; Jones et al. 2011), there are multiple methoti$aofing
embeddedness values that require varying amounts of time and expense. These range from quick
visual estimation to determining a reaaVeraged embeddedness by direct measurement of
randomized pebbles. One common measure is a visual estimateé @efsgpRapid Bioassessment
Protocol (RBP) which rates embeddedness fre20 Wvith 0 being 100% embedded and 20 being
0% embedded (Barbour et al. 1999). This method rarks% embeddedness as optimal and
greater than 75% embeddedness as poor habitatiagsa negative correlation between biota
and fine sediment. Embeddedness of individual pebbles (as indicated by a percent in Figure 1)
may be measured along specified cross sections and averaged to estimate percent embeddedness

for the reach of stream ¢Epatrick et al. 1998).

There are various field methods for quantifying embeddedness, but few methods of

estimating it without direct measurement. Ongoing research indicates that embeddedness can be

2



predicted from channel geometry available from remostalgsed data (Czuba et al. 2022).
Specifically, it has been demonstrated that there is a correlation between bankfull shear velocity
and embeddedness in the Dan and Roanoke River Basins in southern Virginia and North Carolina
(Czuba et al . isthecandifion whiarBrater Kills a dtréah channel to the top of its
banks and mobilizes the streambed, is often considered the condition shaping channel form, and
generally occurs at a frequency of 1~2 years, varying by region (Lindroth et al. 2024, @k

2007; Phillips & Jerolmack 2016). Shear velocity is related to the ability of a stream to mobilize a
given particle and can be calculated from channel geometry. Further development of this
relationship would allow for an alternative method ofedetining embeddedness. However, this

relationship has not been explored outside of these basins, or over time.
1.2 Study objectives

The focus of this thesis is to further investigate the scope of applicability of the relationship
between calculations of aehaveraged shear velocity at bankfull discharge and raaetaged
embeddedness as well as the biotic relevance of this relationship. The specific objectives are as

follows:

1. Determine temporal variability in embeddedness via repeated measurementslaestro

Creek and in the Upper Roanoke River Basin.

2. Determine regions nationally where embeddedness is significantly correlated with bankfull

shear velocity as calculated by channel geometry.

3. Determine biotic metrics that are significantly correlated witthetdedness and the

regional variation of that correlation.
Related to these objectives are the following hypotheses:

1. Because bankfull conditions occur every 1~2 years and stream capacity to mobilize
sediment varies between bankfull events, embeddedregsasted to vary over time, with
embeddedness measured being closest to embeddedness predicted directly following

bankfull events.



. Because sediment supply, geology, and frequency of bankfull events, etc. varies regionally,
the model fits for ecoregions aexpected to vary, with higher embeddedness than
predicted occurring in higher fine sediment supply areas and lower embeddedness than

predicted occurring in low fine sediment supply regions.

. Because increased embeddedness is related to increased finensegiemerally, and
burrowing macroinvertebrate taxa are protected from predation (Suttle et al. 2004) by fine

sediment, percent burrower taxa are expected to increase with increasing embeddedness.

. Because juvenile salmonid growth has been shown to decmsdkeincreasing
embeddedness, the number of salmonid taxa are expected to decrease with increasing

embeddedness.

. Because biota respond to a suite of environmental variables of which embeddedness is only
one, the strength of correlations between embeddsdired biotic metrics are expected to

vary by ecoregion.

. Because biota have varying positive and negative responses to fine sediment, the total
number of taxa for fish and for macroinvertebrates is not expected to be significantly

correlated with embeddedss.

1.3 Theoretical underpinnings relating physical stream characteristics to embeddedness

The relationship proposed by Czuba et al. (2022) links embedde@nédss’ to shear

velocity (u, m/9 with eq. 1, wherea and b are empirical coefficients. For the generalized

relationship,a = 10 andb = 1, though these coefficients may be locally calibrated to a region or

study basin to account for unaccounted factors such as local sediment supply or sand grain size

distribution. This may be used to calculate a baseline level of embeddedness, as illustrated in

Figure 2.

emb = a (1)™® (1)
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Figure 2. Diagram of embeddedness predicted from shear velocity (Czuba et al. 2022).

Shear velocity is a measure of 8teength of turbulence in a stream, which is related to the
ability of a stream to mobilize a given particle. Shear velocity can be calculated from channel

geometry (eg. 2 & 3).

02 Y (2)

171 8 173
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Where gravity 1Q 9.81 m/$), submerged specific gravityr(1.65), critical shear stress (
, 0.04), ManningStrickler log law velocity distribution coefficienéY 8.1), unit conversion factor
(0 , 1 for Sl units, 1.49 for English units), damoughness length scale (, 2) are treated as
constants. The 06x06 indicates the shteigdicategel oci |
the shear velocity is calculated from the critical shear stress (Czuba et al., 2022). The hydraulic
radius Rn) can be approximated by depth for wide streams. Thegéeific variables are bankfull
depth ), slope §), and bankfull discharge and top widfh (andé , respectively). These may
be measured in the field or through remote sensing. fBkdepth, width, and discharge can be
found from regional curves, empirical equations based on drainage area (Keaton 2005, Beiger
2015). Drainage area and slope can be calculated from digital elevation models (DEMs), which
have been calculated from a B0DEM in the National Hydrography Dataset (NHD). Together,

shear velocities can be calculated from these values (Figure 3).
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Figure 3. Conceptual diagram of the relationship between embeddedness and other physical
parameters. Orange indicatesmote sensing includingrh digital elevation model (DEM) and
stream maps available through the National Hydrography Database (NHD), yellow indicates field
measurements, blue indicates that these variables can be obtained in multiple ways and gray
indicates variables or relationships that are not considered in this study

Shear velocity relative to fall velocityw§, m/9 at bankfull stage determines how fine
sediment mobilized in the bed will be suspended in the water column. The threshold for particle
suspension can be estimated by eq. 4, wbeamges from 0.4 to 1 (Gracia 2008). The fall velocity
is calculated by eq. 5 (Ferguson and Church 2004). For this study, the graib size i§
considered variable angl R,and kinematic viscosity of water3 £ 10® m?/s) are considered
constants. The grains are assumed to be spherical and smooth, giving the consrzht® Ge

values 18 and 0.4, respectively.

utws= U (4)

Ws= 0g 5 8 )

As reachaveraged shear velocity increases, sand is increasingly transported higher in the

water column, decreasing sand presence in the bed and thus percent embeddedness as the gravel



bed settles into place following a bewbilizing (approximated as baiul) event, illustrated in

Figure 4. Under bankfull shear velocities of approximately 0.1 m/s, the bed shifts from gravel to
sand, which is equated to 100% embedded (Lamb & Venditti 2016). The value of 0.1 m/s for shear
velocity corresponds to a fall veiity of a sand grain of approximately 0.7 mm whkn1 (Garcia

2008). Altering the median sand grain size would alter the threshold for the transition between
sand and gravel bed rivers, or the shear velocity at which embeddedness is predicted to be 100%
via eq. 1. For a constah} shear velocity must increase with increasing median sand grain size.
For example if the median grain size is 1.0 mm, the shear velocity associated with 100%
embeddedness is 0.13 m/s and if the median grain size is 0.4 mrheénesslocity associated

with 100% embeddedness is 0.08 m/s (calculated from eq. 4 and 5).

High concentration of Low concentration of
near-bed sand during mobile near-bed sand during mobile
bed conditions bed conditions

Sy ‘
When bed mobilization ceases, near-bed sand becomes locked into
the gravel substrate and sets a baseline level of embeddedness.

Low Embeddedness

The model proposed by Czuba et al. (2022) and illustrated in Figure 2 is constoained
single thread gravel bed streams. In the characterizations of Montgomery and Buffington (1993),
gravel bed streams can be characterized as eithespiffieor plane bed. Riffipool streams have
a typical slope of 0.00D.02 and plane bed streams hawetypical slope of 0.01.03
(Montgomery and Buffingtod993) indicating that the model (eq. 1) is most applicable for slopes
ranging 0.0010.03 (m/m). Cascade or stppol systems may also contain significant amounts of
gravel, but this model is napplicable for those stream types as these stream types have significant

drag introduced by channel form (steps or large boulders) such that the reach averaged shear



velocity is not necessarily the shear velocity applied to gravel and sand grains. Asdlglitibese
methods are also only relevant for urban streams when bankfull depth (or width and discharge) are

directly measured as regional curves were developed in rural areas (Beiger 2015).

2. Study area

The scope of applicability and variation withirethroposed embeddednest®ar velocity
relationship was investigated over the span of three study areas. Work in the first study area,
Stroubles Creek at the Virginia Tech StREAM Lab, focused on the temporal variability of
embeddedness. The second stuépathe Upper Roanoke River Basin, was used for alieseéd
assessment to assess spatial and temporal variability. The third study area was an analysis of
embeddedness across the contiguous U. S. with data from the U.S. Environmental Protection

A g e n &atidnal River and Stream Assessment (NRSA).
2.1 Stream Lab

The Virginia Tech REAM Lab is a reach of Stroubles Creek in Blacksburg Virginia, 1.5
km long, with an average slope of 0.0023 m/m, a drainage area of 13 .&rkha wetted width of
approximatéy 2-3 m. Pressure transducers at two bridges measure the water stage. This existing
instrumentation made this site ideal for repeated measurements of embeddedness in individual
riffles and runs. Site 1 is situated in a riffle approximately 10 m upstré&mdge 1, the location
of one of the pressure transducers and one of the velocity sensors. Site 2 and 3 are located in runs
upstream of Bridge 2, on either side of one of the velocity sensors. Site 4 is located in a riffle

downstream of Bridge 2.
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2.2 Upper Roanoke River Basin

Sites in the Upper Roanoke study area in Southwest Virginia were selected to span a range
of slopes (0.001# 0.044 m/m) andrainage areas (3i8728 knf) and based on their accessibility,
which included proximity to roads and bridges. This resulted in us identifying 21 sites (Figure 6).
There are three sets of paired sites, where one site is upstream and the other is dowhsatrea
proposed crossing of the Mountain Valley Pipeline. The intention with these paired sites was to be
able to compare the difference between the measured and predicted embeddedness, upstream and
immediately downstream to see if there was a differemcawerage and at specific times if

construction (and associated increased sediment input) was ongoing. Additionally, three of the



sites are located near USGS gages that measure stage and discharge and two sites are located at

USGS gages that are in placemieasure water quality parameters.
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Figure 6. Upper Roanoke River Basin study sites in southwest Virginia, with proposed Mountain
Valley Pipeline (MVP) pathway, water quality gages where turbidity is measured, USGS gages
where stage andischarge are reported, and physiographic provinces.

2.3 National scale

Since 2008, the U.S. EPA has surveyed stream sites nationwide every five years during a
two-year period. For wadeable streams, these surveys include measurements of slope, water depth
bankfull depth, and embeddedness. Most sites have macroinvertebrate and fish surveys as well as
physical habitat. Some sites were surveyed only once, and some sites were repeated. For the
repeated sites, averagauesof the relevant metriosere useddr regressionThe 2,804 wadeable
sites ranged in slope from 0.0000011 m/m to 0.47 m/m, in bankfull depth from 0.15 to 17 m, and
in bankfull width from 0.65 to 300 m (Figure 7).
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Figure 7. Map of 2,804 sites from the U.S. EPA NRSA dataset (2008/0914£04r3d 2018/19)
where embeddedness, bankfull depth, and slope were measured.

3. Methods

3.1 General field methods for measuring embeddedness

The general quantitative approach of measuring embeddedness involves selecting pebbles
and measuring the perceoftthe pebble that is submerged in the vertical plain (Fitzpatrick et al.,
1998). One method of randomization for which pebbles are selected is to usa ayp®B6EM or
1-m by m aluminum quadrat with intersecting strings indicating locations to gebbtes from
(Figure 8). Particlesize distributions obtained from grid samples such as this are comparable with
pebble counts (Bunte and Abt 2001).

For each pebble, the height of the pebble in its position in the bed (h), the depth of
embeddedness (zn@the intermediate diameter (b), which provides a grain size distribution, were
measured (Figure 8). Wére possiblehedrock and boulders too large to mavere avoidedIn
some cases this was wunavoidabl e. | mecotdédi s cas
Boulders were included in the grain size distribution as >256 mm, but were not included in

calculating the average embeddedness. Bedrock was not included in the grain size distribution but
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did count toward the embeddedness average, as bediamksisered 0% embedded (Fitzpatrick

et al. 1998). Similarly, if the strings cross over sand, the grain is considered < 2 mm in the grain
size distribution and 100% embedded. The embeddedness for the site is calculated by taking an
average of the percent eeddedness for the measured particles (eq. 6).

Qaw- 100% (6)
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Figure 8. 0.6 m by 0.6 m aluminum pipe and string quadrant used to randomly select pebbles for
embeddedness measurements with white circles indicating stiangections where pebbles will

be selected (left) and measurements of a selected pebble to determine embeddedness, with thumb
marking the embedded depth (right).

3.2 Stroubles Creek Field Methods

In order to consider the variation in embeddedness ower, tiour cross sections were
marked with rebar and arh by 1:-m quadrat with 49 string intersections was placed adjacent to
the cross section or offset 1 m downstream. Embeddedness values consist of the average of 49
pebbles measured within the Aquadrat Measurements were taken after significant flows, where

stage at Bridge 1 exceeded 0.6 m. In order to determine consistency of measurements, for seven
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visits the quadrat was offset by 1 m from the cross section such that two embeddedness points

(each anerage of the 49 within the quadrat) were taken (Figure 9).

1

Quadrat  ———

e .
.

Figure 9. Diagram of two quadrat placements, one adjacent to the cross section and one offset in
the downstream direction by 1 m.

3.2 Field, Upper Roanoke

3.2.1 Repeated embeddednesswasurements, Upper Roanoke

In studying the Upper Roanoke River Bagmbeddedness was determined as an average
of 125 patrticles, following the methods of Czuba et al. (2022). Over a reach -@0Q0® in
length, five cross sections were selected inesfibr runs. Th8.6-m by 0.6m quadrat pictured in
Figure 8was placedat 5 locations in the cross section, spaced at approximately equal intervals
across the channel. If the cross section was less than approximately 5 m, the quadrants were spaced
upstream and downstream of the cross section such that they did not ovewapebutthe same
riffle or run. Using the intersecting lines of the quadrant to select which rock to pick up, 5 pebbles
per square were selected (Figure 8). This resulted in a total of 125 pebble measurements per site.
In order to compare additional mesiof streambed fine sediment, additional measurements were
taken. Within each square, a visual estimate of the percent sand cover and silt cover of each
guadrantwas recordedio the nearest 20%. Measurements of embeddedness at all or a subset of
the sites were taken in October/November 2021, March/April 2022, June 2022, and
August/September 2022.
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3.2.2 NRSA method in Upper Roanoke

In order to compare results from the repeated measurements of embeddedness in the Upper
Roanoke River Basin as described ictem 3.2.1 with the natiowide NRSA embeddedness
measurements, the NRSA protocol for measuring embeddedass$ollowedat 13 sites in
August and September of 2022. These measurements were taken on the same days as the repeated
measurements described3r2.1. This method consists of dividing a reach that is approximately
40x% the average wetted width into 11 cross sections and selecting pebbles that are on either edge
of the water, in the thalweg, and evenly spaced between the thalweg and the edger,of wat
resulting in a total of 55 pebbles measured, following Fitzpatrick et al. (1998). If the pebble had a
median diameter greater than 10 mm, embeddedness was calculated by eq. 6. If the pebble selected
had a median diameter of less than 10 mm, embeddedm@assvisually estimated for the pebbles

in a 10 cm diameter area around the selected pebble.

3.2.3 Surveying for channel dimensions

In the summer of 2022, 19 field sites in the Upper Roanoke River Basin were surveyed
with a Topcon GTSL05 Total StationTopcon, Livermore, California) to obtain longitudinal
profiles and one representative cross section. These surveys were processed in Civil 3D and
ArcGIS Pro (ESRI). Bankfull width and depth were obtained from the cross section, where the
bankfull stage wagdentified as the lower of the two top of bank points (Figure 9). Slope was
obtained from the slope between 4ofpriffle points in the longitudinal profile (Figure 10). The
hydraulic radius R») was calculated from the wetted aréa 1?) and perimeterR, m) (eq. 7).

Using an assumed Manning's roughness valug 010.035, a stagdischarge relationship was

created for the cross section, using eq. 8 to calculate discl@grgé/s).

Y- (7)

6 oYY ®)

Bed shear velocity was calculated with both eq. 2 and 3 for varying depths to determine
the bankfull shear velocity as well as the depth/discharge at whickotftetérmined through the

pebble counts) was expected to be mobilized. Due to hiding, theitmajahe bed is expected to
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be mobilized at approximately the shear velocity that mobilizes gh@zdrcia 2008). At most

sites, surveyed cross sections did not extend significantly beyond bankfull due to vegetation in line
of sight. Figure 9 and 10 stv the cross section and longitudinal profile for site 1, the North Fork
Roanoke River near Lusters Gate Road.
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v 0.6 -=~ bankfull depth
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Figure 10. Representative cross section from site 1, with depthsthatndobilized (1.15 m) and

bankfulldepth (1.27 m). From stagkscharge and stagehear velocity curves, bankfull discharge

is 18 ni/s and bankfull shear velocity is 0.155 m/s.
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Figure 11. Longitudinal profile from site 1, surveyed summer 2022.
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3.2.4 Sand collection, Upper Roanoke

Knowing the median fine grain size relative to when the bed is mobile is critical to
continuing to develop the theory around the relationship between embeddedness and bankfull
shear velocity. In their analysis on the grasahd transition, Lamb and Venditti () concluded
that a shift from gravel to sand would occur at a shear velocity of 0.1 m/s based on a mean sand
grain size of 0.7 mm. In our model, this correlates to an embeddedness of 100%. The median sand
diameterwas not knowrat the field sites, howewe which presemd a source of uncertainty. In
order to assess the validity of the assumption of 100% embeddedness occurring at a bankfull shear
velocity of 0.1 m/ssand samplewere collectedrom the Upper Roanoke field sites in the spring
of 2023. Gralsamples of sand were collected with a measuring cup such that smaller grains would
not be washed away. Grab samples for each site were composites of sand from each riffle or run
sampled for embeddedness. This way, the sand collected was representé\sanél associated
with embeddedness measurements. The sand samples were dried and sieved to determine the

median grain size.
3.3 Remotely sensed methods, Upper Roanoke

In order to compare field measured variables (depth, slope, width, and dischatige), wi
remotely available variables, | obtained slope and drainage area from the National Hydrography
Dataset (NHD: USEPA, 2022) and slope fromma DEM created from lidar points (VGIN, 2022).

To determine slope from therh DEM, | drew a line along the centef the surveyed reach and
extracted elevations along the line. Depth, width, and bankfull discharge were calculated using
regional curves from drainage area (Table 1). The Valley & Ridge physiographic province
encompasses some sites and the Appalachimdtds physiographic division includes both the
Valley & Ridge and the Blue Ridge physiographic provinces. The depths were calculated with the
Appalachian Highlands regional curve and were input into eq. 2 to calculate shear velocity. The
width for all stes was calculated using both the Valley & Ridge and Appalachian Highland
regional curves. The widths, along with the bankfull discharge from the Valley & Ridge regional
curve (Keaton et al. 2005) were input into eq. 3 to calculate shear velocity. Desii@r sites in

the Blue Ridge physiographic province were calculated using an equation from the adjacent

province (the Valley and Ridge), leading to increased uncertainty in these calculations.
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Table 1. Regional curve equations used to determine bankfull characteristics from drainage area
in the Upper Roanoke River Basin.

Source Equation Units Range of Applicability

Keaton et al. 2005 | W = 12.445(DAY-4362 | ft, mi? Valley & Ridge,non-urban

Keaton et al. 2005 | H = 1.001(DAY-?81 | ft, mi? Valley & Ridge, norurban

Keaton et al. 2005 | Q = 43.249(DAY"°%® | ft3/s, m? | Valley & Ridge, norurban

Beiger et al. 2015 | W = 3.12(DAJ-41° m, kn? Appalachian Highlands

Beiger et al. 2015 | H =0.26(DAY-%%" m, kn? Appalachian Highlands

3.4 NRSA analysis

Since 2008, the EPA has been taking measurements of streams selected through a
probability-based design to include a range of sizes, land uses, and ecoregions (Olsen 2007).
Physicalhabitat, biotic, and water quality metrics are collected at these sites and these data are

publicly available.

3.4.1 NRSA physical habitat

Current water depth and height from current water surface to bankfull depth were combined
to determine the bankfulleghth for each site. Slopes were also available for each site, as well as
overall embeddedness (EMB) and channel center embeddedness (EMBC). EMBC is calculated by
taking an average of the embeddedness values for the three pebbles measured in the channel ove
11 cross sections, while EMB includes the two embeddedness measurements taken at the edge of
the water at each cross section. Although EMBC is based on 33 rather than 55 individual
measurements, it is closer to the field methods described in 3.2.1 @zdiby et al. (2022). From
t his poi nt forward, Afembeddednessod reported
embeddedness value (EMBC). Shear velocity for all wadeable sites was calculated with eq. 2, and
modeled embeddedness was calculated with elq. order to determine the fit of the model (eq.
1), the median deviation from modeled baseline embeddedmsssalculatedor each Level Il
and Level Ill ecoregion. Ecoregions, rather than states, were used as land unit divisions because
they take intgphysiographic province, climate, and general ecology (Omernik & Griffith 2014).
There are wadeable NRSA sites in 20 Level 1l and 83 Level Ill ecoregions.
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3.4.2 NRSA biotic metrics

Linear regressions between reported fish and benthic macroinvertebraies naat
embeddedness were calculated within each Level Il and Level Il ecoregion to determine where
embeddedness may be relevant to biota and to which biotic metrics embeddedness is correlated.
Due to the large number of metrics (125 for macroinvertebrand 180 for fish), two
macroinvertebrate and three fish metrics were selected to highlight based on a combination of

ecological relevance and relatively high correlation to embeddedness.

Macroinvertebrate metrics in the NRSA database included speabsess and
composition, tolerance, and habitat related metrics (Adams 2010). The total number of
macroinvertebrate taxa is a common metric for regional multimetric indices (Andraso et al. 2009,
Bowles et al. 1992012, Jessup & Neils 2011, Florida Depantinef Environmental Protection
2022). Specifically, the number of Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa and the
percent burrowers were investigated. EPT is also a common metric in regional multimetric indices
and while EPT as a group do ri@ve a direct functional relationship with embeddedness, they
are generally considered sensitive and often used as water quality indicators (Poff et al. 2006,
Adams 2010, Rehn et al. 2008, Andraso et al. 2009, Bowles et at2092%. Finally, burrowers
as a functional group, related to habitat, have a direct functional relationship with embeddedness
as they burrow into fine sediment, protecting them from predation, and therefore were included
(Suttle et al. 2004; Poff et al. 2006).

Types of fish metricg1 the NRSA database included resident fish species richness, trophic
composition, and fish abundance and composition (Daniels 2002). Total number of taxa, a measure
of richness, and number of intolerant taxa, a metric related to habitat, are commdmtyindiees
of biotic integrity (Karr 1981, Daniels 2002, Andraso et al. 2009). Specifically, the number of
salmonid taxa, number of intolerant taxa, and number of lithophilic taxa were investigated. The
number of salmonid taxa, which relates to compmsijtis not relevant in all parts of the contiguous
U.S. However, salmonid taxa have been shown to be responsive to embeddedness and are a
culturally and economically significant group (Suttle et al. 2004). Within the NRSA dataset,
intolerant fishtaxaard et er mi ned by fAbest professional jud
their intolerance is not specified. However, fine sediment and high embeddedness is considered to

be negatively correlated to fiopti maintoleraamtquat i c
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fish taxa are expected to decrease with increasing embeddedness. Lithophilic spawners have a
direct relationship with fine sediment and as a group include Roanoke logperch and Candy Darters,
which have been shown to be responsive to embeddedReaberts et al. 2016, Dunn &
Angermeier 2016).

4 Results
4.1 Stream lab

Substantial temporal variation in measured embeddedness was measured at each site in
Stroubles Creek (Figure 12). Sampling in June and August 2022 occurred after bankfull events
(stage > 1.0 m). Each site had at least one paired embeddedness measurement where two adjacent
guadrats were placed adjacent to each other (Figufdggire 13 demonstrates the repeatability
of embeddedness measurements taken from an average of pebblesqusitign 6, as the
embeddedness of a single riffle or run is expected to be relatively similar within a few meters up
or downstream of a given point. Measurements of embeddedness offset by 1 or 2 meters have
similar values measured on the same day ag timemsured on the cross section, with a root mean
squared error (RMSE) of 3.24% (Figure 13). The ten values of embeddedness measured at site 1
had a range of 33% (B&4%). Site 2 had an overall range of 39%i (B3%). Site 3 had a range
of 32% (24 56%). Ste 4 had a range of 32% ({3B%). On average, embeddedness was higher in

late spring than late summer.
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Figure 12. Embeddedness measurements at Stroubles Creek and stage measured at Bridge 1 near
site 1, April to November 2022.
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Figure 13. Paired measurements of embeddedness at Stroubles Creek, where 1:1 line represents
where the upstream quadrat average embeddedness is equal to the offset quadrat average
embeddedness. Review Figure 9 for setup.

4.2 Upper Roanoke

Our best estimat of shear velocity and average measured embeddedness are shown in
Figure 14 as black dots. The best estimates are based on values calculated with eq. 2 with the field
measured depth, or depth calculated from the regional curve for the two sites whededth
was not measured. The slope used was an average of slopes derived from field measurements and
from the tm DEM for the two sites not measured in the field. The uncertainty associated with the
shear velocity calculation is due to several estimataithannel characteristics and two equations
for calculating shear velocity (eq. 2 & 3). The slopes were from: NHET(3REM), 1-m DEM,
and field measurements. The NHD slope was not included for two sites where it was reported as
< 0.00001 and field slags were not included for the two sites where they were not measured.
Depths and widths were from field cross section measurements and from regional curves based on
drainage area (Table 1). Embeddedness varied among cross sections and with site visiist Figu
displays the range of embeddedness values averaged over each cross section (five per site) with
dotted lines. For example, embeddedness values at site 1 at the Roanoke River ranged from 19%
(average of cross section 5, measured July 2022) to 56%agavef cross section 1, measured
September 2021). The range of reaseraged values is displayed by a solid line. Of the sites
visited more than once, the average range of embeddedness measurements was 10%, with a

maximum of 25% and a minimum of 2%.
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referenced in Figure 18 are indicated with grarrows.
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Figure 15. Modeled and measured embeddedness in the Upper Roanoke River Basin.

The measured embeddedness throughout the Upper Roanoke River Basin is on average
lower than the embeddedness predicted from calculations of shear velocity. TéareRdppoke
River Basin sites have a RMSE of 18% for modeled vs. measured embeddedness, about the
regression line (Figure 15). Sevemye percent of the sites had a deviation from predicted
embeddedness (1:1 line) of less than 20%. Several sites havafiaid) amount of bedrock.
While bedrock was generally avoided where possible in the repeated measurements, it was not
avoided when using the NRSA method described in section 3.2.2. Of the 12 sites measured with
this method, percent bedrock ranged froid4%o, with an average of 10%. High bedrock may
limit the applicability ofthe proposednodel of embeddedness as the theory is based on alluvial
rivers with mobile beds at the bankfull stage. The variation between embeddedness measured
between the Czuba dt £022) method and the NRSA method is displayed in Figures 16 and 17,
with points with greater than 10% bedrock highlighted. Within this subset of sites, 69% were

within 20% of the modeled embeddedness value, regardless of measurement method. The RMSE
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for modeled vs. measured embeddedness was 17.1% for the Czuba et al. (2022) method and 16.8%
for the NRSA method (Figure 17A). Ninetyo percent of these sites had less than 20% variation

in embeddedness value with measurement method. The RMSE betweenemeasunethods

was 17% (Figure 17B). The average predicted embeddedness for this subset was 44%, and the

average measured was 34% and 35% for the Czuba et al. (2022) and NRSA methods, respectively.
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Figure 16. Comparison of average embeddedness measitte€ruba et al. (2022) and with
NRSA methods. Dashed lines indicate the same site.
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Figure 17. Comparison of embeddedness measurement methods in the Upper Roanoke River Basin.
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Figure 18. Embeddedness measurements and discharge measurements atXkiteanthb]18 on
the Roanoke River in Glenvar (site 15) and Lafayette VA (sites 17 & 18). Discharge measurements
from USGS gage 02054530.

Temporal variation in embeddedness measured at the Roanoke River sites was less than
measured at Stroubles Creek. Theeéhmost downstream sites on the mainstem Roanoke River
had rangesof 8/ 10% between site visits (Figure 18). The discharge measured at USGS gage
02054530 adjacent to site 15 did not exceed the bankfull discharge calculated with the Keaton et
al. (2005) regnal curve during the study period. Site 15, 17, and 18 on the Roanoke River had
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measured embeddedness below the modeled embeddedness (Figure 18). Modeled embeddedness
for the entire basin is displayed in Figure 19. The shear velocities for each readatelgatated

using slopes and depths (via drainage areas and regional curves) derived from the NHD dataset.
The selected sites are colored by the average measured embeddedness at that site. Network scale

maps such as these may be useful in future stutilEsta.
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Figure 19. Predicted embeddedness and Upper Roanoke River Basin sites.
4.3 National scale

4.3.1 National scale embeddedness and shear velocity

Figure 20 and 21 show selected Level Ill ecoregions with relatively strong correlations
between measured and predicted values of embeddedness: 6.2.11 Klamath Mountains (n = 14),
10.1.5 Central Basin and Range (n = 59), 10.2.4 Chihuahuan Desert (n 4 B3Dr8tless Area
(n = 44) and 8.4.1 Ridge and Valley (n = 64). Figure 20C shows the difference between the
measured embeddedness value and the modeled embeddedness value, where positive values
indicate that sites were on average more embedded than ohoaetenegative values indicate

that sites were less embedded than modeled. The Central Basin and Range (red) was most
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overestimated, and the Ridge and Valley (blue) was least overestimated.-tesis) bf these
ecoregions, the Central Basin and Range Qp0002, median = 18 %) and the Klamath Mountain

(p = 0.011, median = 11%) sites had significantly higher embeddedness than modeled and Ridge
and Valley sites had significantly lower embeddedness than modeled (p =%.5xddlan =

11%). The Chihuahuabesert and Driftless Area regions did not have significantly different
embeddedness between measured and modeled values. While shear velocity is correlated with

embeddedness in all of these regions, the relationship does not follow the model (Figure 21).
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Figure 20. Selected Level lll ecoregions. (A) range of values for selected ecoregions, (B) shear
velocity vs. embeddedness for all NRSA sites, with selected ecoregions highlighted, (C) deviation
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and negative values are less, (D) map of selected ecoregions
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Figure 21. Modeled and measured embeddedness for selected Level Ill ecoregions: Klamath
Mountains (6.2.11), Central Basin and Range (10.1.5), Chihuahuan &8&xt4), Driftless Area

(8.1.5), and the Valley and Ridge (8.4.1). Regressions for individual ecoregions are displayed with
colored dotted lines and the 1:1 line where the measured embeddedness is equal to modeled
embeddedness is displayed with black dddmes.

The median deviation (plotted in Figure 20 C) for a given ecoregion is mapped in Figure
22 and 23. Although there is variation in the direction of deviation, whether embeddedness is
overestimated or underestimated, as shown in Figure 21, there is a gemetat the Level I
ecoregion scale of overestimation in the eastern U.S. and around the Great Lakes and

underestimation in the serarid and mountainous west.
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Figure 22. Median deviations by Level Il ecoregion from modeled embeddedness.
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Figure 23 Median deviations by Level Il ecoregion from modeled embeddedness.

Variations from the proposed baseline embeddedness, calculated with shear velocity, may
be caused by variable sediment inputs, represented in Figure 2. We expect that higher fine sediment
inputs lead to higher measurements than modeled. Other reasons for variation may be sand cover
and presence of bedrock. Percent sand was reported in the NRSA dataset, and percent sand cover
is more commonly described in the engineering literature tharedusedness (Wilcock and
Crowe, 2003). Sand cover is strongly correlated with embeddedness, but distinct from it. Figure
24 shows sand cover and embeddedness, with a 1:1 line showing where they are equal. There are
96.3% of the NRSA sites with a higher measaf embeddedness than sand cover (Figdye 2
When streams are not fully alluvial, a majority of the bed material may not be mobilized at bankfull
(or otherwise formative) discharge. Additionally, bedrock is counted as 0% embedded. Bigure 2
highlights sites with > 10% bedrock, showing that there is a high concentration of sites with low

shear velocities overestimating embeddedness at these sites.
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Figure 24. Relationship between two fine sediment metrics included in the NRSA dataset.
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Figure 25. Impact of bedrock on embeddedness model with NRSA dataset.

4.3.2 National scale embeddedness and biotic metrics

Of the 125 benthic macroinvertebrate metrics and the 180 available fish metrics, five were

selected to highlight the relationships oflsddedness and biota. The relationships analyzed in

this section are results of measured embeddedness values and measured biotic metics directly from
the NRSA dataset, without the associated uncertainty of the shear vielodigddedness
relationship desdred above. For benthic macroinvertebrates these are the percent burrower taxa

and number of Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa. For fish, these are the
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number of lithophilic taxa, number of intolerant taxa, and number of salmonid\Wxalso
investigated the total number of taxa for both benthic macroinvertebrates and fish, which were
weakly correlated (R< 0.1) with embeddedness in all ecoregions on both the Level Il or 1l scale.
For the other five metrics, the correlation coefitge (R values) for linear regressions of the
metric and measured embeddedness are mapped by Level Il and Level Il ecoregion. Regions with

n < 10 are mapped as gray regions in these figures.

Percent burrower taxa

To include an adequate sample size, dsiomsof regression relationships is limited to
regions with n > 30. At the Level Il scale, of the regions with n > 30, the Central USA Plains (8.2),
the Atlantic Highlands (5.3), the Western Cordillera (6.2), and the Mixed Wood Plains (8.1) had
R2values geater than 0.1, with p < 0.01. All regions with statistically significant correlations (p <
0.05) positively correlated percent burrower taxa and measured embeddedness. This relationship
is plotted in Figure & This relationship is strongest (limiting o> 30) in the Ridge and Valley
(R? = 0.27), Northern Appalachian and Atlantic Maritime Highland$<£R.26), Central Basin
and Range (R= 0.26), Wyoming Basin (R= 0.24), and High Plains fR= 0.23). There is a
significant relationship (p < 0.05 and>30) in 12 Level Il ecoregions (of 26 with n > 30) and 9

Level Il ecoregions (of 12 with n > 30).
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Figure 26. Positive correlation between embeddedness and % burrower taxa mapped by Level I

ecoregion.
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Figure 27. Positive correlation betweembeddedness and % burrower taxa mapped by Level I

ecoregion.
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Figure 28. Embeddedness and percentage of taxa that are burrowers with points from the Central
Basin and Range (10.1.5) and the Ridge and Valley (8.4.1) regions highlighted.

Number of EPT taxa

Though this varies by individual Level Il ecoregion (Figure 28), the embeddedness
generally explains more variation in the number of EPT taxa in the western United States (Figure
29). Nationally, the number of EPT taxa decreases with increasing emhedsed his
relationship is strongest (limiting to n > 30) in the Central Basin and Range, Ridge and Valley,
Southern Rockies, and North Central Appalachians Level Ill ecoregions. There is a significant
relationship (p < 0.05 and n > 30) in 13 Level Il eagions (of 30 with n > 30) and 9 Level Il

ecoregions (of 13 with n > 30). An example of this relationship is presented in Figure 3
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Figure 29. Negative correlation between embeddedness and number of EPT taxa mapped by Level
[l ecoregion.
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Figure 30. Negative correlation between embeddedness and number of EPT taxa mapped by Level
Il ecoregion.
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Figure 31. Embeddedness and number of EPT taxa with points from the Central Basin and Range
(10.1.5) and Ridge and Valley (8.4.1) regions highlighte

Number of lithophilic taxa

Nationally, the number of lithophilic taxa decreases with increasing embeddedness (Figure
33). This relationship is strongest (limiting to n > 30) in the North Central Hardwood Fofests (r
0.37), the Northern Great Lakes drarests #= 0.19) and the Northern Allegheny Plate&gu=(r
0.16). There is a significant relationship (p < 0.05 and n > 30) in 9 Level Il ecoregions (of 37 with

n > 30) and 8 Level Il ecoregions (of 12 with n > 30).
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Figure 32. Negative correlation between embeddedness and number of lithophilic taxa mapped by

Level Ill ecoregion.
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Figure 33. Negative correlation between embeddedness and number of lithophilic taxa mapped by

Level Il ecoregion.

35



25
——- trendline for 10.1.2
——~- trendline for 8.1.4
other regions
e 10.1.2
20 o
# 15
(]
x
$ °®
v
£ -
° 109 "TTwsal L ; .
e °
= S Q0 ® og o Bum . ._"": .
ﬁﬁﬁﬁﬁﬁﬁﬁﬁ °
® o - __ L] et :
54 . & ” AE A &
-------------- . L L ] -_‘“--—--H.- .
________ *--—-_-_.9 e
e T x o e iy ° e ®e.
] S e---2a__ 7 o %
0 . °° S
| i . - 80 100

embeddedness, %

Figure 34. Embeddedness and number of lithophilic taxa with points from the Columbia Plateau

(10.1.2) and the North @¢&ral Hardwood Forests (8.1.4) regions highlighted.

Number of intolerant taxa

Number of intol erant fish

speci es

as

det er

2020), decreases with increasing embeddedness (Figure 36). This relationship is shirorigest (

to n > 30) in the Central Basin and Rande=(0.25), the Central Irregular Plaing £ 0.20) and

the Wasatch and Uinta Mountaind£r0.18). There is a significant relationship (p < 0.05 and n >

30) in 13 Level lll ecoregions (of 37 with n ®)Band 10 Level Il ecoregions (of 12 with n > 30).
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Figure 35. Negative correlation between embeddedness and number of intolerant fish taxa mapped
by Level Ill ecoregion.
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Figure 36. Negative correlation between embeddedness and number of intoleraxfistapped
by Level Il ecoregion.
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Figure 37. Embeddedness and number of intolerant fish taxa with points from the Central Basin

embeddedness, %

and Range and Columbia Plateau regions highlighted.

Number of salmonid taxa

Salmonids were found to be negatively correlatétd embeddedness. This relationship is

strongest (limiting to n > 30) in the Central Basin and Rarfge @r26), the Southern Rockie$ (r

=0.21), and the Northwestern Great Plaifs (0.20). There is a significant relationship (p < 0.05

and n > 30) in 8 Level Il ecoregions (of 37 with n > 30) and 6 Level Il ecoregions (of 12 with n

> 30).
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Figure 38. Negative correlation between embeddedness and number of salmonid taxa mapped by
Lewel Il ecoregion.

Figure 39. Negative correlation between embeddedness and number salmonid taxa mapped by
Level Il ecoregion.
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