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Many organisms, both plants and animals, influence geomorphic processes in rivers. Common
aquatic insects, net-spinning caddisfly larvae (Tricoptera: Hydrospyche), build silk nets that can
increase the threshold of sediment motion or critical shear stress t* by up to a factor of 2. Although
previous research has shown nets increase t* the magnitude of resisting force attributed to
individual nets and the threshold of their effect as grain size increases is still unknown. To explore
net strength, I conducted flume experiments at the Stroud Water Research Center in Avondale,
Pennsylvania, where I made direct measurements of the forces acting between nets and individual
sediment particles of various sizes using a strain gage during initial particle motion. 1 paired force
readings with underwater video of each rock to make observations of the stretching, tearing and
detachment of individual nets and measure the increase in force they contribute. Another way |
detected the magnitude of force contributed by caddisfly nets is by comparing the measured peak
forces to an abiotic model used to calculate the peak force without caddisflies to quantify the
difference. Results from measurements made of the force contributed by individual nets and the
difference of peak forces and an abiotic model for individual rock pulled from the bed suggest the
threshold lies between 70 mm and 75 mm b-axis. Net measurements show larger rocks have nets
that are contributing more force because larger rocks allow for larger nets to be built. The influence
of caddisfly nets on bed stability has potentially significant implications for the timing and magnitude

of bedload sediment transport in gravel-bedded rivers.
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1.0 INTRODUCTION

Rivers are essential contributors to the active processes shaping the
landscape. Geomorphologists have learned a lot about the abiotic processes that
govern river morphology, but very little is known about how plants and animals
influence these processes. Organisms whose life cycles and habits alter their
environment are known as ecosystem engineers (Jones et al., 1994]. There has been
an increase in research over the past few decades that illustrates how vegetation,
aquatic mammals, and fish influence sediment transport regimes and channel
morphology over time (Flecker, 1996; Moore et al., 2004; Braudrick et al., 2009;
Curran and Cannatelli, 2014]. Large scale laboratory flume experiments have
successfully simulated and monitored the ways in which vegetation increases bank
strength and supports meander formation (Braudrick et al., 2009]. Fish also can
influence transport processes in streams through diet. In the Orinoco river system
of the Amazon, there is a species offish that eats sand on the bed of streams and
redistributes it in new locations throughout the river system (Flecker, 1996]. The
spawning practices of many types of fresh water fish influence sediment transport
as they disturb sediment on river beds with their tails, to make structures known as
redds, where they lay eggs (Moore et al., 2004]. The dams built by beavers cause
flooding and increase sediment retention upstream and are another excellent
example of how organisms influence river morphology (Curran and Cannatelli,
2014]. Even certain types of macroinvertebrates have been found to influence river
morphodynamics (Rice et al., 2010: Johnson et al., 2009]. While the influence of
organisms on stream morphology has become more widely accepted, quantifying
the effects that specific biological life habits have on geomorphic processes is still a
major challenge.

Small aquatic insects can play a surprisingly big role in altering physical
habitat features (Albertson and Allen, 2015; Romero, 2015]. For example, multiple
species of net-spinning caddisfly larvae, order Hydrospychidae, have been found to

increase substrate stability in gravel-bedded rivers (Statzner et al., 1999: Cardinale



et al., 2004; Johnson et al., 2009; Albertson et al., 2014a; Albertson et al., 2014b)
(Figure 1). The nets made by caddisfly larvae are built in the spaces between
individual gravel particles on the beds of streams. The nets contribute a force in the
opposite direction of flow, opposing hydraulic lift and drag forces, to create a
frictional resistance, resulting in an increase in critical shear stress (Albertson et al.,
2014a; Albertson et al.,, 2014b). The critical value of shear stress, is the force per
unit area that water must overcome to transport sediment of a given size.

Atheoretical model used to calculate critical shear stress in rivers has been
modified to incorporate the effect of silk nets constructed by multiple species of
caddisfly larvae hydrospychid (Albertson etal, 2014a). Estimates made by the
model are similar to measured values of critical shear stress in flume studies, where
net-spinning caddisfly larvae have been found to increase the threshold of sediment
motion by up to a factor of 2 (Albertson et al., 2014a). Although the Albertson et al.
model has shown some success in predicting the increase in critical shear stress, the
output values didn’t always compare well to measured values of critical shear stress
in an experiment with the same conditions. The model is built on assumptions that
need to be tested, such as the binding force of the net always acts perpendicular the
bed surface and nets are only built on the bottom half of particles.

To test these assumptions, we need to make direct measurements of the
resisting forces of caddisfly nets. Therefore, | ask, how do caddisfly nets affect the
physical mechanics of critical shear stress and the initiation of particle motion in
gravel-bedded rivers? How do you directly measure the force of caddisfly nets?
What is the magnitude of the force that nets can sustain? Over what range of grain
sizes do nets significantly reduce mobility?

There is still a lot to learn about the detailed mechanics of the nets; the
maghnitude of the effect of caddisfly nets at larger scales in the natural world is still
not fully understood. To help answer these questions, | participated in running
flume experiments conducted the summer of 2016, at the Stroud Water Research

Center in Avondale, Pennsylvania, where flumes were colonized with net-spinning



caddisfly larvae and given time to build nets. | then measured the forces needed to
lift rocks of various sizes in flumes with and without caddisfly nets and derived a
model from the abiotic forces acting on individual particles and compared its

outputs with measurements to isolate the forces due to caddisfly nets.

1.1 Hydropsychids and the Stabilizing Effect of Nets

Net-spinning Caddisfly larvae (Trichcoptera: Hydropsychidae) are about 1
cm in length and spend most of their life as larvae in benthic stream habitats (Figure
1). They are one of the most geographically wide-spread, diverse and abundant
groups of insects seen throughout the world (Wiggins, 1977). The Wadable Stream
Assessment (WSA) conducted in the United States by the Environmental Protection
Agency (EPA) found that 56% ofthe 1,254 streams sampled contained
hydropsychid caddisflies (USEPA, 2004). Net-spinning Caddisfly larvae densities
range from hundreds to thousands per square meter with the highest densities
exceeding 10,000 per square meter (Statzner, 1982; Miller, 1984; Albertson et al.
2018). Caddisfly larvae nets are remarkably strong. Measurements made of the
tensile strength of silk thread range from 15.0 MPa for Arctopsyche californica with
16 load-bearing threads per net and 7.2 MPa for Ceratopsyche oslari with 37 load
bearing threads per net (Albertson et al., 2014a).

Critical shear stress is the force per unit area that water must overcome to
transport rocks of a given size. There have been multiple studies that have shown an
increase in critical shear stress at the onset of sediment motion in the presence of
nets spun by caddisflies. (Statzner et al., 1999: Cardinale et al., 2004; Johnson et al.,
2009: Albertson et al.,, 2014a; Albertson et al., 2014b). Statzner and others published
a paper in 1999 that tested the effect of caddisfly nets on 12 - 40 mm gravel that
were colonized in streams at different insect densities and then installed in
laboratory flumes (Statzner et al., 1999). This study measured shear stress with a

hydrodynamic balance and saw an increase in critical shear stress by as much as a



factor of 2 when compared to a control (Statzner etal., 1999). Experiments
conducted by Cardinale et al. (2004) used particle sizes of 2,4 and 8 mm and
measured an increase in flow velocity to transport sediment in the presence of
caddisfly nets compared to a control (Cardinale et al., 2004). Another study by
Johnson et al. (2009) looked at hydropsyche's effect on 4-6 and 6-8 mm gravel in
naturally colonized baskets. Their results showed an increase in critical shear stress
of 35% for 4-6 mm gravels compared to a control (Johnson et al., 2009). Despite the
importance of these studies, they have several limitations, including small
experimental flumes, elevated caddisfly density, and moving field-colonized baskets
to the lab.

Albertson et al. (2014a) developed a theoretical model that accounts for the
effect that caddisfly nets have on critical shear stress. The model accounts for
mechanical properties of nets, geometry, and vertical distribution of insect silk
threads from 2 different species. The model was parameterized by measuring the
tensile strength, diameter, and number of silk threads in nets built by two common
species of caddisfly, Arctopsyche californica and Ceratopsyche oslari (Albertson et al.,
2014a). Predictions made by the model were compared to measurements made in
lab experiments. The experiment was conducted in a 1.2 m long, 0.15 m wide and
0.20 m deep flume. They used four different caddisfly treatments: a control with no
caddisflies, a monoculture of Arctopsyche, a monoculture of Ceratopsyche, and a
50:50 polyculture of Arctopsyche and Ceratopsyche. They used four different grain
size treatments composed of uniform rounded grains with diameters of 10, 22,45,
and 65 mm. Caddisfly larvae were introduced to the sediment patches to colonize
and build nets at a density of 2,000 m2 they measured shear stress from vertical
velocity profiles using an acoustic Doppler velocimeter. Results have shown that
caddisfly larvae can increase critical shear stress by up to a factor of 2 in polyculture
treatments. The effects of nets in monocultures and polycultures vary with grain

size (Albertson et al., 2014a).



Although the model predictions were sometimes consistent with observed
critical shear stress values, there were many assumptions built into the model that
need to be tested to better understand the mechanics of the nets. None of the
previous studies have ever been able to make direct measurements of the forces
sustained by caddisfly nets. Quantifying the resisting forces of individual and
multiple caddisfly nets on the transport of single gravel particles can tell us more
about the mechanics. Making direct measurements of caddisfly nets would help to

improve the accuracy of the model and its parameters.

2.0 THEORETICAL FRAMEWORK

A major process of fluvial geomorphology is the transport of bedload
sediment. Sediment transport rates vary non-linearly with bed shear stress. Shear
stress is a measure of force per unit area and is a friction induced by flowing water
on the bed boundary from fluid drag due to turbulence (Dingman, 2009). The
amount of shear stress necessary to initiate sediment motion dictates the magnitude
and frequency of bedload transport, which has a major influence on channel
morphology (Church, 2006; Parker et al., 2007). The critical value of a non-
dimensionalized lorm of shear stress t*, can be calculated to determine the amount

of stress water must overcome to transport a particle of a given grain size (Eq. 1).

(1) "= (Ps-Pf)gD

Calculating x* involves water density  gravity g, water depth h, bed slope s, rock
density ps, and median grain size of bed material D. Values of x* are non-
dimensional, and in gravel bedded rivers can vary between 0.02 and 0.06 for size

classes with diameter greater than 2 mm (Buffington and Montgomery, 1997).



Theoretical models can be used to explain measured values of critical shear
stress in natural rivers and laboratory flumes (Wiberg and Smith, 1987; Bridge and
Bennett, 1992). Deriving critical shear stress consists of balancing the forces which
act on a particle. The critical shear stress for a particle with a given size and density
depends on the near-bed drag force, lift force to drag force ratio, and particle angle
of repose (Wiberg and Smith, 1987). The forces acting on a sediment particle are
gravity r'g, buoyancy ra lift force r1, and drag force rq, due to the flow over the bed,
and a resisting force rr. The lift and drag forces are dependent on an undisturbed
flow velocity surrounding the grain (Wiberg and Smith, 1987). Agrain at the bed
surface will begin to move when the resisting forces, against downstream motion,
are equal to the drag forces directed downstream plus gravitational forces that are
related to the bed slope (Wiberg and Smith, 1987).

Grain mobilizing shear stress for any grain size is a function of submerged
(buoyant) grain weight, particle protrusion in the flow and inter-granular friction
angle, as well as sediment sorting and size relative to neighbors (Buffington and
Montgomery, 1999). Variability of critical shear stress in river beds with mixed
grain sizes is caused by the distribution of grain sizes and packing geometry
(Kirchner et al., 1990; Komar and Carling, 1991; Wilcock, 1993), as well as slope and
bed roughness (Mueller et al., 2005, Lamb et al., 2008).

2.1 Net Characteristics and the Albertson Model

Incorporating biologic parameters like caddisfly nets into theoretical models
and in-situ experiments, which previously considered only abiotic influences, helps
us estimate critical shear stress at a higher resolution than current methods used in
fluvial geomorphology. Caddisfly nets inhibit motion by increasing the resisting
forces acting on a particle (Albertson et al., 2014a). These forces are dependent on
multiple factors that include the depth below the bed surface where caddisfly larvae
build their nets and the angle of the net with respect to the bed surface plane

(Figure 2). There are many factors that cause variation in the amount of force



sustained by nets, including the tensile strength of the net, net diameter, the number
ofthreads per net, the density of nets, and net location. The force ofa net is broken
into two components. One of the components is parallel to the bed surface, which
directly opposes fluid drag. The other component acts normal to the bed, opposing
hydraulic lift and contributes to the frictional resistance to movement (Albertson et
al., 2014a). The total force of an individual net is treated as the sum of the force of
each individual thread in the net. The threads within a net will break at a tensile
loading that is equal to the product of cross-sectional area and thread strength
(Albertson et al., 2014a). Additionally, interspecies differences in tensile strength,
preferred net location, and the number of nets add complexity to the model.

In the Albertson t* model with caddisfly nets (Eg. 2), the force of the nets is

assumed to act normal to the surface ofthe rock.

f2i T. = 2 i ("n0cosp-sinP+FCresistinQ/F'g)
(CD)ceD </2(z/z0> [I+(FL/FD)tan0]

The gravel stabilizing effect of caddisflies varies by grain size (Albertson et
al.,, 2014) (Figure 3). Parameters of net characteristics that were used to calculate

Feresisti)  include silk thread tensile strength ce, silk thread diameter d, number of

load-bearing threads per silk net nt, length of silk net Ln, spacing between silk
threads s, force sustained by a silk net Fa, mean silk net depth below bed surface rj,
insect body length Lc, as well as parameters to represent the limits to caddisfly
density for small particle sizes. These parameters were measured by Albertson et
al. (2014). The Albertson et al. model is based on Wiberg and Smith's 1987
calculation for critical shear stress, which includes channel slope p, friction angle 0,
drag coefficient cd, ratio of lift to drag force, shape factor ocq, VOn Karman’s constant
(f2 (z/zo)), and has been modified to incorporate the resisting forces generated by

hydropsychid silk nets Fcresisting (Albertson et al., 2014a).



Polycultures have a greater effect on critical shear stress than just adding the
influence of two separate species together, but the model accuracy in estimating this
effect could be improved (Figure 4). The behavior of niche partitioning is at play,
with one species building nets closer to bed surface, while the other builds nets
deeper in sediments (Albertson etal., 2014a). The variation ofwhere caddisflies
build their nets could increase net density, which would also contribute to a non-
additive increase in t*. Some other influences could be caused by interspecies
competition and net architecture that can vary between species. The effect of the
poly-culture was maximized for a uniform grain size of 22 and 45 mm (Figure 5)
(Albertson et al., 2014a). The model may have also under predicted the effects of
both species in poly-culture because it does not include grain clustering, where
hydropsychid nets attach multiple grains together (Albertson et al., 2014a).

In the model, Fci is calculated as the sum of the force capacity of each

individual thread carrying the load, which may not always be true. The force

sustained by a silk net Fci, may vary based on preliminary data from rock force

readings collected in a previous flume study (Albertson et al., 2014a), which show
that the maximum force of the nets is seen when they are pulled their tightest right
before breaking. The model could also be improved by considering cumulative
effects related to multiple net forces. Sequential loading of nets as they begin
stretching is a factor that was not considered in the model. The Albertson model
also makes the assumption in the model is that the effect of the number of threads in
the net is additive, which may not be the case. Another assumption made is that net
forces are only felt at the bottom half portion of a rock, but field observations show

that nets also occur on the upper portion of the side and tops of rocks as well.



3.0 METHODS

The methods | used to research the effect of caddisfly silk net mechanics
included newly-developed techniques, which coupled laboratory experiments with
computer imaging and video technology. | investigated the interaction of forces
during transport at the individual grain level with and without the presence of
caddisfly nets. | was able to measure the effect of silk nets at different grain sizes,
mimicking transport of individual particles by pulling rocks from the bed one at a
time and measuring force overtime with a strain gauge apparatus. Detailed
information about each rock's weight and dimensions were also collected. Videos
were taken of each pull in real time to give insight into the effects of net location and
multiple nets as well as pocket geometry.

To make observations of net mechanics, | conducted experiments with a
team of researchers at the Stroud Water Research Center in Avonndale,
Pennsylvania (Figure 6). Flumes were colonized with net spinning caddisfly larvae
and compared to control flumes without caddisflies. |1 then used the strain gauge
apparatus, which was a pulley instrument developed for the experiment that was
hooked up to a strain gauge and used to pull individual rocks from the bed, while
measuring the force it takes to lift them. Each rock pull was documented with under
water GoPro video footage. | also made a digital 3 Dreplica of each flume gravel bed
set-up using photos to allow for measurements of pocket geometry to be made after
the experiment was complete. | matched up the force reading data and videos to
make individual measurements of the nets. | then derived an abiotic model to
determine the force contributed by caddisfly nets by calculating the difference

between the abiotic model and both control and caddisfly pulls.

3.1 Experimental Set-up
The experiment was conducted in 10 flumes contained in a greenhouse at the
research center. The flume experimental design involved making direct

measurements of the force required to mobilize gravel particles. The size of the
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flumes and the maximum flow capacity of the flumes and pumps were not sufficient
to mobilize gravel within the size range used in the experiment. Instead, rocks were
transported using the strain gauge apparatus. The operator pulls rocks individually
from the bed while measuring voltage that is later converted into newtons (N),
providing a force reading over time of the pull (Figure 7). The strain gauge
apparatus (referred to here as 'the rover') was constructed for these experiments
and is designed to allow the operator to pull rocks from the bed in a way that
mimics the lift and drag forces a rock would experience during water-driven
transport. The strain gauge that was incorporated into the apparatus was
programmed to read out a one to one ratio of volts to newtons. The strain meter was
amodel S100 5N by Strain Measurement Devices Inc. 1epoxied hooks on the top of
rocks so that a wire from the rover could be attached. The operator then turned a
handle, which rotated gears, pulling up the wire that was attached to the rock and
strain gauge sensor, transporting the rock from its pocket at a 45° angle.

The experiments ran through 5 replication time blocks. Each flume was
randomly assigned one of five grain size bins between 30,40, 50, 55, and 60 mm
(Table 1). There were two flumes per grain size per time block with one flume
containing caddisfly larvae and the other serving as a control without caddisflies.
The flumes have a length of 10 m and a width of 0.4 m. Their slope without gravel
was 3%. We covered the bottom of the flumes with a uniform layer of pebbles
ranging from 3-7 mm diameter. Gravels of a randomly selected size class were then
placed in a closely packed layer on top of the pebbles. Caddisflies and larger gravel
were constrained to an experimental patch 1.5 m in length within each flume. The
patch area was 0.6 m2and located 0.2 m downstream from the pump. Areas
downstream of the patch was just the uniform bottom layer of pebbles. Within the
patch, 12 rocks were randomly selected, and hooks were attached using marine
epoxy so they could be slowly pulled from the bed. Once flumes were set up with
gravel and hooks, the water supply to the flumes was turned on and the caddisfly

colonization began.
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Caddisfly larvae were collected from White Clay Creek, a stream that flows
just outside the research center. About 500 - 550 hydropsychids were placed in each
flume to reach target densities of around 1,000 per m2, which is well within the
range of natural stream densities (Statzner et al.,, 1999]. The flumes were left to
colonize for 72 hours, so hydropsychids could build their nets. To maintain a proper
habitat for the caddisfly larvae during colonization, water was continuously pumped
through the flumes. To provide an optimum temperature, we used water from White
Clay Creek located outside the center, which also provided a food source. Water was
continually pumped through the flumes except during data collection when
conducting rock pulls.

Before force measurements were made, each rock that had a hook epoxied
onto itwas given a number and photographed. To facilitate force measurements,
flume gravel patches were dammed using planks of wood and were filled up to
about 3 inches from the top of the flume walls before turning off the pump. Eight of
the 12 rocks that had hooks epoxied to them were then randomly selected with a
random number generator to determine which of those rocks would be used for a
force measurement. To operate the strain gauge apparatus once installed above the
selected pull rock, the operator turned a rotating crank handle tightening the wire
attached to the rock causing it to slowly lift out of its pocket. The pull was finished
when the rock was completely out of its pocket and resting on the top of the rock
downstream. A typical rock pull took about 15 to 25 seconds. Due to the nature of
operating the instrument by hand the crank speed was somewhat irregular, the
operator did their best to maintain a steady crank speed. Video footage of each rock
pull was recorded with an underwater GoPro camera. After each rock was pulled
and the force readings and video footage were collected, each rock was weighed and
the lengths of the three principal axes were measured using a caliper with precision

to atenth of a millimeter.
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3.2 Synchronizing Force Readings and Video

To interpret the measurements of the force contributed by caddisfly nets,
Matlab software was used to synchronize video of each rock pull with the
corresponding force readings using a script developed by Christian Braudrick
(Braudrick, personal communication]. These match-ups of video and force in real
time help to identify individual net activation and break events in the force reading.

Matching up the videos with the force data using Matlab software allowed me
to better measure the magnitude of the change in force following each net break
(Figure 8]. With these match-ups, I created time lapse images for each rock pull.
These force video match-ups make it possible to identify and isolate net break
events, calculate the magnitude of their effects, and quantify other influences in the

force reading such as pocket geometry.

3.3 Net Measurements

The photos taken of each rock were used to make multiple measurements
digitally, after the experiment. Each rock was photographed with an identification
number and the scale was calculated for each photo using a mm to pixel ratio
calculated from the intermediate-axis measurement of each rock in ImageJ software.
With these photos, | also measured the number of nets on each rock (Figure 9]. The
net location was categorized based on five general regions as seen in videos looking
downstream, in the direction the rock is being pulled. Those regions include front of
rock, back of rock, left side, right side and bottom. | calculated net area (mm2] with
Imagel) from measurements of two perpendicular directions of intermediate lengths

through the center of each net.

3.4 Pocket Geometry
Just like in natural stream beds, each rock that was pulled in the experiment
sat in a pocket or depression formed by the rocks around it. When the rock was

lifted out of its pocket, it had to slide past and over the rocks downstream in the
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direction of the pull. To characterize and make measurements of pocket geometry,
photos were taken of each of the 10 flume bed set-ups for every time block, prior to
turning on the pumps. These photos were then used to make 3- D digital elevation
models (DEMS), which are a set of elevation points (z) for each x and y location
(Figure 10). These models were made with structure from motion photogrammetry
methods, which analyze multiple photos to digitally replicate three dimensional
objects (Morgan et al., 2016) (Figure 11). To get an accurate depiction of the flume, |
took photos along the centerline of the flume in evenly-spaced 0.25 m increments,
looking upstream and downstream at a 45° angle from vertical. | also took photos
from the left and right edges of the flume looking upstream and downstream. This
allowed me to have enough overlapping photographs to make an accurate depiction
of the flumes comprising a dense point cloud of known bed elevations. To create the
point clouds from my photos, | used the program Agisoft Photoscan.

I processed the DEM’s in Matlab to determine the rock being pulled and then
collected points of the downstream profile to get the friction angle. The changes in
slope along each rock pull trajectory were used to calculate the changing friction
angle over time. Making individual measurements of each rock pulls peak friction
angle is important because each rock and its geometry are so different that
averaging over all the friction angles would introduce error, making the models
prediction less accurate. The peak friction angle was calculated using the y and z
values from the DEM profile and a scale conversion that converts pixels to meters
(Figure 12). 1 used the conversion on the z and y values and then calculated the
cumulative distance over the change in slope that is later converted to degrees. The
DEM scale conversion is about 0.0007 m per pixel for each flume. The slope is
calculated over 11 pixels, which means slope values were averaged over
approximately 8 mm. This value is appropriate because it is less than half of the
minimum average grain size bin based on b-axis.

Picking the right number of points to average over in the downstream profile

is important for determining an accurate friction angle. The profile of the
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downstream rock is similar in shape to a half-circle, therefore the slope has to be
within that 7r/4 radius. | chose a friction angle past 1 cm cumulative distance so that
I would not be picking an angle that is too low for the rock to move over. | collected
three profiles in parallel and 10 cells apart, downstream from each rock pull to
determine the peak friction angle. These three profiles were gathered along a line
perpendicular to the downstream profile. This helped to ensure we correctly
estimated the peak friction angle. Often the profile taken directly from the center of

the rock is not the highest angle the whole area of the rock traversed.

3.5 Modeling Abiotic Pull Force

To compare the force measurements made with the strain gauge with what might
have occurred in the absence of caddisfly nets, | created a quasi-static equilibrium
model for the force balance of a rock being pulled by a wire. The four main force
terms are buoyant weight F'g, frictional resistance fiFR resisting force FR and the
pull force Fp (Figure 13). Other variables include: the bed slope /, friction angle 0,
and the angle of the net with respect to the bed 6. To create the equation, | began by

adding up forces in the bed-normal (N) and bed-tangential (S) directions (Egs. 2 and

(2) Y,Fn = Fpsind - F'gCosfi - nFRcos(90° - 0) + FRsin(90° - 0),

(3) £FS = Fpcos6 + F'gsinf3 - nFRsin(90° - 0) - FRcos{90° - 0).

The next step was to solve for rr in both the Nand S directions (Egs. 4 and 5).

(4) N: FpsinO-F'geos/3

FpcosO+F'gsinp

(5) S: Hsin(90°-0)+cos(90°-0)

The last step is to set the equations for rr in the Nand S directions equal to each
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other and then solve for Fp (Eg. 6).

_ FHMix(cos™x[ftsm (] -0)+/icos(]-0)]+(sin~x[#icos(]-0)-/isin(]-0)])
P sindx[fisin(~ - 0j+/icos(™ - Q)] - cos6x[ncos(j- O)- - 0]

The modeled Fp force was calculated for rock pulls in both the control and
caddisfly treatments. The abiotic model helped me assess the precision of our
measurements by calibrating ir with rock pulls from the control flumes. The friction
angle is determined from the flume’s DEM. After calibrating the model with the
control pulls by adjusting the friction coefficient to make it as accurate as possible.
This model was used to quantify the total magnitude of force contributed by nets,
separate from the abiotic forces of gravity and fraction.

To analyze the force time series, | focused on the peak force. This is because
the time of the force reading and the distance traveled within the abiotic model can’t
be synchronized due to irregular crank speed. The measured peak force was
collected from each force time series and compared to the modeled peak force. Rock
pull videos helped facilitate selection of an accurate measured peak force by making
sure there are no influences of pocket geometry, for example; overlapping neighbor
rocks or force spike anomalies. This is an issue because the abiotic force balance
model doesn't account for these influences therefore, it is necessary to eliminate
force peaks that don't have to with what the model represents.

To collect representative peak force values, | used a protocol for determining
the measured peak force from force readings for control and caddisfly treatments.
First, | watched the rock pull video and looked at time series. While watching the
video, | looked for any interference that might affect the measured peak force
values. There were multiple types of interference to avoid. Pocket geometry was a
major source of interference and would result when the rock being pulled also lifts
neighboring rocks in front, back or on the sides. Another source of interference was

from rocks downstream of the pull rock getting pushed out of the way. Another
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common interference was when a pull rock was stuck then jolted out of its rest
position in the pocket. These types of interference would cause spikes in the force
readings. Some other more minor interferences came from the pull rock shuffling
around in its pocket. Another issue | encountered came from the peak force
happening too late in time series, after the rock has been lifted over the first
downstream rock. Another interesting interference | encountered was pull rocks
that were rotated to vertical before being lifted up over the downstream rock. When
| did encounter interference, | would make a note of what kind and the time
interference started and ended. When choosing a peak force, | made sure it was
within the proper time and distance gap, before the pull rock was lifted up over the
downstream rock. If interference occurred throughout the proper time gap, a

measured peak force could not be used.

4.0 RESULTS

The statistical analysis for experimental results is broken into 3 sections:
measured vs. modeled peak force, individual net measurements and applying the
information to the Albertson et al. (2014a] model, which estimates the critical shear

stress with the influence of caddisfly nets (Eqg. 2].

4.1 Comparing Measured Peaks for Caddisfly and Control Pulls

After completing the experiment, | ran an analysis to see if | could detect
whether caddisfly pulls had higher peak forces compared to the control pulls. To do
this analysis, | used t-tests to compare the mean peak force between the caddisfly
and control flumes for all time blocks. Ialso used t-tests to compare caddisfly and
control pulls for each grain size bins. All tests showed no significant difference in
mean peak force. | ran a one-tailed t-test assuming that nets don't make the rocks
easier to move. The total number of rock pulls for the whole experiment was 423,
211 with the caddisfly treatment and 212 control rock pulls. The results show that

caddisfly rock pulls on average are slightly higher for each grain size, except 60 mm,
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where it is slightly lower, but these results are insignificant. Although there is a
slight increase in the caddisfly pulls when compared to controls for all rocks, it is
not a statistically significant difference (p =0.27) (Figure 14).

The difference is statistically indistinguishable when comparing the raw
peaks between the caddisfly and control pulls. There is a large amount of variability
in both the caddisfly and control data sets. This is because each rock pull is unique.
Every rock has an individual shape and weight and its own path as it traveled out of
its pocket between rocks on the bed of the flume. The distributions of rock weights
within each size class (Fig. 15) show that there is a lot of overlap which leads to an
overlap in the peak forces as well. Since there are too many influences masking the
effect of caddisfly nets in a simple peak force comparison, | needed to assess each

rock pull individually.

4.2 Measured Versus Modeled Peak Force

To get a clearer understanding of how much force caddisfly nets actually
contributed, 1needed to identify force peaks from each force reading on a pull-by-
pull basis. To do this | compared the measured peak forces to the predictions of the
abiotic model for all pulls (Eqg. 6). To calibrate the abiotic model (Eqg. 6), | tested
different friction coefficient (/*) values with peak forces from control pulls to see
what best matched a hypothesized mean of zero (Figure 16). The reason | wanted
the mean Measured - Modeled peak force to equal zero is because the modeled peak
forces would then most closely match the measured peak forces from the
experiment. | tried a range of values for fi in the abiotic model for all the control
pulls. Although changing the friction coefficient showed little variation in the
outcome of the modeled abiotic peak force values, | found that a coefficient of 0.6
aligns the control data best with a hypothesized mean of zero difference from
measured.

To test the quality of the model calibration, | compared the modeled peak

forces to the peak forces measured in the control pulls. | compared 101 modeled
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peak forces (FP) with a mean of (1.02 + 0.06 N) to all 99 measured peak forces from
the rock pulls with a mean of (1.04 £0.06 N). This result shows that the theoretical
model is sufficiently accurate in calculating the peak force. The difference between
measured and modeled force is 0.02 Nwhich means the model under-predicts by
2%. At-test shows no significant difference between the modeled and measured
mean peak forces (p = 0.54).

The quality of fit varies by grain size but not significantly. One way to see this
is through normalizing the difference in peak forces as (measured -
modeled)/modeled. The main reason for normalizing by the modeled peak force is
to compare results across grain sizes, because the magnitude of any difference
would depend on grain size. A perfect fit would have a normalized difference of 0.
Another way to compare the model with measurements is to simply take the
difference between the measured and modeled with a perfect fit of 0. This is another
more direct way to see whether the abiotic model is over or under predicting. After
running the analysis, | found that the abiotic model either over or under predicts
between 1 to 3 hundredths of a newton with standard errors between 4 to 5
hundredths of a newton. My analysis shows that the error in modeled vs. measured
force does not systematically vary by grainsize. The abiotic model is random in
whether or not it over or under predicts.

After testing the accuracy of the abiotic model, | ran at-test analysis by
treatment (caddis or control) on all the pulls as a whole and bv grain size treatment
(30,40, 50, 55, 60 mm) (Table 4). T-tests tell us whether or not there is a significant
difference in mean force values between the caddis and control treatments. These
are one tailed t-tests, assuming unequal variances. |assessed the difference
between the caddisfly and control values, std. error of difference, degrees of
freedom and P values. Knowing now that the abiotic model is an accurate fit for the
control data, | can use it to see if it's possible to detect a significant increase in force

for the caddisfly pulls.



| started by assessing all the rock pulls to see if | could detect a significant
increase in normalized difference for caddisfly pulls compared to control pulls. 1ran
at-test of normalized difference by treatment for all rocks (Figure 17). Since
underwater video footage was not collected for time blocks 1 and 2, this analysis
was only conducted for flumes from time blocks 3,4 through time block 5, flume 5.
There were a total of 93 Caddis pulls and 98 control pulls. This analysis showed a
significant difference between control and caddisfly treatments. Caddisfly pulls had
a mean normalized force difference of 0.25 + 0.03 (mean + standard error),
compared to 0.01 £ 0.02 for the control pulls. That is a difference of 0.24 + 0.04.
This result is statistically significant (p <0.0001). This result supports my
hypothesis that nets increase the force it takes to transport a rock on average for the
full grain size range used in the experiment. This shows that even when | combined
all the grain sizes that there is still a significant increase in the peak force for
caddisfly pulls when compared to controls. This also supports the need for a
reference abiotic model because the difference between caddisfly and control pulls
is much larger after assessing the peak force on a pull by pull basis.

Next, lused t-tests to compare the peak forces for separate grain size bins
using the normalized difference calculation by treatment (Fig. 18) (Table 3). The
first grain size bin 1considered was 30 mm. | hypothesized that this grain size would
have that largest difference between caddisfly and control pulls. It was actually the
second largest difference. The caddisfly pulls had a normalized mean difference of
0.36 £ 0.09, while the control pulls had a mean of 0.076 = 0.04. This results in a
statistically significant difference (p =0.0041) of0.28 = 0.10. The difference is 0.04

larger than the difference for all the pulls.

The next size bin 1ran at-test for was the 40 mm bin with the normalized
difference by treatment (Fig. 19). The caddisfly pulls have a mean of 0.25 + 0.06.
and the control pulls have a mean of-0.11 £ 0.03. This leaves a difference of

0.35 + 0.07. This result is statistically significant with a p value of <0.0001. The
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difference is 0.12 larger than the difference for all the pulls. This grain size
treatment has the largest difference between caddisfly and control pulls.

The results for the t-test on the 50 mm grain size with the calculation
normalized difference by treatment also showed a significant increase, but
somewhat smaller than the previous size bins (Fig. 20). Although this is consistent
with my hypothesis, | was surprised by how small of a difference there was for this
grain size. The caddisfly pulls have a mean 0f0.13 + 0.04 and the control pulls have
a mean 0f-0.04 = 0.04. This leaves a difference 0f0.17 = 0.06. This result is
statistically significant with a P value of 0.0024. The difference is 0.06 smaller than
the difference for all the pulls. This grain size treatment has the smallest difference
between caddis and control pulls.

The next t-test analysis is for normalized difference in force for the 55mm
grain size bin by treatment (Fig. 21). Although this grain size bin contains larger
sized particles, it has a significantly higher difference between caddisfly and control
pulls when compared to the smaller 50 mm treatment. The caddisfly pulls have a
mean of 0.26 + 0.09. and the control pulls have a mean of 0.07 £ 0.04. This leaves a
difference 0of 0.19 + 0.09. This result is statistically significant with a prob. >t of
0.0150. The difference is 0.04 smaller than the difference for all the pulls.

The last grain size bin is the 60mm treatment with the normalized difference
by treatment (Fig. 22). This grain size treatment with has a higher difference than
the smaller 55mm and 50mm treatments. The caddisfly pulls have a mean of
0.30 £ 0.08 and the control pulls have a mean of 0.09 = 0.03. This leaves a
difference of 0.20 + 0.08. This result is statistically significant with a P value of
0.008. The difference is 0.03 smaller than the difference for all the pulls.

I also analyzed the individual rock pull data without the grainsize bins used
in the experiments and used linear regression of the normalized difference by B-axis
to compare treatments (Fig. 23). When both the control and caddisfly pulls are
plotted together, the results show that the effect of the nets decreases with grain

size. The mean for all the control pulls is 0.01 with a standard error of 0.02. The
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caddisfly pulls mostly plot above this line and show a linear trend with the force of
the nets increasing with a decrease in grain size. The equation for the best-fit line is:
normalized difference =0.22 - 0.0019*B axis (mm). The x intercept is 0.22; the line
moves close to zero at 70 mm b-axis. The coefficient of determination for the
regression (r2) is 0.007 for the caddis treatment pulls. This is a significant fit with a

p value of 0.02

4.3 Measurements of Forces Contributed by Individual Nets

Net force measurements are used to calculate force rise during stretching
(N), which is the difference between the peak force, when the net breaks, and the
force at the beginning of the rise in force leading to the peak. Another force
measurement | made is the force decrease after net break (N), which is the
difference between the peak force and the ending force after the net breaks (Fig.
24). The stretching time (s) is measured using the time between the beginning force
and the peak force for each net Dreak. Stretching distance (mm) is measured using
the stretching time, average pull velocity (mm/s), and the net length in direction of
pull (mm). The individual measurements of each net break are also incorporated
into the previous Albertson et al, 2014 model for calculating critical shear stress
with caddisfly nets to see how it compares to previous results.

Calculating the average crank speed can also allow for the comparison of the
measured force with the modeled force over time. This also involves the use of the
change in friction angle over distance traveled that is then converted into time with
the average crank speed. Only five measured vs. modeled over time comparisons
were made since crank speed is not constant (Fig. 25). Atotal of 94 video and force
reading match-ups were made for all caddisfly flumes from time block 3, flume 1 to
time block 5, flume 4.

The video and force reading match-ups reveal valuable information about the
mechanics of caddisfly nets. The match-up videos allowed me to watch the rock pull

while seeing the measured force simultaneously. While watching the match-up
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videos, | documented information about how the net broke. Making these
observations helps to understand how the three-dimensional dynamics of net
stretching, tearing, and detachment affect the magnitude of the increase in critical
shear stress cause by the nets. Some of these observations included net orientation,
the number of nets, and type of net deformation including stretching, tearing or
detachment. Most of the observations with net break events occurred when nets
were stretched over time. Atotal of 136 out of 188 net observations were net break
events where stretching occurred. There were 33 observations of individual thread
break events where stretching occurred. Atotal of 17 events were net tears or
detachments where very little stretching occurred.

Crank speed was calculated in two ways. The first way was with an equation for
rotational velocity. The calculation uses the radius of the large gear, which the
handle is attached to, to calculate the circumference. Ittook four rotations of the
handle to complete one rotation of the gear, covering the total circumference. The

equation is as follows:
(7) \¢ = Cf* .

In equation 7, \£ is the crank speed, CGis gear circumference, NRis the number of
handle rotations per circumference, Sc is the time it takes for the gear to move the
full circumference.

Another way | calculated crank speed was with a video of a demonstration
pull where 1 used Imagel to determine the change in distance pulled over time. |
made the video into single frames, 60 per second and used a known length of a piece
ofthe hardware on the rover to add scale to the photo. | made measurements to the
length of a vertical piece of PVC making up the frame of the rover. Asthe handle
turns the crank, rotating the gear, a horizontal piece of PVC that the wire and sensor
is attached to, is pulled up, changing the visible length of the vertical piece of PVC
making up the frame. | measured the change in this visible PVC length in different
frames throughout the duration of the demonstration pull video. This change in

distance measured from the video frames can be used to calculate the change in



distance overtime to get an average pull rate. The graph in Figure 25 shows that the
crank speed is not constant. The average crank speed measured in the video is
consistent with measured crank speed.

The individual net measurements were assessed with a regression analysis.
For this analysis, | was primarily looking at the force rise during stretching, and
what parameters best explain the variability in the data. These include b-axis,
buoyant weight, and net area. This analysis helped me to determine how much the
rise in force from nets depends on each of these factors (Figure 26).

There is a large range in values for the distribution of force rise during
stretching (Table 4). To determine the cause of such a large spread in values, |
assessed the relationship of force rise during stretching with some of the
independent variables. I collected a total of 186 measurements of force rise during
stretching (Figure 27). The mean of force rise during stretching is 0.16 Nwith a
standard error of 0.012 N The median is 0.11 N Values span over 2 orders of
magnitude, from 0.01 to 1 N Although there is a large range in values for the force
rise during stretching, the expected value of a single net as predicted from the
Albertson et al. (2014a) model is 0.12 Nfor Arctopsyche and 0.07 for Ceratopsyche,
both values are ciose to the median | measured.

First, 1assessed the relationship between force rise during stretching and
buoyant weight (Figure 28). For this comparison, | ran an orthogonal regression.
The y-axis and x-axis in the graph are natural log transformed. The linear trend of
this graph shows an increase in force rise during stretching with an increase in
buoyant weight. This trend is very significant with an orthogonal ratio of 1.71. This
relationship suggests that larger rocks have nets that contribute more force than
nets attached to smaller rocks.

There is also a significant relationship between force rise during stretching and
distance nets stretched (Figure 29). The y-axis in the graph is log transformed. This

correlation shows that the force of the net is higher with an increase in the distance
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a net is stretched. This effect explains only about 8% of variation in force. But the
trend is highly significant with a Prob. > F of <0.0001.

To determine whether bigger nets accommodate more force, | compared force
rise during stretching with net area (Figure 30). | used another orthogonal
regression for this analysis and both the y and x-axes in the graph are natural log
transformed. This linear trend shows that the force rise during stretching increases
with net area. This correlation shows that the force of the net is higher when the
size ofthe net is larger. This positive correlation has an orthogonal ratio of 1.01.

Next, | wanted to assess how net area varies with rock size because net area
influences the force that can be sustained by a net. Results from my net area
measurements show that net area increases with B-axis. This correlation of net area
and B-axis has an R squared of0.03 and a Prob. > F of <0.005. This suggests that
caddisflies build bigger nets on larger rocks, on average. The trend line has an
equation of net area (mmA2) = 11.6 + 0.453*B axis (mm). The slope is 0.45. This is
an important result because the previous model assumed nets are the same size no
matter what size that rock is.

After | analyzed both measured versus modeled peak force and measurements of
forces contributed by individual nets, | analyzed the relationship between them
(Figure 31). The one to one line in red represents a perfect match in values between
the force rise during stretching and measured - modeled peak force. The green line
is the trend ofthe data. Since the data mostly plots below the one to one line, the
measured - modeled is often larger than the force rise during stretching of
individual nets for that rock pull. The slope of the line is 0.45 with and R20f0.22 and

a P value less than 0.0001.

4 4T heoretical Abiotic Model

Having collected a significant data set of net measurements, | wanted to put
them into the context of the previously published Albertson et al. (2014a) model by

using it to calculate r* and comparing my measurements with the model's
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previously published predictions. To do this, | first assessed what is already known
about the species used in the experiment. Hydropsyche betteni is the dominant
species found in White Clay Creek and used for the experiment. Previous research at
the Stroud Water Research Center (Albertson and Daniels, 2016) included
measurements of H bettini’s thread spacing and diameter, but there are other net
and silk characteristics that are still needed to use the model for this species. The
other net characteristics needed are mean net depth and net strength.

The average body length of H. bettini is about 12 mm (Albertson and Daniels,
2016). The average size of H. bettini is in between the larger Artcospyche californica
and smaller Ceratospyche oslari, making it a good candidate for comparisons to
previous measurements made with the Albertson et al. (2014a) model. The thread
count for H. betteni of 18.5 is closer in size to the larger Arctospyche, 16.3 but the
thread diameter for H. betteni of 10 microns is less than the smaller Ceratopsyche of
25 microns. Based on these net measurements the species used in the experiment
should have a stabilizing effect that lies somewhere between the two species used in
the experiments that defined the Albertson et al. (2014a) model.

Because there were no measurements made of Fc resisting for H. bettini, 1 used
the model to calculate r *with my own data from the force rise during stretching
measurements and the measured-modeled force values. Specifically, | used the
difference of (measured - modeled) and (force rise during stretching) in place of
Feresisting iN the model for caddisfly and control flumes.

By using my measurements of force rise during stretching to calculate r*, I
can put my results into the context of the model and determine ifthe increase in
recalculated with my net measurements and measured - modeled values are
comparable to values previously measured in the Alberton et al. (2014a)
experiment. The Albertson et al. (2014a) experiment had a caddisfly density of
1,500 nr2while the flumes in my experiment had densities of 1,000 nr2 making the

two studies reasonable to compare.
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For this analysis, | used t-tests to compare r* with measured - modeled in
place of Feresisting by treatment (caddisfly or control) with all the rock pulls together
and by grain size bin (30,40, 50, 55, 60). | hypothesize that using my measurements
ofthe force sustained by nets in the Albertson et al. (2014a) model in place of
Ftresistingwould lead to higher r*values than previously reported. For the different
grainsize bins, | hypothesized that Caddisfly pulls would have a statistically
significant increase in r*compared to control pulls. I also hypothesized that the
effect of nets would decrease systematically with an increase in grainsize, lowering
the t- values.

The first comparison | ran was r* (measured - modeled) between caddisfly
and control for all rocks. For this comparison, | wanted to see ifthere is a significant
increase in r*even when combining all grain sizes from the caddisfly treatments
(Figure 32) (Table 5). This was conducted for all the same rock pulls as the
measured versus modeled analysis. Caddisfly pulls had a mean of 0.042 + 0.0006,
and control pulls were, 0.04+ 0.0004. That is a difference of -0.004+ 0.0007. This
result is statistically significant with a prob. >t of <0.0001*. This is a positive result
that supports my hypothesis that nets do increase the critical shields stress it takes
to transport a rock on average for all the grain size range used in the experiment.

The next comparison I ran was r* (measured - modeled) between caddisfly
and control for the separate size bins (Figure 33) (Table 6). Caddisfly pulls had a
statistically significant increase in force for all grain size bins separately as seen in
the highly significant values. The variation in the increase in r*does not vary
systematically although that is a sporadic trend in a smaller increase in r* for the
larger grain sizes. The 40 mm grain size bin had the largest increase in r*
0.007+ 0.001 N The 30 mm size bin had an increase in r*of0.005 + 0.002 N The
50, 55. and 60 mm grain size bins had increases in r* that were more closely
aligned with the average increase in r* for all the rocks collectively.

In the 2014 Albertson et al. paper, the model calculated a r*value of 0.064

for 22 mm grains and measured 0.072 for polycultures of the same grainsize
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(Albertson et al. 2014a). The control r* measured 0.04 N That is an increase in
force 0f 0.032 Nin the presence of caddisfly nets based on the model. This increase
is much higher than the highest detected increase seen in the 40 mm size bin. The
Albertson et al. model calculated a r*value of 0.042 for 45 mm grains and measured
0.06 for polycultures in the same grain size in the 2014 experiment. The control had
a measured t*of0.037 N That is an increase of 0.005 N, which is much closer in
size to the increase in r* | calculated in this experiment. In the 2014 Albertson et al.,
paper, the theoretical model calculated a r’value of 0.045 for 65 mm grains and
measured 0.055 for polycultures in the same grain size. The control measured 0.041
N, which means the model calculated an increase in r* of 0.004 N

Next, | calculated t* incorporating the force rise during stretching values in
the place of Fc_resistmg in the Albertson et al. model. | used t-tests to compare the
results to the r*calculated without the caddisfly parameter, PYesisting. The results
from the t-test analysis show a significant increase in r*for all rocks and the
different size bins separately. The largest difference was seen in the 30 mm size bin
with 26% increase in r*. The 55 mm size bin had second largest increase in r* of
18%. The t-test comparing all rocks had increase in r* of 8%. The smallest increase
seen was for the 50 mm size bin with a 5% increase.

Because the net characteristics for H bettini fall in between the two species used
to calibrate the model, | used insect size as a proxy to estimate Fc resisting tO
incorporate it into the Albertson model. To do this, | plotted the known average
insect body lengths with the known net strength of the other two species to
extrapolate an estimation of net strength for H bettini. With this extrapolation | was

able to extrapolate an F/Yesistingestimate of 0.089.

5.0 DISCUSSION
Previous work has begun to understand the interactions of net spinning
caddisflies with the geomorphic processes that shape their environment. The

Albertson et al. (2014a) model that was created to predict the critical shear stress in
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the presence caddisflies was built on many assumptions. Therefore, understanding
the underlying mechanisms of caddisfly nets will help to test these assumptions and
improve the accuracy of the model. In this study, | have coupled measurements of
the force necessary to lift individual gravel particles with high-resolution video and
images to quantify the three-dimensional dynamics of net stretching, tearing, and
detachment that dictate the magnitude of the increase in critical shear stress.

Consistent with previous findings, my results confirm that hydrospychid
caddisfly nets significantly increase the force required to move particles (Statzner et
al., 1999; Cardinale et al., 2004; Johnson et al., 2009: Albertson et al., 2014a;
Albertson et al., 2014b), While many previous studies were able to detect the effects
of nets, this research measured the absolute magnitude of the forces, giving better
insight into the mechanics of the transport of individual rocks in the presence of
caddisfly nets. Albertson et al. (2014a) reported an increase in t* by 2-fold for a
grain size of 22 mm in polyculture treatments. Here | was able to reach similar
findings from individual rock pulls and individual net measurements for larger
gravel sizes. Measurements made of the force of individual nets that were stretched
to the point of breaking by Albertson et al., (2014a, b), reported the maximum force
sustained by a silk net, Fci for the 2 species are as follows, Ceratopsyche nets
sustained a force 0f0.066 +0.004 N and Arctopsyche nets sustained a force of 0.12 +
0.013 N When compared to my measured versus modeled analysis, both species are
below the mean difference between the measured and modeled force with a value of
0.266 N The mean force rise during stretching also was a higher value of 0.16
+0.013 N

I also found a significant effect of caddisfly nets for all gravel size treatments.
I used gravel sizes in this experiment that were larger than previously tested,
therefore it was unknown whether caddisfly nets would have a significant effect on
r’for these larger sizes. Particle sizes used in the Albertson et al. (2014a)
experiment were uniform in size for each treatment and ranged from 10 to 65mm.

The grain size treatments in this experiment were non-uniform and had a large
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range in grain sizes per bin with the smallest rock pulled being 27 mm and the
largest was 91 mm b-axis. Although I pulled rocks up to 90 mm, the size where the
effect of nets is no longer detectable is 70 to 75 mm. Albertson et al. in 2014
detected a significant difference in «* between the control and the polyculture for a
grain size of 65 mm b-axis, but the two monocultures did not have a significant
difference compared to the control (Albertson et al. 2014a).

Another significant result was the decreasing effect of nets with increasing
particle size. While this is a similar result compared to the theoretical model
predictions, this is the first substantial set of experimental data to confirm a
significant effect of nets for such large grain sizes. The Albertson model predicted
the threshold of the effect to lie between 45 mm and 65 mm (Albertson et al.,
2014a). Finding the limit based on individual rock pull data by grain size gives a
better sense of what the grain size limit of the net’s effect is. These data suggest the
threshold lies somewhere between 70 mm and 75 mm b-axis.

My analysis based on the individual net measurements shows that larger
rocks have larger nets that are contributing a greater force. My results help to
confirm what previous studies had only just begun to understand. Albertson et al. in
2014 made measurements of net characteristics which showed that the larger
Arctopsyche species built larger nets and needed a larger area to build these nets,
competing for the more optimal space. There is a positive correlation, signifying that
net size increases with rock size. Perhaps this pattern appears because there is more
room for caddisflies to build larger nets between larger rocks. This size relationship
would cause an increase in the force contributed by nets. Or it could be that multiple
nets are activated at the same time on smaller rocks, so that when one breaks, the
force is distributed to the next net, reducing how much the force drops, while larger
rocks have nets breaking one at a time.

Analyzing the relationship between measured versus modeled peak force
and measurements of forces contributed by individual nets revealed that the

measured - modeled is often larger than the force rise during stretching of
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individual nets. This finding could be due to multiple nets contributing to the
resisting force simultaneously, which was not captured in the individual net
measurements of force rise during stretching.

The results of this study have implications for why ecological engineering by
caddisflies should be considered when assessing river morphodynamics. Results
suggest that at high densities, net-spinning caddisflies can have a significant effect
on stream bed mobility. Previous studies have shown that caddisfly density is
commonly very high in rivers and can exceed 10,000 nr2 (Miller, 1984; Cardinale et
al., 2004). This is about 10 times higher than flume densities for this experiment and
previous flume experiments, which shows that they are capable of having an effect
even larger in nature than measured in lab experiments. The presence of caddisflies
could have a significant impact of the distribution of gravel sizes on the bed, causing
it to be larger in spread, by holding down gravel particles beyond what abiotic
forces alone can sustain.

There is potential for net-spinning caddisflies to have an ecological impact
through their role as ecosystem engineers as well. The stabilization of sediment by
nets could even have an influence on coarse gravel beds such as salmonid spawning
beds. Salmon and other anadromous fish search out a specific grain size distribution
to spawn in around 10 mm to 100 mm b-axis (Riebe et al., 2014). This is within the
same size range that caddisfly nets have been found to have a significant stabilizing
influence. The presence of caddisfly nets could also support the development of
biofilms in gravel bedded rivers which play an important ecological role in stream
habitats (citation needed to support this statement). Streams with more frequent
bedload transport often support less biofilm. The stabilizing effect of caddisfly nets
would therefore allow more time for biofilms to grow.

Incipient sediment motion of river bed gravel is a fundamental component of
channel morphology (Buffington and Montgomery, 1997). Insight into the impact
that organisms have on the size and timing of bedload transport is changing how

geomorphologists think about the processes shaping the landscape. It’s possible that
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the impact of net spinning caddisflies could cause a delayed onset of particle motion
within a given size range in snowmelt driven hydrological regimes. This would
result in less total sediment transport over the annual hydrograph when nets are
present (Albertson et al., 2014a).

There are many new questions that emerge from this research, as well as
limits to the experimental design that should be considered. The experimental bed
particle size distributions we created in our flumes were narrow and uni-modal, but
natural beds have much wider distributions. Is it possible that net spinning
caddisflies prefer certain sizes? Size preference would play a crucial role in
determining how much of an effect caddisfly nets have in natural streams. If
caddisflies prefer larger cobbles to gravel, then it is possible that the density of
caddisflies on those larger rocks would be higher and that could increase the effect
beyond what | measured in this study. Conversely, if caddisflies concentrate on
relatively immobile particles, then the density would be reduced on the smaller
particles where nets have the greatest potential effect on particle stability.

This study used only one species, but what if multiple species were present?
Locations with larger species, like Arctospyche in western north America, could see
an increase in the grain size where nets can have an effect. How does their effect
vary in different hydrological regimes for example, temperate, tropical, or arid
environments?

There are many aspects of the experiment that could be improved. One
shortcoming of the experiment was the non-constant crank speed which prevented
me from being able to properly align time and distance data. Future experiments
could change the two-dimensional characterization of the bed topography and the
abiotic model to incorporate 3 dimensions. Although maintaining a 2-dimensional
analysis also kept results comparable to previously published theoretical model,
assessing the effect of nets in 3-D could give even more accurate results.

This research contributes to the growing literature quantifying the influence

of ecosystem engineers and their influence on abiotic processes. The use of
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computational analysis in quantifying the life habits of organisms is increasing. One
example is a study that used high speed video to map scorpion stinger trajectories
(Coelho et al., 2017). Research has shown that ecosystem engineers cause changes
to their physical environment but quantifying the physical changes themselves is
often a confounding factor (Albertson and Daniels, 2016). There are a variety of
organisms whose impacts on shaping the environments are clearly seen but ways to
guantify their effects remain unknown. Laboratory methods that experiment with
ways of quantifying life habits of organisms and their impact on physical
mechanisms of geomorphic change help to isolate the variables and remove outside

influences.

6.0 CONCLUSION

The habits of many living organisms can influence physical ecosystem
processes, but little work has quantified these effects. Understanding the influence
of biologic processes on landscape morphology involves making direct
measurements of the forces acting between organisms and the earth materials they
alter. For this research, | made measurements of the forces applied to individual
riverbed sediment particles by the nets of hydropsychid caddisfly larvae. 1
conducted flume experiments to explore the physical mechanics of caddisfly nets
using a strain gage to measure the forces acting between nets and sediment
particles of various sizes during the process of initial particle motion. To better
detect the magnitude of force contributed by caddisfly nets | compared the
measured peak forces to an abiotic model used to calculate the peak force without
caddisflies to test whether the measured force was different from the model
prediction. The abiotic model was applied for all caddisfly and control rock pulls.

After the experiment, | identified force peaks from each force reading on a
pull by pull basis, and assessed which peaks were influenced by pocket geometry
and rock shape. The abiotic model included the peak friction angle for each pull

which was estimated from bed elevation profiles taken from digital elevation
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models of each flume. To test the quality of fit of the model, | compared the model
predicted forces to the actual peak forces measured in the control pulls.

| found a significant difference between control and caddisfly forces, on
average, for all pulls and for all grain size treatments ranging from 30 mm to 60 mm.
I also analyzed all the data without the grain size bins used in the experiments and
plotted the normalized difference by intermediate-axis for both treatments. This
shows what the maximum size of grains where caddisfly pulls exceeded controls
and reveals the threshold of caddisfly nets stabilizing effect. Results from net
measurements of force rise during stretching have values that span over 2
magnitudes from 0.01 to 1 Newton. Force rise during stretching is positively
correlated with an increase in buoyant weight. Force rise during stretching
increases with net area and the size of nets increases with rock size.

My findings provide further evidence that caddisfly nets significantly
increase the force required to move particles. | detected a significant increase in
force contributed by nets for all gravel particle size treatments tested. My data
show that the effect of Caddisfly nets becomes less significant with increasing
particle size; my results suggest the threshold lies somewhere between 70 mm and
75 mm b-axis.

While this is a similar result compared to the theoretical model predictions,
this is the first substantial set of experimental data to confirm a significant effect of
nets for such large grain sizes. Net measurements show larger rocks have nets that
contribute more force because larger rocks allow for larger nets to be built. These
results have many implications for understanding the impact of ecological
engineering by caddisflies, such as increasing the spread in the distribution of gravel
sizes on the bed by holding down gravel particles beyond what abiotic forces alone
can sustain. My results support previous findings that nets.can increase the shear
stress required to initiate particle motion by more than a factor of two. The
influence of caddisfly nets on bed stability has potentially significant implications

for the timing and magnitude of bedload sediment transport in gravel-bedded
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rivers. Many new questions emerge including the role of rock size preference, which
could play a crucial role in determining how much of an effect caddisfly nets have in

natural streams.
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8.0 TABLES

Table 1. Experimental Design

Time blocks

Flumes

Treatments (Caddisfly or Control)

Grain size distributions (30-60 mm)
Flumes per grainsize

Rock pulls per flume

Total number of rock pulls

Number of rock pulls in raw bulk analysis
Number of net measurement observations
Number of rock pulls in measured versus modeled analysis
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9.0 FIGURES

Figure 1) Bettini caddisfly net in one of the flume experiments with scalebar (A) and
an Arctospyche specimen from a river in Montana with scalebar (B). These nets are
made up of many silk threads. The photo on the right is of an Arctospyche caddisfly
larvae, which is a relatively large species. The caddisfly's net dwells in the
background. Net-spinning caddisflies are insects tnat live on the bed of streams.
They build nets in between gravel particles that are used to filter food out of the

water and as a place to live (Wiggins, 1977).
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Figure 2) Force balance diagram of the forces acting on a particle at the onset of
motion in the presence of caddisfly nets. The abiotic factors include drag force,
Fdrag, buoyant gravitational force, F'g, lift force, Flift, resisting forces, Fresisting,
bed slope, (3 grain friction angle, oo velocity profile, u, and flow depth above the
grain, z. The factors contributed by caddisfly nets include, resisting forces generated
by nets, FC_resisting, assuming that caddisflies build silk nets on the bottom half
(gray shading) that contribute a binding force that resists down- stream motion, the
depth below the bed surface where caddisfly nets are built, r], and the angle of the

net with respect to the bed surface plane, 0 (Albertson et al., 2014a).
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Figure 3) Measured critical shear stress values for 3 caddisfly cultures and a control
by grain size. These are the results of an experiment measuring the critical shear
stress, r* for a polyculture of two caddisfly species (black circle), the monocultures
of the two species, Arctopsyche (black diamond), Ceratopsyche (grey square) and a
control (white circle) as a function of grain size. The critical value of shear stress, r*
is the force that water must overcome to transport sediment and can be calculated
to determine the amount of force that it would take to transport a particle of a given

grain size. These results show that caddisfly nets can increase critical shear stress

by a factor of 2 (Albertson et al. 2014a).
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Figure 4) Caddisfly density with depth into the substrate and niche partitioning.
These graphs show the variation in caddisfly density with depth into the substrate
for monocultures of the two species (A) and the two species together in a
polyculture (B). Niche partitioning and a vertical distribution of species allows for

higher net densities over a larger distribution of net depth. (Albertson et al, 2014b)
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Figure 5) Comparisons of measured r* to model predictions for the control, the two
monocultures and a polyculture of both species (A-B) and the ratio of treatment
rand control r* by grainsize (mm) (D-F). White circles are observed data points
and black diamonds are model predictions for a given grain size. The similarities
between measured and modeled values are variable, perhaps due to assumptions

made that are built into the model (Albertson et al. 2014a).
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Figure 6) The Stroud Water Research Center's indoor river laboratory in Avondale,
Pennsylvania. The flumes provided eaddisflies with habitat and water was sourced
from nearby White Clay Creek, which also organic particulates which was a food

source for the insects. The lab contains 10 flumes, 3.3 m long, 0.4 m wide and 0.3 m

deep.
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Figure 7) Schematic of the strain gauge apparatus used to mimic the transport of
individual particles from the bed. This instrument was developed for the
experiment and used a gear and pulley system controlled by the operator by a rotate

g the handle. This apparatus to pull individual rocks from the bed while measuring

the force it takes to transport them.
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Figure 8) AVideo-force gauge match-up. This diagram shows how | used
synchronized force readings of rock pulls with video footage to identify net break
events and the influence of pocket geometry on the force reading. The numbered

photos above (1-4) are net break events and correspond to the locations labeled on

the graph below.
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3Ccm

Figure 9) Example photo of a pull rock with a rock number placard. The rock has a
hook epoxied to the top, and has many nets attached. This rock is from time block 4,
flume 7, rock pull 9. Scaled photos of rocks that were pulled were used to make

measurements of net area and net location.
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Figure 10) Photo of 3-D flume models created in Agisoft Photoscan with pull rocks
highlighted in pink. The legend in the bottom right corner show the 3 principle axis

dimensions. The Z-direction is vertical, the Y-direction is the length of the flume and

the X-direction is the width of the flume.
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Figure 11) Diagram of structure from motion protocol for flumes. This illustration
demonstrates camera angles in a flume (A), different photo position combinations
for a flume(B), vertical angles for photographing pans (C), horizontal angles for
photographing pans (D). Both (C) and (D) to not apply to this study (Morgan et al,
2016).
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Figure 12) Example profile of a pull rock's downstream trajectory taken from a 3-D
model of the flume set up. The Y-axis shows elevation above the bed. The X-axis
shows the distance downstream with the origin being the downstream edge of the
rock being pulled. Profiles of each rock's trajectory were used to calculate the peak
friction angle that was then used in the abiotic model to calculate modeled peak

force for each rock pull.
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Figure 13] Force balance diagram showing the abiotic forces acting at the moment
of transport of an individual particle by strain gauge apparatus. The variables
include, pull force rp, buoyant weight F’g, friction force r+, friction coefficient n, bed
slope p, friction angle cp, resisting force rr, and angle of the net with respect to the
bed 0. This force balance sketch was used to create the quasi-static abiotic model
used to calculate the force it would take to pull each rock without nets. The abiotic
model used a friction coefficient and information of the buoyant weight of each rock
as well as the friction angle the rock experienced while getting pulled downstream

out of its pocket.



Caddis + Control
Treatment

Figure 14) T-test of raw peak forces for the caddisfly and control pulls. Results show
that the Caddisfly and Control peak forces are not statistically different (p=0.277).
This is because each rock pull is unique, every rock has an individual shape and

weight and its own different path it traveled out of its pocket between rocks on the

bed of the flume.
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Figure 15) Buoyant weight (A) and B-axis grain diameter (B) across the different

grain size treatments for both Caddisfly and Control pulls. While each grain size

treatment has statistically different means for buoyant weight and B-axis, they all

show a large distribution of values.



56

04 02 0 02 04 06

Figure 16) Distribution of normalized difference values for control pulls. To test the
guality of fit of the abiotic model, I look at how closely the normalized difference for
the controls compares to a hypothetical mean of zero. The results show that the

mean of the data is not statistically different from zero (p=0.539).
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Figii
test analysis ofthe normalized difference for all rocks by treatment show that

caddisfly pulls have a statistically significant increase in force (t-test: p=0.0001).
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caddis + control

Figu lent.
Results show that caddisfly pulls have a statistically significant increase in force (t-

test: p=0.0041).
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Figu lent.
Results show that caddisfly pulls have a statistically significant increase in force A-

test: p=0.0001).
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Treatment

Figure 20] T-test analysis of normalized difference for 50 mm size pull by treatment.
Results show that caddisfly pulls have a statistically significant increase in force (t-

test: p=0.0024).
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Treatment
Figu lent.
Results show that caddisfly pulls have a statistically significant increase in force (t-

test: p=0.0278).
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Treatment

Figure 11] i-test analysis ui normanzeu unierence iur ou mm size pun Dy treatment.
Results show that caddisfly pulls have a statistically significant increase in force (t-

test: p=0.0064).
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Figure 23) Normalized difference for both caddisfly (black diamond) and control
(white circle) pulls by grain size. Normalized difference is on the y-axis and buoyant
weight (N) on the x-axis. These results show how direct measurements of force help
to determine at what grain size can you no longer detect the effect of the

nets. Comparing control and caddisfly with buoyant weight shows very significant
trend. The trend line for the caddisfly pulls and the mean for control pulls merge

around 2.5 Nor about 70 mm B-axis.
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Figure 24) Diagram of the measurements made of the forces contributed by
individual caddisfly larvae nets. This graph schematic shows Force (N) over time in
seconds. The effect of the nets can be detected by looking at the total force
contributed by caddisfly nets and comparing the force reading before nets are
activated and after they’ve been stretched to their total load capacity. The beginning
peak and ending force are used to calculate the force rise during stretching and

force increase after breaking of nets.
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Figure 25) Measured crank speeds over time from demonstration pull video. This is
a graph of the average crank speed calculated from scaled stills from a
demonstration rock pull. This graph shows that there is a lot of variability in the
average crank speed which makes accurately matching up the force and video for

each pull unlikely.
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10 12 14 16 18 20 22
Seconds(S)

— Modeled — Measured
Figure 26) Force reading of a caddisfly rock pull. The net break events are indicated
by an upside-down arrow. The blue line is the measured peak force and the red line

is the modeled abiotic peak force. These are the two values that are used to calculate

the normalized difference.



67

Ceratopsyche Arctopsyche
net strength\ net strength

001 O0OR20B O 01 02 03 0507
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Figure 27] Distribution histogram of force rise during stretching. The range of
values measured spans two orders of magnitude. The mean value from my
measurements of 0.12 Naligns closely with previously measured Arctopsyche mean
net strength of 0.16 Nand Ceratopsyche mean net strength of 0.07 Nwhich are Doth

indicated by neon-yellow vertical stripes (Albertson et al. 2014].
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Figure 28) Orthogonal regression of force rise during stretching (N) and buoyant
weight (N). The X and Y-axis are in natural log space. The green line indicates the
trend of the data and has a slope of 1.3. These results show that force rise during

stretching positively correlates with buoyant weight.
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Figure 29) Orthogonal regression with the natural log of net area (mm2) and the
natural log of buoyant weight (N). The trend of the data is indicated by the red line
and has a slope of 1.3. These results show that net area positively correlates with

buoyant weight.
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Figure 30) Orthogonal regression with force rise during stretching (N) and Net Area
[mm?2). Both axes are log transformed. The red line represents the trend of the data
and has a slope of 1. These results show that force rise during stretching positively

correlates with buoyant weight.
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Measured-Modeled (N)

Figure 31) Force rise during stretching (N) and Measured-Modeled (N) comparison.
This graph compares force rise during stretching (N) on the y-axis with Measured-
Modeled (N) on the x-axis with both axis log transformed. The blue line is a one to
one line and the is the trendline for the data. The results show that smaller rocks
have higher force rise during stretching (N) values and larger rocks have a smaller

force rise during stretching (N) values when compared to Measured-Modeled (N).
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Figure 32) T-test of r*(Measured - Modeled) for all rock pulls. This T-test shows a

statistically significant increase for caddisfly pulls above controls (p =0.0001).
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Figure 33) Distribution of r*(Force rise during stretching) and hypothetical mean
comparison. The mean of the distribution of r* (Force rise during stretching) is
compared to a hypothesized mean of 0.0379 which is the value the Albertson et al.
model calculates without the caddisfly parameter and shows a statistically

significant increase for caddisfly pulls (p=0.0001).



10.0 APPENDIX



Appendix 1. Raw Peak Force Analysis

Time Block Flume # Rock # Treatment Tr;rtarlrlwnent Rock Photo # Weight(g) Wi?gk{??l:l) Eg‘r’\éep((e;i)(
Flume 1 Rock 1 Control 40 2 139 0.818 1.125
Flume 1 Rock 2 Control 40 3 155.4 0.915 1.287
Flume 1 Rock 3 Control 40 5 78 0.459 0.696
Flume 1 Rock 4 Control 40 6 198.8 1.170 2.400
Flume 1 Rock 5 Control 40 7 188.5 1.110 1.992
Flume 1 Rock 6 Control 40 11 93.3 0.549 1.305
Flume 1 Rock 7 Control 40 12 167.3 0.985 1.293
Flume 1 Rock 8 Control 40 13 153 0.901 1.257

Flume 10 Rock 1
(lasso slip)  Caddisfly 60 1 193.8 1.141 1.725
Flume 10 Rock 2 Caddisfly 60 2 161.3 0.949 2.643
Flume 10 Rock 3 ~ Caddisfly 60 3 447.1 2.632 2.820
Flume 10 Rock 4  Caddisfly 60 4 321.8 1.894 1.632
Flume 10 Rock 5  Caddisfly 60 5 437.6 2.576 2.535
Flume 10 Rock 6  Caddisfly 60 6 314.3 1.850 1.977
Flume 10 Rock 7 Caddisfly 60 7 322.3 1.897 2.238
Flume 10 Rock 8  Caddisfly 60 8 302.9 1.783 2.634
Flume 10 Rock 9  Caddisfly 60 9 306.1 1.802 2.280
Flume 2 Rock 2 Caddisfly 40 3 1375 0.809 1.548
Flume 2 Rock 3  Caddisfly 40 5 85.7 0.504 1.380
Flume 2 Rock 4  Caddisfly 40 6 138.9 0.818 0.897
Flume 2 Rock 5  Caddisfly 40 7 103.2 0.607 1.329



Time Block

Flume # Rock #

Flume 2 Rock 6
Flume 2 Rock 7
Flume 2 Rock 8
Flume 3 Rock 1
Flume 3 Rock 2
Flume 3 Rock 3
Flume 3 Rock 4
Flume 3 Rock 5
Flume 3 Rock 6
Flume 3 Rock 7
Flume 3 Rock 8
Flume 3 Rock 9
Flume 4 Rock 1
Flume 4 Rock 2
Flume 4 Rock 3
Flume 4 Rock 4
Flume 4 Rock 5
Flume 4 Rock 6
Flume 4 Rock 7
Flume 4 Rock 8
Flume 5 Rock 1
Flume 5 Rock 2
Flume 5 Rock 3
Flume 5 Rock 4

Treatment

Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Control
Control
Control
Control
Control
Control
Control
Control
Caddisfly
Caddisfly
Caddisfly
Caddisfly

Grain
Treatment

40
40
40
95
55
55
95
55
55
95
55
55
95
55
55
95
55
55
95
55
30
30
30
30

Rock Photo#

11
12
13

~N OO O DN

11
12
13
10

10

11
12
13

~N BN

WESHAS WA orapky

166.7
137.2

99.8
137.2

275.8
193.9
215.3
215.3
249
163.9
143.2
181.2
182.8
277.8
186.5
188.8
310.8
202.6
166.4
55.9

67.8
66.6

0.981
0.808
0.587
0.808
0.000
1.623
1.141
1.267
1.267
1.466
0.965
0.843
1.067
1.076
1.635
1.098
1.111
1.829
1.193
0.979
0.329
0.000
0.399
0.392

RaRLL aRl

3.747
1.185
1.023
1.227
0.000
2.253
1.398
2.835
1.110
1.893
1.836
3.219
0.000
0.000
1.995
0.000
1.566
2.277
2.517
2.070
0.621
0.000
0.528
0.804
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Time Block

Flume # Rock #

Flume 5 Rock 5
Flume 5 Rock 6
Flume 5 Rock 7
Flume 5 Rock 8
Flume 5 Rock 9
Flume 6 Rock 1
Flume 6 Rock 10
Flume 6 Rock 11
Flume 6 Rock 2
Flume 6 Rock 3
Flume 6 Rock 4
Flume 6 Rock 5
Flume 6 Rock 6
Flume 6 Rock 7
Flume 6 Rock 8
Flume 6 Rock 9
Flume 7 Rock 1
Flume 7 Rock 10
Flume 7 Rock 11
Flume 7 Rock 2
Flume 7 Rock 3
Flume 7 Rock 4
Flume 7 Rock 5
Flume 7 Rock 6

Treatment

Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control

Grain
Treatment

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
50
50
50
50
50
50
50
50

Rock Photo #

10
12
14
13

11

Weighty

84.9
46.9
57.7
49.2
42.8

38.1
50.3
38.2

50.3
82.3
75.6
96.6

49

207.9

212

213.6
205.4

223.5

0.500
0.276
0.340
0.290
0.252
0.000
0.224
0.296
0.225
0.000
0.296
0.484
0.445
0.569
0.288
0.000
0.000
1.224
1.248
0.000
1.257
1.209
0.000
1.316

0.639
1.227
1.704
0.417
0.309
0.000
0.000
0.381
0.546
0.330
0.000
0.537
0.492
0.483
0.516
0.429
0.000
1.500
2.118
0.000
1.419
2.028
0.000
1.533
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Time Block Flume # Rock # Treatment Grain ROck Photo # Weight ] Na A
|g ‘%3 Weight (N] Fo\pc/:e (N]

Treatment

Flume 7 Rock 7 Control 50 9 164.4 0.968 1.068
Flume 7 Rock 8 Control 50 4 109.8 0.646 1.632
Flume 7 Rock 9 Control 50 5 217.2 1.278 2.004
Flume 8 Rock 1  Caddisfly 50 1 124.8 0.735 1.200
Flume 8 Rock 10  Caddisfly 50 8 193.3 1.138 1.659
Flume 8 Rock 11  Caddisfly 50 11 177.5 1.045 1.137
Flume 8 Rock 2 Caddisfly 50 2 91.2 0-537 1.983
Flume 8 Rock 3  Caddisfly 50 3 78.4 0.461 0.897
Flume 8 Rock 4  Caddisfly 50 4 187.8 1.105 2.325
Flume 8 Rock 5  Caddisfly 50 5 0.000 0.000
Flume 8 Rock 6  Caddisfly 50 6 72.2 0.425 2.139
Flume 8 Rock 7 Caddisfly 50 7 0.000 0.000
Flume 8 Rock 8  Caddisfly 50 9 0.000 0.000
Flume 8 Rock 9  Caddisfly 50 10 125.6 0.739 1.347
Flume 9 Rock 1 Control 60 1 186.3 1.097 0.837
Flume 9 Rock 2 Control 60 2 250.4 1.474 1.986
Flume 9 Rock 3 Control 60 3 334.3 1.968 1.878
Flume 9 Rock 4 Control 60 4 316.3 1.862 1.269
Flume 9 Rock 5 Control 60 5 476.2 2.803 3.201
Flume 9 Rock 6 Control 60 6 206.6 1.216 1.155

Flume 9 Rock 7
(tension start] Control 60 7 401.9 2.366 2.268
Flume 9 Rock 8 Control 60 8 377.3 2.221 2.082

Flume 9 Rock 9 Control 60 9 330.6 1.946 2.448



Time Block

N NN DNDNDNDNDNDNMNMNDNMNDNDNMNDMDDDNMNMNDNDDNDDN

N NN DN DNDNDDNDDN

Flume # Rock #

Flume 1 Rock 1
Flume 1 Rock 2
Flume 1 Rock 3
Flume 1 Rock 4
Flume 1 Rock 5
Flume 1 Rock 6
Flume 1 Rock 7
Flume 1 Rock 8
Flume 10 Rock 1
Flume 10 Rock 2
Flume 10 Rock 3
Flume 10 Rock 4
Flume 10 Rock 5

Flume 10 Rock 6
Flume 10 Rock

7 (Pocket altered by

previous pull)
Flume 10 Rock 8
Flume 10 Rock 9
Flume 2 Rock 1
Flume 2 Rock 2
Flume 2 Rock 3
Flume 2 Rock 4
Flume 2 Rock 5

Treatment

Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly

Caddisfly
Caddisfly
Caddisfly
Control
Control
Control
Control
Control

Treatment

55
55
55
55
55
55
55
55
30
30
30
30
30
30

30
30
30
95
55
55
55
55

Rock Photo#

0 N O o W N

11

© 00 O W

10

11
12

o OB w NN

Weightfg)

181.5
200.8
258.3
357.7
171
1941
210.3
238.9
64
62.4
41.1
75.9
54.5
45.2

48.6
116.7
70.9
202.2
214.8
366.8
230
401.6

1.068
1.182
1.520
2.105
1.007
1.142
1.238
1.406
0.377
0.367
0.242
0.447
0.321
0.266

0.286
0.687
0.417
1.190
1.264
2.159
1.354
2.364

1.209
1.755
1.761
3.390
3.465
1.698
1.881
1.839
0.765
0.351
0.339
0.471
0.552
0.498

0.270
0.600
0.510
1.290
1.647
2.358
1.434
2.379
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Grain

Time Block Flume # Rock # Treatment Treatment Rock Photo # VV\VI&JSHHSE WBeliJQOMPIE"{l] Eg\r’\éepfﬁf
2 Flume 2 Rock 6 Control 55 7 287.1 1.690 1.773
2 Flume 2 Rock 7 Control 55 8 355 2.090 2.640
2 Flume 2 Rock 8 Control 55 11 166.9 0.982 4,113
2 Flume 2 Rock 9 Control 55 12 168.4 0.991 1.374
2 Flume 3 Rock 1  Caddisfly 50 2 175.5 1.033 1.857
2 Flume 3 Rock 2 Caddisfly 50 3 139.7 0.822 1.293
2 Flume 3 Rock 3  Caddisfly 50 4 96.2 0.566 1.569
2 Flume 3 Rock 4  Caddisfly 50 5 70.7 0.416 2.328
2 Flume 3 Rock 5  Caddisfly 50 6 197.7 1.164 1.536
2 Flume 3 Rock 6  Caddisfly 50 7 310.7 1.829 2.259
2 Flume 3 Rock 7 Caddisfly 50 8 172.4 1.015 2.796
2 Flume 3 Rock 8  Caddisfly 50 11 141.5 0.833 1.923
2 Flume 4 Rock 1 Control 50 2 215.9 1.271 1.464
2 Flume 4 Rock 2 Control 50 3 214.3 1.261 2.193
2 Flume 4 Rock 3 Control 50 4 175.7 1.034 2.082
2 Flume 4 Rock 4 Control 50 5 176.5 1.039 1.755
2 Flume 4 Rock 5 Control 50 6 301.1 1.772 2.130
2 Flume 4 Rock 6 Control 50 7 240.4 1.415 1.317
2 Flume 4 Rock 7 Control 50 8 122.3 0.720 1.281
2 Flume 4 Rock 8 Control 50 11 275.8 1.623 2.085
2 Flume 5 Rock 1 Control 60 1 490.8 2.889 3.438
2 Flume 5 Rock 2 Control 60 3 243.3 1.432 1.515
2 Flume 5 Rock 3 Control 60 4 228.1 1.343 1.431
2 Flume 5 Rock 4 Control 60 5 352.2 2.073 2.802



Time Block

NN DN DNDNDDNDNDNDNDNDNDDNDDNDDNDNDNDDNDDNNDDNDDNDDNDDNDDND

Flume # Rock #

Flume 5 Rock 5

Flume 5 Rock 6
Flume 5 Rock

7 (shifted pocket of
downstream rock)

Flume 5 Rock 8
Flume 5 Rock 9
Flume 6 Rock 1
Flume 6 Rock 10
Flume 6 Rock 2
Flume 6 Rock 3
Flume 6 Rock 4
Flume 6 Rock 5
Flume 6 Rock 6
Flume 6 Rock 7
Flume 6 Rock 8
Flume 6 Rock 9
Flume 7 Rock 1
Flume 7 Rock 2
Flume 7 Rock 3
Flume 7 Rock 4
Flume 7 Rock 5
Flume 7 Rock 6
Flume 7 Rock 7

Treatment

Control
Control

Control

Control

Control
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly

60
60

60
60
60
60
60
60
60
60
60
60
60
60
60
40
40
40
40
40
40
40

Rock Photo#

©

10

© 0o b~ W U1 -

10
11
12
13

a &~ O W

10
11

WeiehHel

weignttg)
284.9
302.2

255.3
185.2
536.1
320.6
224.1
376.3
317.1
319.2
296.6
231.5

293.7
98.6
172.7
86.3
92.9
104.8
143.4
143.9

\/\?e‘fé%?'(‘r{l)
1.677
1.779

1.503
1.090
3.155
1.887
1.319
2.215
1.866
1.879
1.746
1.363
0.000
0.000
1.729
0.580
1.017
0.508
0.547
0.617
0.844
0.847

RRRSHRYS

2.214
2.736

1.527
1.449
3.438
4.326
1.899
3.471
3.183
3.606
1.758
2.364
0.000
0.000
3.966
1.245
2.109
1.314
0.915
0.852
0.756
1.398
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Time Block

N NN

N N NN DNDN

W W W NN DNDDNDNDDNDNDDNDDNDDNDDNDDN

Flume # Rock #

Flume 7 Rock 8
Flume 8 Rock 1
Flume 8 Rock 10

Flume 8 Rock 2 (use

first peak)
Flume 8 Rock 3
Flume 8 Rock 4
Flume 8 Rock 5

Flume 8 Rock 6
Flume 8 Rock

7(started with wire

tension)
Flume 8 Rock 8
Flume 8 Rock 9
Flume 9 Rock 1
Flume 9 Rock 2
Flume 9 Rock 3
Flume 9 Rock 4
Flume 9 Rock 5
Flume 9 Rock 6
Flume 9 Rock 7
Flume 9 Rock 8
Flume 1 Rock 1
Flume 1 Rock 2
Flume 1 Rock 3

Treatment

Caddisfly
Control
Control

Control
Control
Control
Control
Control

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Caddisfly
Caddisfly
Caddisfly

Grain
Treatment

40
40
40

40
40
40
40
40

40
40
40
30
30
30
30
30
30
30
30
60
60
60

Rock Photo #

12

© 00 oo W

10

11

© 0 O W pEFr O N

10
11

D W = O

W.ight(g)

88
114.1
107

165
108.2
106.1
109.8
236.3

134.7
249.6
153.3
62.4
78.4
66
63.8
49.8
87.5
75.2
101.2
226.8
450.7
465.6

0.518
0.672
0.630

0.971
0.637
0.625
0.646
1.391

0.793
1.469
0.902
0.367
0.461
0.388
0.376
0.293
0.515
0.443
0.596
1.335
2.653
2.741

0.450
0.720
1.611

1.281
1.146
1.137
1.014

NaN

0.645
1.341
1.317
0.588
0.486
0.555
0.582
0.489
0.645
0.678
0.678
2.118
2.211
2.586
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Time Block

W W W wwwwwwwwow

W W W wWw w wwwwwow

Flume# Rock#

Flume 1 Rock 4
Flume 1 Rock 5
Flume 1 Rock 6
Flume 1 Rock 7
Flume 1 Rock 8
Flume 10 Rock 1
Flume 10 Rock 2
Flume 10 Rock 3
Flume 10 Rock 4
Flume 10 Rock 5
Flume 10 Rock 6
Flume 10 Rock 7
Flume 10 Rock
8(Epoxy Failure)
Flume 10 Rock 9)
Flume 2 Rock 1
Flume 2 Rock 2
Flume 2 Rock 3
Flume 2 Rock 4
Flume 2 Rock 5
Flume 2 Rock 6
Flume 2 Rock 7
Flume 2 Rock 8
Flume 3 Rock 1

Treatment

Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly

Caddisfly
Caddisfly
Control
Control
Control
Control
Control
Control
Control
Control
Caddisfly

Treatment

60
60
60
60
60
50
50
50
50
50
50
50

50
50
60
60
60
60
60
60
60
60
30

Rock Photo#

10
11
12

© 0o o b W

10

11

© 00 OO W P O,

10
11

Weight(g)

329
479.6
420.3

195
190.7
193.2
390.9
236.2

215
178.1
184.5
308.5

102.2
251.6
261.2

432
360.9
288.8
385.6
357.9
187.7

67.8

1.936
2.823
2.474
1.148
1.122
1.137
2.301
1.390
1.265
1.048
1.086
1.816

0.000
0.602
1.481
1.537
2.543
2.124
1.700
2.270
2.107
1.105
0.399

1.683
3.288
2.865
1.947
1.326
2.259
2.022
1.413
2.583
1.866
1.323
2.565

NaN
1.641
2.670
1.764
3.516
2.010
2.031
4.860
3.084
1.338
0.450



Time Block

W W wWw w w ww

W w ww ww

w

W W wwwwwow

Flume# Rock#

Flume 3 Rock 2
Flume 3 Rock 3
Flume 3 Rock 4
Flume 3 Rock 5
Flume 3 Rock 6
Flume 3 Rock 7
Flume 3 Rock 8
Flume 4 Rock
1(epoxy fail)
Flume 4 Rock 10
Flume 4 Rock 11
Flume 4 Rock 2
Flume 4 Rock 3
Flume 4 Rock 4
Flume 4 Rock
5(Lasso slip)
Flume 4 Rock
6(epoxy fail)
Flume 4 Rock 7
Flume 4 Rock 8
Flume 4 Rock 9
Flume 5 Rock 1
Flume 5 Rock 2
Flume 5 Rock 3
Flume 5 Rock 4

Treatment

Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly

Control
Control
Control
Control
Control
Control

Control

Control
Control
Control
Control
Control
Control
Control
Control

Tré\artar:]r(lent
30
30
30
30
30
30
30

30
30
30
30
30
30

30

30
30
30
30
40
40
40
40

Rock Photo #

© 0 O W

10
11

© 0w oA~ W

10

11

o AW NN

Weight%

69.7
62.2
30.5
39.5
45.3

69
48.5

47.3
35.8
78.7

60.9

71.9
70.6
91
60.1
114.8
103.4
96.8
109.7

V\//\ellJ(E.);/k:f'Jl /(\I\B II\Z%Vyce (N)

0.410
0.366
0.180
0.232
0.267
0.406
0.285

0.000
0.278
0.211
0.463
0.000
0.000

0.358

0.423
0.416
0.536
0.354
0.676
0.609
0.570
0.646

0.417
0.546
0.435
0.192
0.291
0.633
0.441

NaN
0.531
0.486
0.285
0.306
0.561

NaN

NaN
0.309
0.528
0.357
0.819
0.714
0.741
0.591



W W W W W wWwwWwwwwowwowowwowwowwow

Aume # Rock #

Flume 5 Rock 5
Flume 5 Rock 6
Flume 5 Rock 7
Flume 5 Rock 8
Flume 6 Rock 1
Flume 6 Rock 2
Flume 6 Rock 3
Flume 6 Rock 4
Flume 6 Rock 5
Flume 6 Rock 6
Flume 6 Rock 7
Flume 6 Rock 8
Flume 7 Rock 1
Flume 7 Rock 2
Flume 7 Rock 3
Flume 7 Rock 4
Flume 7 Rock 5
Flume 7 Rock 6
Flume 7 Rock 7
Flume 7 Rock 8
Flume 8 Rock 1
Flume 8 Rock 2
Flume 8 Rock 3
Flume 8 Rock 4

Treatment

Control
Control
Control
Control
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Control
Control
Control
Control

Grain
Treatment

40
40
40
40
40
40
40
40
40
40
40
40
55
55
55
55
55
55
55
55
55
55
55
55

Rock Photo #

10
11

© 0o A~ W R

1
11

o

© O oA~ W R

10
1

[EEN

o A W

Weightfg]

73.3
110.3
132.4
139.7

122
118.5
169.4

87.9
127.2

70.8

89.7
100.9
225.6
226.2
217.9
180.8
239.9
337.6

292
432.8
257.5

73.3

358.4
132

Buoyant
Weight (N]
0.431
0.649
0.779
0.822
0.718
0.697
0.997
0.517
0.749
0.417
0.528
0.594
1.328
1.331
1.283
1.064
1.412
1.987
1.719
2.547
1.516
0.431
2.110
0.777



Time Block

A AP PAAPAAEEPEPPEEPEPDPOOOOLOOLOLOLOLOLOLOWWW

Flume # Rock #

Flume 8 Rock 5
Flume 8 Rock 6
Flume 8 Rock 7
Flume 8 Rock 8
Flume 9 Rock 1
Flume 9 Rock 2
Flume 9 Rock 3
Flume 9 Rock 4
Flume 9 Rock 5
Flume 9 Rock 6
Flume 9 Rock 7
Flume 9 Rock 8
Flume 1 Rock 1
Flume 1 Rock 2
Flume 1 Rock 3
Flume 1 Rock 4
Flume 1 Rock 5
Flume 1 Rock 6
Flume 1 Rock 7
Flume 1 Rock 8
Flume 10 Rock 1
Flume 10 Rock 2
Flume 10 Rock 3
Flume 10 Rock 4

Treatment

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly

55
55
55
55
50
50
50
50
50
50
50
50
60
60
60
60
60
60
60
60
40
40
40
40

RocK Photo#

10
11

© 00 OO B~ W

1
11

o

O© N O O BN

1

o

a B~ N

Weight(g)

199
424.9
321.7

251
268.1
200.2
299.7
199.5
291.5
169.5
114.4
255.2
295.6
228.8
147.9
358.7
366.3
250.8
256.4
284.7
103.4

73.1
105.1
60.6

1.171
2.501
1.894
1.477
1.578
1.178
1.764
1.174
1.716
0.998
0.673
1.502
1.740
1.347
0.871
2.111
2.156
1.476
1.509
1.676
0.609
0.430
0.619
0.357

3.756
3.219
2.805
1.356
1.746
0.960
3.270
1.272
1.650
1.074
1.428
1.452
1.494
2.457
1.281
2.763
2.295
4971
1.584
1.527
0.717
0.393
0.723
0.288



Time Block

S N N N N N e I N N N T i i s T T

Flume # Rock #

Flume 10 Rock 5
Flume 10 Rock 6
Flume 10 Rock 7
Flume 10 Rock 8
Flume 2 Rock 1
Flume 2 Rock 2
Flume 2 Rock 3
Flume 2 Rock 4
Flume 2 Rock 5
Flume 2 Rock 6
Flume 2 Rock 7
Flume 2 Rock 8
Flume 3 Rock 1
Flume 3 Rock 2
Flume 3 Rock 3
Flume 3 Rock 4
Flume 3 Rock 5
Flume 3 Rock 6
Flume 3 Rock 7
Flume 3 Rock 8
Flume 4 Rock 1
Flume 4 Rock 2
Flume 4 Rock 3
Flume 4 Rock 4

Treatment

Caddisfly
Caddisfly
Caddisfly
Caddisfly
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Caddisfly
Caddisfly
Caddisfly
Caddisfly

Grain
Treatment

40
40
40
40
60
60
60
60
60
60
60
60
50
50
50
50
50
50
50
50
50
50
50
50

Rock Photo#

6
7
9
10

© N o o B~ DN

1

o

© N o AN R

1

o

a N R

Weight(g)

194.2
85.3
325.9
125.7
259.2
238.2
216.8
271.8
220.3
432.3
316.3
392.1
144.8
213.7
250.1
282.1
83.2
308.8
29.4
118.4
276.7
159.6
235
258.9

1.143
0.502
1.918
0.740
1.526
1.402
1.276
1.600
1.297
2.545
1.862
2.308
0.852
1.258
1.472
1.660
0.490
1.818
0.173
0.697
1.629
0.939
1.383
1.524

praP* )

1.383
0.516
2.352
1.089
2.337
2.313
1.539
4.128
1.116
2.400
4.446
2.253
1.830
1.386
1.374
1.998
1.038
2.619
1.104
1.410
1.590
1.215
1.464
1.710

87



Time Block

N N N N N I I N R T S T T S R

Flume # Rock #

Flume 4 Rock 5
Flume 4 Rock 6
Flume 4 Rock 7
Flume 4 Rock 8
Flume 5 Rock 1
Flume 5 Rock 2
Flume 5 Rock 3
Flume 5 Rock 4
Flume 5 Rock 5
Flume 5 Rock 6
Flume 5 Rock 7
Flume 5 Rock 8
Flume 6 Rock 1
Flume 6 Rock 2
Flume 6 Rock 3
Flume 6 Rock 4
Flume 6 Rock 5
Flume 6 Rock 6
Flume 6 Rock 7
Flume 6 Rock 8
Flume 6 Rock 9
Flume 7 Rock 1
Flume 7 Rock 2
Flume 7 Rock 3

Treatment

Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Control
Control
Control
Control
Control
Control
Control
Control
Control
Caddisfly
Caddisfly
Caddisfly

Treatment

50
50
50
50
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
55
55
55

Rock Photo #

©

10

© N o 0 AN R

1

o

O© N o o1 AN

10
11

Weight(g)

132.2
144 .4
157.3
266.5
46.4
73.6
103.8
47.7
35.9
34.8
75.1
40.6
78.1
86.7
60
74.8
58.1

55.6
77.4
101.3
157.6
320.1
271.6

0.778
0.850
0.926
1.569
0.273
0.433
0.611
0.281
0.211
0.205
0.442
0.239
0.460
0.510
0.353
0.440
0.342
0.000
0.327
0.456
0.596
0.928
1.884
1.599

0.642
0.972
2.829
1.965
0.546
0.525
0.924
0.423
0.918
0.234
0.741
0.507
0.384
0.534
0.420
0.672
0.441

NaN
0.234
0.987
0.645
0.828
2.031
1.731



Time Block

B b~

A A b B

N N N i e

Flume # Rock #

Flume 7 Rock 4
Flume 7 Rock 5

Flume 7 Rock 6
Flume 7 Rock 7
(lasso slid along

hook)

Flume 7 Rock 8
Flume 7 Rock 9
Flume 8 Rock 1

Flume 8 Rock 10
Flume 8 Rock 2
Flume 8 Rock 3
Flume 8 Rock 4
Flume 8 Rock 5
Flume 8 Rock 6
Flume 8 Rock 7
Flume 8 Rock 8
Flume 8 Rock 9
Flume 9 Rock 1
Flume 9 Rock 2
Flume 9 Rock 3
Flume 9 Rock 4
Flume 9 Rock 5

Treatment

Caddisfly
Caddisfly
Caddisfly

Caddisfly
Caddisfly
Caddisfly

Control

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control

Freatment

55
55
55

55
55
95
55

55
55
55
55
55
55
55
55
55
40
40
40
40
40

n i nu
Rock Ph

<

o

€ U
to#

5

10

-
o

o O A NP © 00 NO Ol w N

7
W

W
eightfe)

264.8
217.4
213.5

287.3
219.2
189.3
280.6

291.1
267.8
279.4
255.6
epoxy fail
122.7
epoxy fail
194.4
213.9
177.4
150.7
141.6
111.9
83.9

Bu
Wel

oyant

ghtCN)
1.559
1.280
1.257

1.691
1.290
1.114
1.652

1.713
1.576
1.645
1.504
HHHHH
0.722
HHHHH
1.144
1.259
1.044
0.887
0.833
0.659
0.494

Raw Peak

Force (N)
1.980
3.003
3.336

2.013
1.800
1.830
1.959

1.692
1.650
1.647
1.917

NaN
2.706

NaN
3.291
2.241
1.035
1.026
0.636
0.609
0.558



Time Block

ol o1 o1 o1 o1 o1 o1 ol o1 ol o1 ool ool ool ol oot o BB

Flume # Rock #

Flume 9 Rock 6
Flume 9 Rock 7
Flume 9 Rock 8
Flume 1 Rock 1
Flume 1 Rock 2
Flume 1 Rock 3
Flume 1 Rock 4
Flume 1 Rock 5
Flume 1 Rock 6
Flume 1 Rock 7
Flume 1 Rock 8
Flume 10 Rock 1
Flume 10 Rock 2
Flume 10 Rock 3
Flume 10 Rock 4
Flume 10 Rock 5
Flume 10 Rock 6
Flume 10 Rock 7
Flume 10 Rock 8
Flume 10 Rock 9
Flume 2 Rock 1
Flume 2 Rock 2
Flume 2 Rock 3
Flume 2 Rock 4

Treatment

Control

Control

Control
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly

Control

Control

Control

Control

Grain
Treatment

40
40
40
50
50
50
50
50
50
50
50
60
60
60
60
60
60
60
60
60
50
50
50
50

Rock Photo #

©

11

© N oD WN R

10

0 N oA WN R

11

A W DN R o

Weight(g)

196.4
99
99.9
99.3
182.1
366.1
204 .4
223.6
223
201.4
111.7
388
448.9
166
326.3
293.5
383
251.7
374
376
129.2
261.2
217.5
184.4

1.156
0.583
0.588
0.584
1.072
2.155
1.203
1.316
1.313
1.185
0.657
2.284
2.642
0.977
1.921
1.728
2.254
1.482
2.201
2.213
0.760
1.537
1.280
1.085

0.945
1.080
0.591
0.684
1.038
1.971
1.971
2.652
1.440
1.275
1.782
2.004
4.053
1.929
2.052

NaN
1.956
1.326
3.831
1.980
3.414
1.275
1.992
1.902



Time Block

ol o1 o1 o1 o1 O1 o1 o1 o1 o1 o1 O O o1 o1 o1 O1 o1 O1 o1 O1 o1 O1 Ol

Flume# Rock#

Flume 2 Rock 5
Flume 2 Rock 6
Flume 2 Rock 7
Flume 2 Rock 8
Flume 3 Rock 1
Flume 3 Rock 2
Flume 3 Rock 3
Flume 3 Rock 4
Flume 3 Rock 5
Flume 3 Rock 6
Flume 3 Rock 7
Flume 3 Rock 8
Flume 4 Rock 1
Flume 4 Rock 2
Flume 4 Rock 3
Flume 4 Rock 4
Flume 4 Rock 5
Flume 4 Rock 6
Flume 4 Rock 7
Flume 4 Rock 8
Flume 4 Rock 9
Flume 5 Rock 1
Flume 5 Rock 2
Flume 5 Rock 3

Treatment

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Control
Control
Control

Treatment

50
50
50
50
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
55
55
55

Rock Photo#

el
P O o N o

0O N PP WDNDERE REPDNW PO N

= -
= N -

=

Qo

o5

f

—+

O
EO

133.6
277.5
203.8
176.3
102.3
140.9
155.4
102.2
84.5
111
146.1
90.7
99.9
100.1
58.5
112.1
72.3
91
100.7
74.5
103.6
56.1
237.9
169.8

WAy  REVLE B

0.786
1.633
1.200
1.038
0.602
0.829
0.915
0.602
0.497
0.653
0.860
0.534
0.588
0.589
0.344
0.660
0.426
0.536
0.593
0.439
0.610
0.330
1.400
0.999

1.065
1.389
1.350
1.014
0.918
0.825
1.407
0.843
0.564
0.507
0.858
0.909
0.513
0.684
0.543
0.558
0.459
0.951
0.705
0.444
1.434
0.381
1.266
0.933



Time Block

ol o1 O1 O o1 O o1 o1 01 o1 o1 o1 o1 ool ol o1 oo o1 o1 O O Ol

Flume# Rock#

Flume 5 Rock 4
Flume 5 Rock 5
Flume 5 Rock 6
Flume 5 Rock 7
Flume 5 Rock 8
Flume 6 Rock 1
Flume 6 Rock 2
Flume 6 Rock 3
Flume 6 Rock 4
Flume 6 Rock 5
Flume 6 Rock 6
Flume 6 Rock 7
Flume 6 Rock 8
Flume 7 Rock 1
Flume 7 Rock 2
Flume 7 Rock 3
Flume 7 Rock 4
Flume 7 Rock 5
Flume 7 Rock 6
Flume 7 Rock 7
Flume 7 Rock 8
Flume 7 Rock 9
Flume 8 Rock 1
Flume 8 Rock 2

Treatment

Control
Control
Control
Control
Control
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Control
Control
Control
Control
Control
Control
Control
Control
Control
Caddisfly
Caddisfly

Treatment

55
55
55
55
55
55
55
55
55
55
55
55
55
30
30
30
30
30
30
30
30
30
30
30

Roch Photo#

0 N O B~

11

0 N O B W DN

11

0w N B W DN

11

= O

Weight(Q)

160.5
179.4
157
213.1
223.2
263.9
161.1
148.5
234.4
203.5
383.5
186.8
184.5
41.3
78

52

64
50.9
124.8
60.9
63.5
30.5
40.2
110.3

0.945
1.056
0.924
1.254
1.314
1.553
0.948
0.874
1.380
1.198
2.257
1.100
1.086
0.243
0.459
0.306
0.377
0.300
0.735
0.358
0.374
0.180
0.237
0.649

1.563
0.879
1.752
2.355
1.458
1.344
0.801
0.996
1.950
1.464
3.438
1.329
1.746
0.405
0.435
0.306
1.266
0.417
0.768
0.279
0.318
0.213
0.309
0.651

92



Time Block

o1 o1 o1 o1 o1 01 o1 O1 O1

o1 o1 o1 o1 01 O1

Flume # Rock #

Flume 8 Rock 3
Flume 8 Rock 4
Flume 8 Rock 5
Flume 8 Rock 6
Flume 8 Rock 7
Flume 8 Rock 8
Flume 9 Rock 1
Flume 9 Rock 2
Flume 9 Rock 3
Flume 9 Rock 4

(loose pocket)
Flume 9 Rock 5
Flume 9 Rock 6
Flume 9 Rock 7
Flume 9 Rock 8
Flume 9 Rock 9

Treatment

Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
Caddisfly
ControF
Control
Control

Control
Control
Control
Control
Control
Control

Freatment

30
30
30
30
30
30
60
60
60

60
60
60
60
60
60

QOCI( EHOEO#

0w N o b~ Ww

11

W N -

0 N o b

11

welgHifo)

58.1
64.8
57.9
63.7
56.4
41.1
258.1
350.7
231.9

351.8
509.9
256
251
381.8
279.9

WIHRT)

0.342
0.381
0.341
0.375
0.332
0.242
1.519
2.064
1.365

2.071
3.001
1.507
1.477
2.247
1.647

0.468
0.399
0.456
0.540
0.240
0.240
1.776
2.487
1.800

3.654
4.707
2.037
1.452
3.492
1.716

93



Appendix 2. Table Measured Versus Modeled

Block

w W w w w w

W W W W w w

Flume

[ e e e

s

Treatment

caddis +
caddis +
caddis +
caddis +
caddis +

caddis +

caddis +

caddis +
caddis +
caddis +
caddis <
caddis +

caddis +

caddis +

Grain
Size
Bin

60
60
60
60
60
60

60

60
60
60
60
60
60

60

aa A W W N

~N OO O oo O O

Buoyant
Weight

(N)
1.45

2.88
2.97
2.97
2.10
3.06

3.06

2.68
2.68
2.68
2.68
2.68
1.24

1.22

B-axis
(mm)

Notes

54.34
58.74
66.86
66.86
67.25

66.64 rock pushed
downstream rock out
of the way, and
climbed halfway over,
tilted and went offto
the side between 20-
29 sec in match-up,
picked peak force
before then

66.64 rock pushed
downstream rock out
of the way, did not

climb over

64.55

64.55

64.55

64.55

64.55

62.05 lifted back rock drops
at 8 sec

63.74 rock rotates to
vertical

Difference
in Force

(N)
1.14

0.27
0.33
0.33
0.26
0.34

0.34

0.28
0.28
0.28
0.28
0.28
0.22

0.31

Normalized
Difference

1.16
0.14
0.15
0.15
0.19
0.12

0.12

0.11
0.11
0.11
0.11
0.11
0.30

0.31

PHI (Friction
Angle) in
degrees

22.48

22.48

28.89

28.89

22.48

44.00

44.00

44.00
44.00
44.00
44.00
44.00
15.42

34.60

94



Block

Flume

Treatment

control

control

control

control

control
control

control

control

caddis +
caddis +

caddis +

Gr3in
Size
Bin

60

60

60

60

60
60

60

60

30
30
30

Rork

1

Bu°yant
Weight

NI
1.61

1.67

2.76

2.30

1.84
2.46

2.28

1.20

0.43
0.44
0.40

R.axic

(mm>

63.10

74.44

60.38

65.80

62.50
68.36

70.44

65.14

35.43
33.89
35.21

Notes

interference 14-17 sec
in vid. rock on side
being lifted drops at
18 sec. peak force
taken after 18 sec
starts moving over
second ds rock at 20
sec

from beginning of pull
16-21 sec overlapping
back rock

toggles at first
movement picked
peak before rock rolls
to side

from beginning of pull
10 -12 sec, back rock
being lifted drops
after 13 sec. chose
peak force after 13 sec
snagged under side
rock from 10 to 16
secs

jumps then lifts front
rock from 10 to 15 sec

pull starts at 6 sec.
side rock drops at 8
sec

Difference
in Force

(N)

0.10

0.05

1.08

0.15

0.09
0.07

0.04

0.02

0.11
0.00
0.11

)Islormalized

Difference

0.0b

0.04

0.44

0.08

0.05
0.03

0.02

0.02

0.33
-0.01
0.26

PHI (Friction
Angle) in
degrees

33.46

32.87

38.42

32.87

49.95
46.60

52.89

21.63

21.75
33.62
42.94

95



Block

w W W w w w w

w W w w

Flume

W W W W w w w

A N B B

Treatment

caddis +

caddis +

caddis +

caddis +

caddis +

caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

control
control
control
control

control

Grain
Size
Bin

30

30

30
30

30

30

30
30
30
30
30
30
30

30
30
30
30

30

Rock

0 N O o o1 o1 ;g

A~ w N

Buoyant
Weight

(N)

0.40

0.40

0.19
0.19

0.19
0.19

0.25
0.25
0.25
0.29
0.29
0.44
0.31

0.00
0.30
0.23
0.50

0.00

B-axis
(mm)

35.21

35.21

27.37
27.37

27.37
27.37

35.20
35.20
35.20
36.25
36.25
37.05
36.42

33.52
32.31
39.82

Notes

pull starts at 6 sec.
side rock drops at 8
sec

pull starts at 6 sec.
side rock drops at 8
sec

strong net attached,;
moves attached rock
strong net attached

moves attached rock
strong net attached,;
moves attached rock

pull starts at 5 sec.
front rock lifts at 8
rock drops at 10 sec.
picked peak after rock
drop

rock drops at 6-7 sec

rock ds lifts up after
16 sec

Difference
in Force

(N)
011

011

0.22
0.22

0.22
0.22

-0.03
-0.03
-0.03
0.04
0.04
0.16
0.10

0.02
0.02
0.02

#DI1V/0!

Normalized
Difference

0.26

0.26

1.05
1.06

1.06

1.06

-0.12
-0.12
-0.12
0.16
0.16
0.31
0.28

#DI1V/0!
0.06
0.07
0.03

#DIV/0!

PHI (Friction
Angle) in
degrees

42.94

42.94

42.94
42.94

42.94
42.94

28.01
28.01
28.01
28.01
28.01
46.77
42.94

32.92
29.97
37.84
35.38



Block

Flume

Treatment

control

contro’

control

control
control

control
control

control

control

control

control

control

Grain
Size

Bin

30
30

30

30

30

30
40

40

40

40

40

40

Rock

P
6
7

10

11

u)

Bu’yant
Weight
i

0.00
0.39

0.46

0.45
0.58

0.38
0.73

0.66

0.62

0.47

0.70

R-axic

N

48.06

31.39

38.07

41.89

39.95
48.82

49.82

43.73

46.04

45.89

45.51

Difference

Notes in Force
#DIV/0!
rock being lifted -0.08
drops after 5 sec
pull starts at 10 sec. -0.05

front rock lifts at 12

rock drops at 16 sec.

picked peak after rock

drop

side rock lifts at 9 sec -0.02
and drops at 13

lifts rock at 12 drops 0.03
at 13 sec

0.10
pull starts at 6 sec. -0.10
front rock lifts at 12
rock drops at 15 sec.
picked peak after rock
drop
rock rotates vertical -0.06
before being lifted out
picked highest force -0.16

before downstream

rock lifted up by pull

after 10 sec.

lifts rock up at 13 sec -0.01
drops at 15 sec.

picked force before 13

sec

side rock drops at 15 -0.04
sec

Normalized
Difference

#DIV/0!
-0.21

-0.11

-0.05
0.07

0.25
-0.15

-0.07

-0.25

-0.02

-0.06

experiencing interference the whole time

PHI (Friction
Angle) in
degrees

32.92

42.18

25.39
19.78

38.31
34.60

47.51

42.18

27.50

47.82



Block

w W w w w w W W w w

w W w w w

Flume

o OO O O O o OO O O O

D OO OO O O

Treatment

control

control
caddis

caddis
caddis
caddis

+

+

+

+

caddis +

caddis

caddis
caddis
caddis
caddis
caddis

caddis
caddis
caddis
caddis
caddis

+

+

+

+

+

+

+ o+ + + o+

Grain
Size
Bin

40

40
40

40
40
40
40
40

40
40
40
40
40

40
40
40
40
40

Ro

o o1 o o1 o1 A W ow wN

o N N N~

Buoyant
Weight

(N)
0.84

0.89
0.78

0.76
1.08
1.08
1.08
0.56

0.81
0.81
0.81
0.81
0.45

0.57
0.57
0.57
0.57
0.64

B-axis
(mm)

46.41

53.68
42.42

43.41
55.84
55.84
55.84
41.44

47.63
47.63
47.63
47.63
37.42

43.41
43.41
43.41
43.41
41.47

Notes

rock is jolted out of
stuck position at
beginning of pull.

pull starts at 5 sec.
side rock drops at 9
sec

pull starts at 9 sec.
moves out of way of
side rock at 11 sec

pull starts at 3 sec.
front rock drops at 9
sec

side rock shuffled
during beginning net
break

Difference
in Force
(N)

-0.26

-0.28
0.20

0.42
0.08
0.08
0.08
0.38

0.20
0.20
0.20
0.20
-0.02

0.03
0.03
0.03
0.03
0.19

Normalized
Difference

-0.23

-0.24
0.31

0.65
0.08
0.08
0.08
0.80

0.27
0.27
0.27
0.27
-0.05

0.07
0.07
0.07
0.07
0.36

PHI (Friction
Angle) in
degrees

57.64

54.18
26.37

26.37
31.79
31.79
31.79
26.37

31.79
31.79
31.79
31.79
26.37

20.40
20.40
20.40
20.40
26.37



Block

Flume

rain
Treatment %Ize

Bin
caddis + 40
caddis + 40
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55

Welght

0.64
0.64

1.44
1.44
1.44
1.39

1.15

1.53

b-axis
(mm)

41.47

41.47

58.01

58.21

58.21

51.46

60.62

56.05

Notes

side rock shuffled
during beginning net
break
side rock shuffled
during beginning net
break
pull starts at 6 sec.
Pull rock finishes
rotating out of tight
spotat 12 sec
toggles the
downstream rock
while the pull rock is
pulled over it
toggles the
downstream rock
while the pull rock is
pulled over it
pull starts at 3 sec.
front rock drops at 6
sec
pull starts at 6 sec.
front rock begins to
liftat 9 and drops at
11 sec. pick peak force
before
side rock liftsup at 9
and drops at 11 sec,
picked peak force
after side rock drop
when nets when still
attached

Difference
in Force

(N)

0.19

0.19

0.53

0.53

-0.14

0.31

0.10

Normalized
Difference

L/111Cc1 C llvC

0.36

0.36

0.50

0.38

0.38

-0.12

0.26

0.08

PHI (Friction
Angle) in
degrees

26.37

26.37

27.55

35.50

35.50

25.32

39.56

25.43
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Block

W W W W w w w

Flume

O 0O 0 0 0 ~N =~

Treatment

caddis +

caddis +
caddis +
caddis +

caddis +
caddis +
control
control
control
control

control

control

control

control

control

control

Grain
Size
Bin

55

55
55
55

55
55
55
55
55
55
55

55

55

55
50

50

Rock

g B W N B 00

Buoyant
Weight

1.53

2.15
2.15
1.86

2.76
2.76
1.64
0.47
2.29
0.84
1.27

2.71

2.05

1.60
1.71

1.28

B-axis
(mm)

56.05

63.33
63.33
63.58

69.72
69.72
58.68
51.95
58.67
60.26
76.54

58.94

55.70

55.82
53.75

56.56

Notes

side rock liftsup ar 5
and drops at 7 sec,
picked peak force
after side rock drop
when nets when still
attached

pull starts at 3 sec.
side rock drops at 7
sec

back rock lifted and
dropped at 6 sec. peak
force picked after 6
sec

higher peak force too
late in time series
rotates to vert then
begins moving over
DSrock at 8 sec

takes route over
shorter less steep
rock

Difference
in Force

N)

0.10

0.48
0.48
0.08

0.04
0.04
0.71
-0.04
0.53
-0.03
0.13

0.51

0.10

0.00
-0.42

-0.37

Normalized
Difference

0.08

0.19
0.19
0.06

0.01
0.01
0.61
-0.10
0.23
-0.04
0.06

0.29

0.05

0.00
-0.20

-0.28

PHI (Friction
Angle) in
degrees
25.43

46.94
46.94
17.15

39.77
39.77
25.53
43.69
47.07
35.62
74.40

19.71

43.69

35.62
52.72

39.89
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Grain Buoyant Difference PHI (Friction

Rock B-axis R Normalized .
Block Flume Treatment Size Weight Notes in Force R Angle) in
i pull (mm) Difference
Bin N) (N) degrees
9 control 50 3 1.91 61.67 experiencing interference the whole time 25.53
9 control 50 4 1.27 55.71 rotates to vert then -0.13 -0.09 43.69

begins moving over
DS rock at 13 sec

3 9 control 50 5 1.86 51.32 -0.39 -0.31 13.43
3 9 control 50 6 1.08 57.05 -0.19 -0.15 47.07
3 9 control 50 7 0.73 44.88 drops lifted side rock -0.16 -0.22 35.62
at 6 sec
9 control 50 8 1.63 45.97 -0.04 -0.03 30.84
10 caddis + 50 1 1.23 59.70 rock pull starts at 9 0.39 0.27 48.92
front rock drops at 13
3 10 caddis + 50 2 2.49 60.49 takes route over -0.20 -0.09 29.84
shorter less steep
rock
3 10 caddis + 50 2 2.49 60.49 takes route over -0.20 -0.09 29.84
shorter less steep
rock
3 10 caddis + 50 2 2.49 60.49 takes route over -0.20 -0.09 29.84
shorter less steep
rock
3 10 caddis + 50 2 2.49 60.49 takes route over -0.20 -0.09 29.84
shorter less steep
rock
10 caddis + 50 3 1.51 62.15 0.17 0.14 24.65
10 caddis + 50 3 1.51 62.15 0.17 0.14 24.65
3 10 caddis + 50 4 1.37 51.06 lifted frontrock drops  0.07 0.06 24.65
at 9 seconds
3 10 caddis + 50 5 1.14 45.24 lifted back rock drops ~ 0.12 0.10 42.54
at 6 sec
3 10 caddis + 50 5 1.14 45.24 lifted back rock drops  0.12 0.10 42.54

at 6 sec



Block

w W w w w

A DB B B D DB

A A B~ b

Flume

10
10
10
10
10

[ = T T = N Sy SR SN

NN R e

Treatment

caddis +
caddis +
caddis +
caddis +

caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

caddis +

caddis +

caddis +

caddis +

caddis +
caddis +
control

control

Grain
Size
Bin

50

50

50

50

50

60
60
60
60
60
60
60
60
60

60

60

60

60
60
60
60

© 0O N o o

13, T S S O O SR N S SN

N B 00 N

Buoyant
Weight
(Ml

1.18

1.18
1.97
0.00
0.65

1.89
1.89
1.46
0.94
2.29
2.29
2.29
2.29
2.34

2.34
2.34
1.60

1.64
1.82
1.65
1.52

r 3X

(mm)

42.16
42.16
62.34

51.95

67.66
67.66
59.73
64.99
67.37
67.37
67.37
67.37
67.60

67.60

67.60

58.98

58.88
66.25
61.10
74.90

Notes

pull starts at 6 sec.
front rock begins to
liftat 8 and drops at
14 sec

lifted back rock drops
at 21 sec

lifted back rock drops
at 21 sec

lifted back rock drops
at 21 sec

lifted side rocks drop
at 5 sec

starts lifting at 5 sec.
stops pushing side
rock at 12 sec

Difference
in Force

N

0.05
0.05
0.01
#DIV/0!
0.33

-0.08
-0.08

0.85
0.85
0.85
0.85
0.44

0.44
0.44
0.46

0.38
0.24
-0.01
0.35

Normalized
Difference

0.04
0.04
0.01
#DIV/0!
0.53

-0.05
-0.05

0.44
0.44
0.44
0.44
0.24

0.24
0.24
0.40

0.41
0.19
0.00
0.33

PHI (Friction
Angle) in
degrees

34.54

34.54

54.01

34.54

34.81
34.81

34.92
34.92
34.92
34.92
31.70

31.70
31.70
25.57

13.77
24.91
59.27
25.32



Block

S~ bbb

L

Flume

w W w w

A B W

Treatment

control

control

control

control

control

control

control

control
control
control
control

control

control

control

caddis +
caddis +
caddis +

Grain

Bin

60
60

60

60

60

60

50

50
50
50
50

50

50
50
50
50

Rork

a b w N

N N )

Bu’yant
Weight
(N1

1.38

1.73

1.41

2.76

2.02
2.50

0.92

1.36
1.60
1.80
0.53

1.97
0.19

0.76
1.77
1.77
1.77

R.avjc
(mm)
54.93
67.63

52.85

84.91

69.25

50.32

49.66

49.56
54.11
55.49
59.60

57.17
51.50

53.31
59.78
59.78
59.78

Notes

lifted back rock drops
at 14 sec

nose is extra heavy
causing back end to
rotate up; higher peak
force too late in time
series

side rock drops at 17
sec

lifted side and back
rock drops at 12 and
17 sec respectively
slides against side
rock. Pull rock shifts
at 10 sec

lifted side rock drops
at 15 sec

lifted back rock drops
at 14 sec

side rock drops at 11
sec

Difference
in Force

Q)

-0.07
0.20

0.09

0.24

0.13

-0.17

0.10

0.27
-0.15
0.30
0.19

0.49

Normalized
Difference

-0.07
0.15

0.11

-0.09

0.11

0.24
-0.10
0.18
0.37 -

0.33

PHI (Friction
Angle) in
degrees

27.86

30.62

19.41

13.31

20.84

25.32

33.61

24.61
34.49
33.49
35.78

19.82

pull starts at 8 but is snug in pocket Leaves pocketat 11, po

error in weight

-0.06
0.22
0.22
0.22

-0.12
0.16
0.16
0.16

12.20
21.23
21.23
21.23

31.24
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Block

L S S N T . > T Y > - SN N SN

S~ b M D

Flume

(S R T T T T S T SR -

[S2 &2 NS ) BN &2 B¢ |

Treatment

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

caddis +

caddis +

caddis +

caddis +
caddis +
caddis +
caddis +
caddis +

caddis +

caddis +

Grain
Size
Bin

50
50
50
50
50
50
50
50
50
50
50
50
50
50
30

30

30

30
30
30
30
30

30

30

Roc

P 00 ~N o O o B B W WRNONN R R R

g » b M b

Buoyant
Weight

(N)
1.77

1.77
1.77
1.02
1.02
1.50
1.50
1.65
1.65
0.84
0.84
0.92
1.00
1.70
0.30

0.47
0.66

0.30
0.30
0.30
0.30
0.23

0.23

0.22

B-axis
(mm]
59.78
59.78
59.78
59.30
59.30
40.49
40.49
57.13
57.13
43.75
43.75
44.14
59.66
55.75
28.79

36.90
32.31

32.08
32.08
32.08
32.08
28.45

28.45

35.85

Notes

too merky to see in
vid
too merky to see in
vid
too murky to see in
vid

lifted side and back
rock drop at 9 sec
lifted side and back
rock drop at 9 sec

Difference

n 20 rce
(NJ

0.22
0.22
0.22
0.24
0.24
-0.03
-0.03
0.62
0.62
0.03
0.03

0.00
0.00
0.02

-0.06
0.17

0.21
0.21
0.21
0.21
0.05

0.05

0.07

Normalized
Difference

0.16

0.16

0.16

0.25

0.25

-0.03

-0.03

0.56

0.56

0.05

0.05

#DIV/0!

#DI1V/0!

#DIV/0!

0.10

-0.15

0.31

0.95
0.95
0.95
0.95
0.26

0.26

0.46

PHI (Friction

28
21.23
21.23
21.23
34.44
34.44
22.45
22.45
12.20
12.20
17.15
17.15

24.00
24.52
23.39

16.08
16.08
16.08
16.08
25.32

25.32

16.76
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Block

O O O N N

Flume

[S2 S 2 NG 2 BN & 2 B4

Treatment

caddis +
caddis +
caddis +
caddis +

caddis +

caddis +

caddis +

caddis +

caddis +

caddis +

caddis +

caddis +

caddis +

control

30

30

30

30

30

30

30

30

30

~N o o o o

Buoyant
Weight
fN)

0.22

0.22
0.22
0.22
0.48

0.48

0.48

0.48

0.48

0.48

0.48

0.26
0.26

0.50

B-axi:

(mm

35.85
35.85
35.85
35.85
38.97

38.97

38.97

38.97

38.97

38.97

38.97

32.82
32.82

47.40

Notes

rock attached by net
is lifted during rock
pull

rock attached by net
is lifted during rock
pull

rock attached by net
is lifted during rock
pull

rock attached by net
is lifted during rock
pull

rock attached by net
is lifted during rock
pull

rock attached by net
is lifted during rock
pull

rock attached by net
is lifted during rock
pull

side rock drops at 13
sec

side rock drops at 13
sec

backside rotates up

Difference

'\FI\"IJrce
0.07
0.07
0.07
0.07
0.35

0.35
0.35
0.37
0.37
0.37
0.37

0.14
0.14

-0.02

‘Normalizéd
Difference

0.46
0.46
0.46
0.46
0.88

0.88

0.88

1.01

1.01

1.01

1.01

0.69

0.69

-0.04

PHI (Friction

AE9 s
16.76
16.76
16.76
16.76
24.61

24.61
24.61
20.47
20.47
20.47
20.47

19.82
19.82

23.39
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Block

O O N O

Flume

N N NN

Treatment

control

control

control

control

control
control
control

control

caddis +
caddis +
caddis +
caddis +
caddis +

caddis +

caddis +

caddis +

30

30

30

30
30
30

30

55
55
55
55
55

55

55

55

w NN P

Buoyant
Weight

(N)
0.55

0.38

0.48

0.37

0.00
0.35
0.49

0.65

1.01
1.01
2.04
2.04
1.73

1.69
1.69

1.69

B-axis
(mm)

46.24

30.52

36.72

34.32

fail
46.49
32.28

46.55

52.59
52.59
62.90
62.90
54.19

56.18
56.18

56.18

Notes

wire taut at 6 sec rock
lifts over 1st ds rock
at 15 sec

backside rotates up.
tire taut at 6 sec rock
lifts over 1st ds rock
at 14 sec

back and side
interference

possible net break on
control rock at 3 sec.
picked peak after,
backside rotates up

wire taut at 6 side
rocks drop at 9 and 12
rock edge stuck going
over ds rock at end of
pull

pull starts at 7, side
rock drops at 13 sec
back rock drops at 8
sec
back rock drops at 8
sec
back rock drops at 8
ser

Difference
in Force
(N)

0.06

0.05

-0.01

HHBHBH
-0.02
0.15

0.10

0.21
0.21
0.15
0.15
0.24

0.24
0.24

0.24

Normalized
Difference

0.13

0.15

0.35

-0.04

HHHHBH
-0.07
0.43

0.19

0.35
0.35
0.08
0.08
0.21

0.18

0.18

0.18

PHI (Friction
Angle) in
degrees

27.35

26.77

16.05

26.11

16.08
16.08

23.39

8.20
8.20
31.92
31.92
12.76

19.82
19.82

19.82
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Block

B N L T i s

Flume

Treatment Size
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55
caddis + 55

Grain

Bin

5

© ©OW ©O© ©W ©W ©O© 0O

Bu°yant R.axjc
Welght

N)
1.39

1.39
1.39
1.39
1.39

1.36

1.36
1.36
1.36

1.83

1.40
1.40
1.21
1.21
1.21
1.21
1.21
1.21

(ram)
57.36

57.36
57.36
57.36
57.36

52.92

52.92
52.92
52.92

53.69

53.22
53.22
66.82
66.82
66.82
66.82
66.82
66.82

Notes

side and back rocks
drops at 8 sec
side and back rocks
drops at 8 sec
side and back rocks
drops at 8 sec
side and back rocks
drops at 8 sec
side and back rocks
drops at 8 sec
goes over side rock;
looks vertical, nose

may have gotten stuck

on front rock

goes over side rock
looks vertical

goes over side rock
looks vertical

goes over side rock
looks vertical

pull starts at 7 sec
back rock lifts at 12
drops at 18 sec

Difference
in Force

0.18

0.18

0.18

0.18

0.18

2.00

2.00

2.00

2.00

0.01

0.48
0.48
0.34
0.34
0.34
0.34
0.34
0.34

Normalized
Difference

0.19
0.19
0.19
0.19
0.19

1.49

1.49
1.49
1.49

0.01

0.36
0.36
0.23
0.23
0.23
0.23
0.23
0.23

PHI (Friction
Agle) in

degrees

13.31

13.31

13.31

13.31

13.31

36.34

36.34

36.34

36.34

25.24

33.57
33.57
51.00
51.00
51.00
51.00
51.00
51.00
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Block

S~ A b N

Flume

o N~ o~

Treatment

caddis +
caddis +
caddis +
control

control

control

control

control
control

control
control

control

Grain
Size
Bin

55
55
55
55

55

55

55

55
55

55
55

55

Ro

= © O ©

Buoyant
Weight

00
1.21

1.21
1.21
1.79

1.71

1.78

1.63

HH#H#H
0.78

HH#H#H
1.24

1.36

B-axis
(mm)

66.82
66.82
66.82
61.46

60.28

70.08

59.35

fail
54.58

fail
64.85

53.82

Notes

starts lifting side rock
at 7 seconds, moves
rock out of the way
and stops at 12.
picked a peak force
before this

side rock drops at 13
sec, peak force at end
is from going over
2nd rock ds of origin,
too late in time series
side rock drops at 6
sec, peak force at end
is from going over
2nd rock ds of origin
too late in time series
side rock drops at 9
sec

side rocks drop at 6
sec

interference from side
rocks stops at 11 sec
wedged underneath
back rock causing
interference before 10
sec

Difference
in Force

(N)
0.34
0.34
0.34
0.13

-0.26

-0.01

0.00

HH#H#H
0.16

HAHHBH
0.01

0.15

Normalized
Difference

0.23
0.23
0.23
0.09

-0.18

0.00

0.00

HH#H#H
0.28

HH#H#H
0.01

0.15

PHI (Friction
Angle) in
degrees

51.00

51.00

51.00

27.93

36.26

23.12

25.32

28.78

19.82

26.77
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Block

Flume

10

10

10

10

Treatment

control
control
control

control
control
control

control
control

control
caddis +

caddis +

caddis +

caddis +

Grain
Size
Bin
55
40
40

40
40
40

40
40

40
40

40

40

40

Buoyant
Weight
CN)
1.86
1.13
0.96

0.90
0.71
0.54

1.25
0.63

0.64
0.66

0.66

0.66

0.66

B-axis
(mm)

60.33
49.40
44.19

43.54
47.91
41.02

47.34
50.84

46.32
43.22

43.22

43.22

43.22

Notes

side and front rock in
way from beginning of
liftat 7 sec to 11 sec

pushed small rock in
front out of the way at
6 to 9 sec

gets stuck on front
rock

rock pull begins at 8
sec. side rock drops at
10 sec. out of pocket
at 15

rock pull begins at 8
sec. side rock drops at
10 sec. out of pocket
at 16

rock pull begins at 8
sec. side rock drops at
10 sec. out of pocket
at 17

rock pull begins at 8
sec. side rock drops at
10 sec. out of pocket
at 18

Difference
in Force

N

0.40
0.09
-0.01

-0.01
0.01
-0.17

-0.13
0.01

0.01
0.06

0.06

0.06

0.06

Normalized
Difference

0.31
0.10
-0.02

-0.01
0.01
-0.31

-0.12
0.02

0.02
0.11

0.11

0.11

0.11

PHI (Friction
Angle) in
degrees

24.00

25.32

23.39

16.08
26.36
39.63

26.77
30.60

30.60
27.93

27.93

27.93

27.93



Block Flume Treatment
10 caddis +
10 caddis +
10 raddis +
10 caddis +
10 caddis +
10 caddis +
4 10 caddis +
4 10 caddis +
4 10 caddis +
4 10 caddis +
4 10 caddis +
4 10 caddis +
4 10 caddis +
4 10 caddis +
4 10 caddis +
4 10 caddis +

Grain
Size

Bin
40

40

40

40

40
40

40
40
40
40

40
40
40
40
40
40

NN NN NN

Buoyant
Weight
NI

0.47

0.47

0.67

0.39
1.24

1.24
1.24
1.24
0.54

2.08
2.08
2.08
2.08
2.08
2.08

- 3X
<mm)

40.19

40.19

49.69

49.69

40.82
48.08

48.08

48.08

48.08

37.87

49.16
49.16
49.16
49.16
49.16
49.16

Notes

pull starts at 6 sec.
side rock drops at 8
sec

pull starts at 6 sec.
side rock drops at 8
sec

pull starts at 2 sec
toggles side rock at 3

sec and back rock at 5

sec
pull starts at 2 sec
toggles side rock at 3

sec and back rock at 5

sec

side rock drops at 3
sec

side rock drops at 3
sec

side rock drops at 3
sec

side rock drops at 3
sec

higher peak force
after rock left pocket

Difference
m Eorce

"1

-0.03

-0.03

0.05

0.05

0.03
0.02

0.02

0.02

0.02

-0.02

0.59
0.59
0.59
0.59
0.59
0.59

-0.09

0.10

0.12
0.02

0.02

0.02

0.02

-0.05

0.34
0.34
0.34
0.34
0.34
0.34

PHI (Friction
b4 ’ ™
Angle) in

noorooc

26.52
26.52

19.82

19.82

12.20
19.82

19.82
19.82
19.82
26.77

25.42
25.42
25.42
25.42
25.42
25.42
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Block

[S2 42 BNS 2 BN &2 BEN &2 BENE - A —

Flume

10
10
10
10
10
10
10
10

N e )

Treatment Size
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 50
caddis + 50
caddis + 50
caddis + 50
caddis + 50
caddis + 50
caddis + 50
caddis + 50
caddis + 50
caddis + 50

Grain

Bin

W N N N b, 00 0 0 0 0 0 ~N

Buoyant
Weight
no

2.08

2.08
0.80
0.80
0.80
0.80
0.80
0.80
0.63
1.16
1.16
1.16
2.34

2.34

2.34

2.34

1.30

1.30

R

r aXf
(mm)

49.16
49.16
46.31
46.31
46.31
46.31
46.31
46.31
53.33
55.07
55.07
55.07
56.55

56.55

56.55

56.55

47.15

47.15

Notes

pull starts at 8 sec
back rock drops at 12
sec

pull starts at 8 sec
back rock drops at 12
sec

pull starts at 8 sec
back rock drops at 12
sec

pull starts at 8 sec
back rock drops at 12
sec

pull starts at 6 sec
back rock lifts at 8
drops at 16 sec

pull starts at 6 sec
back rock lifts at 8
drops at 16 sec

Difference
in Force

N

0.59
0.59
0.39
0.39
0.39
0.39
0.39
0.39
0.11
-0.02
-0.02
-0.02
-0.24

-0.24

-0.24

-0.24

0.27

0.27

Normalized
Difference

0.34
0.34
0.57
0.57
0.57
0.57
0.57
0.57
0.18
-0.02
-0.02
-0.02
-0.11

-0.11

-0.11

-0.11

0.20

0.20

PHI (Friction
Angle) in
degrees

25.42

25.42

27.93

27.93

27.93

27.93

27.93

27.93

31.37

30.84

30.84

30.84

30.60

30.60

30.60

30.60

38.93

38.93
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Block

(2 TS BN @ 2 BN @ BNG 2 BNN@ 2 BN @ 2 RN G2 BN 1 BENNG A BN 6 BN |

Flume

T I S e N N

Treatment

caddis

caddis

caddis

caddis

caddis

caddis

caddis
caddis
caddis
caddis
caddis
caddis
caddis
caddis
caddis
caddis
caddis
caddis

+

+

+

+

+

+ 0+ 4+ 4+ o+ o+ o+ o+ o+ + + o+

Grain
Size
Bin

50

50

50

50

50

50

50
50
50
50
50
50
50
50
50
50
50
50

N NN NN N OO o0 o0 OO

Buoyant
Weight

(N)
1.30

1.30

1.43

1.43

1.43

1.43

1.42
1.42
1.42
1.42
1.42
1.42
1.28
1.28
1.28
1.28
1.28
1.28

B-axi
(mm

47.15

47.15

52.34

52.34

52.34

52.34

52.09
52.09
52.09
52.09
52.09
52.09
55.42
55.42
55.42
55.42
55.42
55.42

pull starts at 6 sec
back rock lifts at 8
drops at 16 sec

pull starts at 6 sec
back rock lifts at 8
drops at 16 sec

pull starts at 8 sec
overlapping side rock
rubs until 14 sec

pull starts at 8 sec
overlapping side rock
rubs until 14 sec

pull starts at 8 sec
overlapping side rock
rubs until 14 sec

pull starts at 8 sec
overlapping side rock
rubs until 14 sec
rotates to vertical

rotates to vertical
rotates to vertical
rotates to vertical
rotates to vertical
rotates to vertical

0.27

0.27

0.15
0.15
0.15
0.15
0.15
0.15
0.05
0.05
0.05
0.05
0.05
0.05

0.20

0.20

0.13

0.12
0.12
0.12
0.12
0.12
0.12
0.04
0.04
0.04
0.04
0.04
0.04

38.93

38.93

36.34

36.34

36.34

36.34

30.84
30.84
30.84
30.84
30.84
30.84
34.07
34.07
34.07
34.07
34.07
34.07
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Block

Flume

Treatment

caddis +
caddis +
caddis +

caddis +

caddis +

control

control
control
control

control

control
control

control

Grain
R Rock

Size ull
Bin P

50 7

50

50 8

50 8

50 8

50 1

50

50

50

50 5

50 6

50 7

50 8

Buoyant
Weight

(N)
1.28

1.28
0.71

0.71

0.71

0.82

1.67
1.39
1.18

0.85

1.77
1.30

B-axis
(mm)

55.42
55.42
47.40

47.40

47.40

54.50

55.23
59.80
54.35

56.04

66.56

50.52

52.40

Notes

pull starts at 4 sec pull
rock nose stuck on
front side rock that
drops at 14 sec,

pull starts at 4 sec pull
rock nose stuck on
front side rock that
drops at 14 sec,

pull starts at 4 sec pull
rock nose stuck on
front side rock that
drops at 14 sec,

pull starts at 2, front
rock drops at 12, 2
back rocks drop at 15

pull starts at 3, back
rocks drop at 7, front
rock drops at 12

pull starts at 3 sec.
side rock drops at 8
sec

pull starts at 3 sec.
nose stuck on front
rock and back side
rotating up until 12
sec

Difference
in Force

(N)
0.05

0.05
0.03

0.03

0.03

0.09

-0.43
0.94
-0.12

-0.04

-0.17
-0.27

-0.10

Normalized
Difference

0.04
0.04
0.05

0.05

0.05

0.12

-0.25
0.90
-0.11

-0.04

-0.11
-0.19

-0.09

PHI (Friction
Angle) in
degrees

34.07

34.07

33.57

33.57

33.57

30.70

39.05
19.54
30.60

40.91

28.60
41.45

36.54
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Block

o o o0 oo o

o o1 o0 o0 o0 o

o o0 o0 o

Flume

W W W W w w

A B B B DM

A A B

Treatment 28"
Bin
control 40
control 40
control 40
control 40
control 40
control 40
control 40
control 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40
caddis + 40

Rock

~N o o B~ wN

w N NN R R

~N o o b

Weight

0.65

0.90
0.99
0.65
0.54
0.71
0.93

0.58

0.64
0.64
0.64
0.64
0.64
0.37

0.72
0.46
0.58
0.64

B-axis
(mm)

40.54

49.76
46.38
46.47
43.49
42.81
52.71

45.22

35.45
35.45
41.41
41.41
41.41
46.72

39.32
41.51
51.21
42.04

Notes

picked initial peak
force because rock
gets stuck and turns
on side during pull

picked initial peak
because nose gets
stuck on ds rock and

is yanked out as it
rotates to vertical
during pull

pushing ds rock out of
the way from 5 to 16
sec

pull starts at 5 sec.
nose stuck on ds rock
moves at 15 sec

Difference
in Force

N

-0.12

0.00

-0.16
-0.11
-0.06

-0.07

0.03
0.03
0.10
0.10
0.10
0.09

-0.01
0.01
0.46
0.25

Normalized
Difference

-0.16

0.00

-0.33
-0.18
-0.08

-0.13

0.06
0.06
0.17
0.17
0.17
0.29

-0.01
0.03
0.93
0.54

PHI (Friction
Angle) in
degrees

45.89

31.69

30.60
28.60
23.12

37.49

19.54
19.54
31.69
31.69
31.69
28.60

22.13
35.36
26.52
16.13
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Block

o oo oo oo ool o1 o1 o1 Ol

Flume

B S s T S T S S S~ A S -

Treatment

cadais +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

caddis +

caddis +

caddis +

caddis +

caddis +

Grain
Size
Bin

40
40
40
40
40
40
40
40
40
40
40
40
40

40

40

40

40

40

Ro

©W 0O 0O 0 O 00 0 00 ~N ~N ~N ~N N

Buoyant
Weight

(N)
0.64

0.64
0.64
0.64
0.64
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.66

0.66

0.66

0.66

0.66

B-axis
(mm)
42.04
42.04
42.04
42.04
42.04
43.55
43.55
43.55
43.55
43.55
43.55
43.55
38.65

38.65

38.65

38.65

38.65

38.65

Notes

pull starts
side rocks
sec
pull starts
side rocks
sec
pull starts
side rocks
sec
pull starts
side rocks
sec
pull starts
side rocks
sec
pull starts
side rocks
sec

at 5 sec.
moves at 6

at 5 sec.
moves at 6

at 5 sec.
moves at 6

at 5 sec.
moves at 6

at 5 sec.
moves at 6

at 5 sec.
moves at 6

Difference
in Force

(N)
0.25
0.25
0.25
0.25
0.25
-0.02
-0.03
-0.03
-0.03
-0.03
-0.03
-0.03
0.37

0.37

0.37

0.37

0.37

0.37

Normalized
Difference

0.54
0.54
H.54
0.54
0.54
-0.05
-0.06
-0.06
-0.06
-0.06
-0.06
-0.06
0.67

0.67

0.67

0.67

0.67

PHI (Friction
Angle) in
degrees

16.13

16.13

16.13

16.13

16.13

36.34

37.29

37.29

37.29

37.29

37.29

37.29

25.32

25.32

25.32

25.32

25.32

25.32

115



Block Flume

g o1 o0 oo

g o1 o1 oo

Treatment

caddis +

control

control
control
control
control
control

control

control

G

Bin

40

55

55
55
55
55
55

55

55

Rock

o g B~ W N

I Lo -f)
‘Weig

0.66

0.36

1.52
1.08
1.02
1.14
1.00

1.36

1.42

B axis
(mm]

38.65

44.10

66.34
65.50
59.44
60.78
47.34

63.05

66.53

Notes

pull starts at 5 sec
side rocks moves at 6
sec

rock pull starts at 4
side rock drops at
start of pull

pull starts at 10 sec,
nosed drops front
rock at 18 sec.

pull starts at 7 sec
back rock drops at 14
sec

pull starts at 5 sec,
gets snagged on side
rock until 11

Difference
in Force

N

0.37

0.01

0.28
-0.30
-0.21
0.00
-0.15

0.16

0.05

Normalized
Difference

0.67

0.04

0.29
-0.26
-0.22
0.01
-0.18

0.04

PHI (Friction
Angle] in
degrees

25.32

40.49

19.54
51.77
41.81
29.34
34.58

34.44

26.04



Appendix 3. Difference in Force
(Measured-FP)

Grain
Treatment

30
40
50
55
60
All

16
21
21
24
16
98

Control
Mean SDt:v.
0.03 0.06
0.08 0.09
0.08 0.25
0.10 0.25
0.15 0.28
0.02 0.22

Std
Error

0.02
0.02
0.05
0.05
0.07
0.02

16
25
21
17
14
93

Caddisfly
Mean SDt:V.
0.10 0.10
0.15 0.18
0.12 0.19
0.35 0.47
0.39 0.29
0.21 0.29

Std
Error

0.03
0.04
0.04
0.11
0.08
0.03

Difference

0.07
0.23
0.20
0.25
0.24
0.19

T-Test
Std Error of Degrees of
Difference Freedom
0.03 30
0.04 44
0.07 40
0.11 39
0.10 28
0.04 189

Prob >
It]
0.0109*

<.0001*
0.0061*
0.0171*
0.0139*
<.0001*



Appendix 4. Net Measurements

Block

N NN NN

N DD NN N DNDDN

W W W W W wWwwwNDDNDDNDDNDDN

Flume

10
10
10
10
10

10
10
10
10
10
10
10

10
10
10
10

=
o

[ = T = T = T = =

Treatment

caddis +
caddis +
caddis +
caddis +
caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

caddis +

Grain
Size
Bin

30
30
30
30
30

30
30
30
30
30
30
30

30
30
30
30
30
60
60
60
60
60
60
60
60

W N P R e

o oo o o o~ b

o o1 oA W W N R © 00NN N

Buoyant
Weight

0.41
0.41
0.41
0.40
0.26

0.48
0.48
0.35
0.29
0.29
0.29
0.29

0.31
0.31
0.31
0.75
0.45
1.45
2.88
2.97
2.97
2.10
3.06
3.06
2.68

Net area
(mmA2)

52.30
55.65
48.64
28.16
44.72

55.92
44.67

22.40
23.89
34.50

17.23
84.71
84.71

88.35
97.28

51.74
87.99
16.47

Net orientation
(looking DS in
pull direction)

right
left

back
back
back

back left
left
bottom
left

left

left

left

right
left
left

right
back

back
back
back

Type of
observation

net break

net break

rock in the
way
net break

net break
net break
net break
net break

rock in the
way
net break

net break
net break

net break
net break

net break
net break
net break

Distance net
stretched
(mm)

10.00

0.80
20.20

20.60

1.80
2.40
0.60
0.90
0.50

1.30
5.50
0.50

1.60
13.20

0.80
2.70
1.10

Fon
du
stre

0.28

0.02
0.13

0.17

0.10
0.08
0.06
0.05
0.08

0.04
0.05
0.04

0.26
0.58

0.29
0.16
0.37

(
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Block

W W W W W W W W W W W W W W W wWw w w

w

W W W W w w w

Flume

W W W WRNRNNDNDDNDNDNNRNERRRR R [

w

W W W W w w w

Treatment

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
control
control
control
control
control
control
control
control
caddis +
caddis +
caddis +
caddis +

caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

Grain
Size
Bin
60
60
60
60
60
60
60
60
60
60
60
60
60
60
30
30
30
30

30

30
30
30
30
30
30
30

- O
€ 3
- X

W W N 0N 0w NP 0N OO O

w

o o0 o0 &~ b B b

Buoyant
Weight
(N)

2.68
2.68
2.68
2.68
1.24
1.22
1.61
1.67
2.76
2.30
1.84
2.46
2.28
1.20
0.43
0.45
0.40
0.40

0.40

0.20
0.20
0.20
0.20
0.25
0.25
0.25

B-axis
fmm)

64.55
64.55
64.55
64.55
62.05
63.74
63.10
74.44
60.38
65.80
62.50
68.36
70.44
65.14
35.43
33.89
35.21
35.21

35.21

27.37
27.37
27.37
27.37
35.20
35.20
35.20

Net are
(mmA2

7.28
14.63
35.38
HHHH#

21.10

2.13
2.59

2.59

3.04
14.63
12.73
38.66
5.29
2.44
2.73

Net orientation
(looking DS in
pull direction)

left
right
left
right

right

back
right

right

right
right
left

left

back
back
right

Type of
observation

net break
net break
net break
net break

net break

net break

thread
break
thread
break
net break

net break
net break
net break
net break
net break
net break

Distance net
stretched
(mm)

0.90
1.70
4.60
0.60

0.60

1.50
2.10

2.30

0.70
0.70
1.70
1.00
1.50
1.00
2.00

Force rise
during
stretching

NL_
0.22

0.33
0.27
0.20

0.35

0.11
0.16

0.04

0.05
0.10
0.02
0.07
0.04
0.02
0.02
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o OO OO OO OO W W

o

D OO OO OO OO

Grain Buoyant Net orientation Distance net
Treatment Size ROK We{ght B-axis  Netarea (looking DS in Type of stretched
gn Pl T T om (MMA) i direction)  OP%ervation Ty

caddis + 30 6 0.29 36.25 8.34 back net break 1.60

caddis + 30 6 0.29 36.25 5.60 left net break 4.60

caddis + 40 3 1.08 55.84 9.73 back net break 0.80

caddis + 40 3 1.08 55.84 9.16 left net break 0.60

caddis + 40 3 1.08 55.84 20.44 left net break 2.30

caddis + 40 4 0.56 41.44

caddis + 40 5 0.81 47.63 7.96 back thread 0.30
break

caddis + 40 5 0.81 47.63 3.76 back thread 1.20
break

caddis + 40 5 0.81 47.63 1.98 left net break 4.20

caddis + 40 5 0.81 47.63 7.80 back thread 1.00
break

caddis + 40 6 0.45 37.42

caddis + 40 7 0.57 43.41 10.90 right thread 5.60
break

caddis + 40 7 0.57 43.41 21.83 left net break 1.90

caddis + 40 7 0.57 43.41 22.21 right net break 2.60

caddis + 40 7 0.57 43.41 55.00 left net break 0.50

caddis + 40 8 0.64 41.47 20.46 right net break 0.50

caddis + 40 8 0.64 41.47 34.89 right net tear 2.90

caddis + 40 8 0.64 41.47 82.62 left net tear 0.50

caddis + 55 1 1.44 58.01

caddis + 55 2 1.44 58.21 57.41 right net break 2.60

caddis + 55 2 1.44 58.21 11.77 right net break 1.90

caddis + 55 3 1.39 51.46

caddis + 55 4 1.15 60.62

caddis + 55 5 1.53 56.05 72.06 back net break 1.20



Force rise

Grain Net orientation Distance net

Block Flume Treatment Size R‘l’j:‘ . ?r:;:)s ?'rstr;";‘;‘;‘ (looking DSin ob-gglg/eaggn stretched st(rjeutgﬁi%
Bin P pull direction) (mm) g
(N)____

3 7 caddis + 55 5 1.53 56.05 26.84 right net break 1.10 0.15

3 7 caddis + 55 6 2.15 63.33 24.38 left net break 0.70 0.29

3 7 caddis + 55 6 2.15 63.33 48.68 right net break 1.80 0.15

3 7 caddis + 55 7 1.86 63.58

3 7 caddis + 55 8 2.76 69.72 47.47 left net break 0.80 0.36

3 7 caddis + 55 8 2.76 69.72 38.90 right net break 3.30 0.10

3 10 caddis + 50 1 1.23 59.70

3 10 caddis + 50 2 2.49 60.49 6.42 right thread 0.20 0.12
break

3 10 caddis + 50 2 2.49 60.49 13.40 right net break 0.60 0.11

3 10 caddis + 50 2 2.49 60.49 29.59 left net tear 0.40 0.03

3 10 caddis + 50 2 2.49 60.49 29.59 left net break 0.80 0.30

3 10 caddis + 50 3 1.51 62.15 19.24 back thread 0.50 0.19
break

3 10 caddis + 50 3 1.51 62.15 19.24 back thread 1.20 0.12
break

10 caddis + 50 4 1.37 51.06 23.48 left net break 2.00 0.47
10 caddis + 50 5 1.14 4524 27.71 back thread 1.40 0.05

break

3 10 caddis + 50 5 1.14 45.24 3.35 back thread 0.20 0.07
break

3 10 caddis + 50 6 1.18 42.16 22.41 right net break 0.60 0.12

3 10 caddis + 50 6 1.18 42.16 35.08 right net break 10.90 0.19

3 10 caddis + 50 7 1.97 62.34

3 10 caddis + 50 8 0.00

3 10 caddis + 50 9 0.65 51.95

4 1 caddis + 60 1 1.89 67.66 24.75 back net break 1,80 0,07

4 1 caddis + 60 1 1.89 67.66 57.89 back left net break 0.30 0.17

4 1 caddis + 60 2 1.46 59.73



Block

A A B B B b

E R T

Flume

[

R T

Treatment

caddis +

caddis +
caddis +
caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

+

caddis

caddis +

caddis +

caddis +
caddis +

Grain
Size
Bin
60
60

60

60

60
60
60
60
60
60

60
50
50
50
50
50

50

50

50

50
50

Rock

~N oo o oo b

N = = = -]

Buoyant
Weight

(N)

0.94
2.29

2.29

2.29

2.29
2.34
2.34
2.34
1.60
1.64

1.82
1.77
1.77
1.77
1.77
1.77

1.77

1.02

1.02

1.50
1.50

B-axis
(mm)

64.99
67.37

67.37
67.37

67.37
67.60
67.60
67.60
58.98
58.88

66.25
59.78
59.78
59.78
59.78
59.78

59.78
59.30
59.30

40.49
40.49

Net area
(mmA2)

37.16
37.16
37.16

37.16
29.34
62.60
26.93
88.51
47.22

23.15
91.10
26.50
10.57
80.11
3.11

3.01
5.56
5.56

HH#HH
26.49

Net orientation
(looking DS in
pull direction)

back
back
back

back

front
front
back

back

left

left
left
left
right
right
back

back
back left
back left

back
back

Type of
observation

thread
break
thread
break
thread
break
net break

net break
net break
thread
break
net break
net break
net break
net break
net break
thread
break
thread
break
thread
break
thread
break
thread break
thread
break

Distance net
stretched
(mm)
0.40
1.10

3.20

2.70

1.80
2.80
1.10

3.10
0.70
0.60
1.80
0.90
2.10

0.40

1.50

1.00

Force rise
during
stretching

0.18

0.56

0.79

0.80

0.28
1.40
0.11

0.20
0.12
0.14
0.15
0.14
0.39

0.22

0.18

0.11

0.02

(N)
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B R o
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Flume

e R T

ol o1 o1 o1 o1 o1 o1 O OOl o1 OO oo o1 oo Ol

Treatment

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

Grain
Size
Bin

50
50
50
50
50
50

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

Rock
pull

o N oo o1 o b~ BN

N NN NN oo oo oo oo DD DN WN R

Buoyant
Weight

(N)

1.65
1.65
0.84
0.84
0.92
1.00
1.70

0.30
0.47
0.66
0.30
0.30
0.30
0.30
0.23
0.23
0.22
0.22
0.22
0.22
0.22
0.48
0.48
0.48
0.48
0.48

B-axis
(mm)

57.13
57.13
43.75
43.75
44.14
59.66
55.75

28.79
36.90
32.31
32.08
32.08
32.08
32.08
28.45
28.45
35.85
35.85
35.85
35.85
35.85
38.97
38.97
38.97
38.97
38.97

Net are
(mm A2

15.16
8.97
HH#HH
HH#HH

HH#HH
3.98

10.69
11.19
24.25
24.25
23.49
27.17
37.08
9.23

24.07
5.12

24.07
21.08
21.08
25.77
14.34
25.77

Net orientation
(looking DS in
pull direction)

back left
back left
back left
back left

left
back

left

left

right
right

left

right
front
back
back right
back left
back right
back right
back right
back right
back
back right

Type of
observation

net break
net break
net tear

net break

net break

thread
break

net break
net break
net break
net break
net break
net break

net break
net break
net break
net break
net tear
net break
net tear
net tear
net tear

Distance net
stretched
(mm)

5.40
0.30
0.40
1.20

0.70
0.40

0.20
2.60
1.80
1.40
0.30
6.20

0.20
1.70
1.10
1.00
0.30
0.50
0.60
0.20
0.20

Force rise
during
stretching

0.09
0.15
0.05
0.03

0.12
0.11

0.04
0.10
0.07
0.03
0.08
0.10

0.02
0.03
0.02
0.02
0.05
0.02
0.16
0.04
0.05
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Grain Buoyant ) Net orientation Distance net
Flume Treatment Size Ro<|:|k We{qht B-axis '\btnf’]"raeza (looking DSin Type of stretched
Bn PY N) (mm)  (MMA) pull direction) observation (mm)
5 caddis + 30 7 0.48 38.97 14.34 back net break 0.40
5 caddis + 30 7 0.48 38.97 34.04
5 caddis + 30 8 0.26 32.82 38.13
5 caddis + 30 8 0.26 32.82 28.81 back left thread 0.50
break
caddis + 55 1 1.01 52.59 41.71 back left net tear 0.80
caddis + 55 1 1.01 52.59 41.71 back left net break 0.30
caddis + 55 2 2.04 62.90 7.42 back left net tear 3.60
caddis + 55 2 2.04 62.90 7.42 back left net break 4.40
caddis + 55 3 1.73 54.19 52.84 front
caddis + 55 4 1.69 56.18 20.80 left net break 0.30
caddis + 55 4 1.69 56.18 33.92 back net break 2.80
caddis + 55 4 1.69 56.18 35.29 front
caddis + 55 5 1.39 57.36 14.38 left net break 1.60
caddis + 55 5 1.39 57.36 16.50 left net break 1.80
caddis + 55 5 1.39 57.36 7.85 left thread 1.80
break
caddis + 55 5 1.39 57.36 26.94 right
caddis + 55 5 1.39 57.36 78.04 front
caddis + 55 6 1.36 52.92 56.79 right net break 1.90
caddis + 55 6 1.36 52.92 54.14 left net break 2.70
caddis + 55 6 1.36 52.92 56.79 right net break 0.60
caddis + 55 6 1.36 52.92 39.25 front
caddis + 55 7 1.83 53.69
caddis + 55 8 1.40 53.22 8.55 back thread 0.40
break
caddis + 55 8 1.40 53.22 87.67 right net break 0.70
caddis + 55 9 1.21 66.82 55.16 left net break 0.60



Block

T T s T T T I N~ -

N I N N T T =T T T L~ S

Flume

NN NN NN NN

[
o O o

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Treatment

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

Grain
Size
Bin
55
55
55
55
55
55
55
55
40
40
40

40
40
40
40
40
40
40
40
40
40
40
40
40
40
40

R B R, O © © © © © O ©

N N NN oo oo g0 w NN e

Buoyant
Weight

(N)

1.21
1.21
1.21
1.21
1.21
1.21
1.21
1.21
0.66
0.66
0.66

0.66
0.47
0.47
0.67
0.67
0.39
1.24
1.24
1.24
1.24
0.54
2.08
2.08
2.08
2.08

B-axis
(mm)

66.82
66.82
66.82
66.82
66.82
66.82
66.82
66.82
43.22
43.22
43.22

43.22
40.19
40.19
49.69
49.69
40.82
48.08
48.08
48.08
48.08
37.87
49.16
49.16
49.16
49.16

Net are
(mmA2

15.42
27.11
90.34
90.34
49.87
53.37
57.53
96.21
40.01
47.41
42.45

6.51

20.06
11.13
83.37
19.74
17.08
30.20
38.99
49.56
18.56
49.41
69.53
62.88
62.88
62.88

Net orientation
(looking DS in
pull direction)

left
back
left

left
right
right
front
right
back right
back left
back left

right
right
back left
right
front
right
back
left
right
back
right
right
back
back
back

Type of
observation

net break
net break
net tear

net break
net break
net break
net break
net break
net break
net break

thread
break

net break
net break
net break

net break
net break
net break

net break
net break
net tear
net tear
net break

Distance net
stretched
(mm)

0.80
1.30
1.70
1.10
1.40
0.50
5.30
3.70
0.80
0.30
0.20

0.30
0.20
1.40

2.70
0.40
2.00

9.30
4.60
2.70
0.70
1.50

Force rise
during
stretching

INL__

0.10
0.27
0.26
0.19
0.13
0.08
0.14
0.17
0.11
0.09
0.02

0.02
0.01
0.14

0.04
0.04
0.13

0.08
0.39
0.45
1.01
0.16
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o o oo o oo oo oo o oo oo oA BB DM DM BB

Flume

O O O O O O o o o o

Treatment

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

Grain
Size
Bin

40

40

40

40

40

40

40

40

40

40

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

50

Rock
pull

o oo oo BB B DWW W WDNDNDDNDNPE 0O 00 0 0 00 0 N N N N

Buoyant
Wkight
(N)

2.08
2.08
2.08
2.08
0.80
0.80
0.80
0.80
0.80
0.80
0.63
1.16
1.16
1.16
2.34
2.34
2.34
2.34
1.30
1.30
1.30
1.30
1.43
1.43
1.43
1.43
1.42

B-axis
(mm)

49.16
49.16
49.16
49.16
46.31
46.31
46.31
46.31
46.31
46.31
53.33
55.07
55.07
55.07
56.55
56.55
56.55
56.55
47.15
47.15
47.15
47.15
52.34
52.34
52.34
52.34
52.09

Net area
(mmA)

13.32
26.25
25.61
42.24
46.05
32.26
39.19
24.02
17.53
26.66

28.64
20.25
31.91
42.45
25.60

36.40
20.77
14.54
6.10
35.45
HHHHH
52.89
16.00
43.71
34.49

Net orientation
(looking DSin
pull direction)
right
front
left
back left
right
right
left
back right
front
left

left
left
back
back
back
bottom
front
right
back
left
front
right
left
back right
front
left

Type of

observation

net break
net break
net break

net break
net break

net break
net break
net break

net break

net break

net break
net break
net break

net break

Distance net
stretched
(mm)

1.6G
4.10
1.40

1.80
1.20

3.10
2.10
5.50

1.50

0.80

4.10
1.40
8.80

0.70



Block
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o
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Flume

N N a a

[ERN

W NN N NN NNNR R R PR B B b e

Treatment

caddis +

caddis +

caddis +
caddis +
caddis +
caddis +
caddis +

caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
control
control
control
control
control
control
control
control
control

Grain
Size
Bin

50

50

50
50
50
50
50

50

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
40

Rock
pul)

N N O O o O

~

B, 0 N o O Bh W N R, 00NN NN

Buoyant
Weight

(N)

1.42
1.42

1.42
1.42
1.42
1.29
1.29

1.29

1.29
1.29
1.29
1.29
1.29
0.71
0.71
0.71
0.82
1.67
1.39
1.18
0.85
1.77
1.30
1.13
0.65

B-axis
(mm)

52.09
52.09

52.09
52.09
52.09
55.42
55.42

55.42

55.42
55.42
55.42
55.42
55.42
47.40
47.40
47.40
54.50
55.23
59.80
54.35
56.04
66.56
50.52
52.40
40.54

Net are
(mmA2

39.10
29.13

65.08
5.09
8.54
29.01
28.68

28.68

28.68
61.08
58.32
57.57
35.65
26.51
8.41

Net orientation
(looking DS in
pull direction)

right

left

right
back
front
back
back

back

bottom
back
right
left
front
back
right
right

Distance net
stretched
(mm)

Type of
observation

ner break 0.30

thread 1.70
break
net break 4.70
thread 0.60
break
thread 4.70
break

net break 0.80
net break 2.40
net break 1.30

net break 2.70

Force rise
during
stretching

0.05
0.05

0.18
0.09

0.17
0.18
0.13

0.17

IN____
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Flume Treatment C;rig:an Rock Bwuz i):;ahntt Baxis  Netarea T%o%lgg tlfaﬂ'gl(i)r? Type of Dsl'i':z?ccﬁer&et
gin Pl IN) (mm)  (MMA2) pull direction) observation (mm)

3 control 40 2 0.90 49.76

3 control 40 3 0.99 46.38

3 control 40 4 0.65 46.47

3 control 40 5 0.54 43.49

3 control 40 6 0.71 42.81

3 control 40 7 0.93 52.71

3 control 40 8 0.58 45.22

4 caddis + 40 1 0.64 35.45 32.87 right .

4 caddis + 40 1 0.64 35.45 12.47 left net break 3.80

4 caddis + 40 2 0.64 41.41 35.13 right net break 1.40

4 caddis + 40 2 0.64 41.41 10.29 right

4 caddis + 40 2 0.64 41.41 4.95 front

4 caddis + 40 3 0.37 46.72

4 caddis + 40 4 0.72 39.32

4 caddis + 40 5 0.46 41.51 29.73 back net break 1.00

4 caddis + 40 6 0.58 51.21 3.92 back

4 caddis + 40 7 0.64 42.04 36.31 back net tear 1.60

4 caddis + 40 7 0.64 42.04 36.31 back net tear 2.10

4 caddis + 40 7 0.64 42.04 5.08 left net break 1.70

4 caddis + 40 7 0.64 42.04 5.08 left net break 4.30

4 caddis + 40 7 0.64 42.04 9.96 right

4 caddis + 40 7 0.64 42.04 2.59 left thread 1.30

break

4 caddis + 40 8 0.48 43.55 14.53 back net tear 0.40

4 caddis + 40 8 0.48 43.55 3.50 back left net tear 1.00

4 caddis + 40 8 0.48 43.55 68.26 back net break 2.20

4 caddis + 40 8 0.48 43.55 5.30 back left thread 3.20

break



Block

o o1 o oo oo ogral

Flume

L S A s

Treatment

caddis +

caddis +

caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +
caddis +

Grain
Size
Bin

40

40

40
40
40
40
40
40
40
40

Rock
pull

© © O O O © O o

Buoyant
Weight
(N)

0.48

0.48

0.48
0.66
0.66
0.66
0.66
0.66
0.66
0.66

43.55
38.65
38.65
38.65
38.65
38.65
38.65
38.65

Force rise

et (ST oot ORent g
(mmA2 pull direction) observation (mm) stretching
N

5.82 Dack left thread 0.80 0.03[ —
break

68.26 back thread 2.00 0.03
break

28.35 front

56.83 back net break 3.00 0.50

7.34 right net break 0.40 0.08

8.48 back net break 1.70 0.17

58.23 left net break 2.90 0.10

18.60 front

55.19 front

15.90 front
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