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ABSTRACT

DEVELOPING A PHYSICAL EFFECTIVENESS MONITORING PROTOCOL FOR AQUATIC ORGANISM PASSAGE

RESTORATION AT ROAD-STREAM CROSSINGS

Two US Forest Service draft monitoring protocols are used to assess the effectiveness of design channels
at road-stream crossings by comparing their physical channel dimensions to those in the natural
channel. The premise is that if the constructed channel dimensions are similar in gradient, length, and
channel type to those within a representative natural reach, the design will be effective at providing
geomorphic function, ecological continuity, and aquatic organism passage through the crossing for a
wide range of flows. Level Il physical monitoring is a time intensive, quantitative and statistically based
procedure for assessing effectiveness at selected sites. Level | physical monitoring is a less detailed,
rapid procedure limited to a few simple measurements and observations for assessing effectiveness at a
large number of sites.

The channel metrics measured and analyzed for level Il monitoring include channel width at three
different flow elevations, maximum flow depth, bank margin irregularity, bed irregularity, the coarse
fraction of the gradation, step geometry (height, length, particle size, width, residual pool depth), and
bank continuity. The channel metrics for level | monitoring include (fewer) channel width
measurements at two flow elevations, maximum flow depth, step geometry, the largest particles along
the channel bed, as well as qualitative assessments of bank margin irregularity and bank continuity.

In 2011 and 2012, the draft levels | and Il monitoring protocols were applied at 18 sites on six National
Forests throughout the US. Study objectives were to: 1) test and refine the field methods for collecting
data by the levels | and Il physical monitoring protocols; 2) find a meaningful way to combine the data

collected by levels | and Il into separate effectiveness evaluations by each protocol; and, 3) evaluate



whether the level | protocol can be used as a proxy for the level Il protocol. Where the two protocols
systematically differ, field data help distinguish why.

Study results for all objectives (combined) include: improved field methodologies, recommendations for
further development, and separate summary rubrics for the levels | and Il monitoring protocols. The
recommendations are of three categories; channel metrics/data collection, methods of scoring each
metric, and sample sizes. Some of most significant of those recommendations are described within the
following paragraphs.

Data collection methods might be improved to save time, increase the accuracy of protocol evaluations,
and facilitate agreement between the levels | and Il protocol evaluation results. The techniques by
which the level | bankfull stage and coarse fraction of the gradation metrics are collected should
incorporate level Il methods. Instructions for collecting level Il coarse fraction of the gradation data
should specify measuring all particles within the channel, including particles much larger than the
sampling frame. The level | method by which the representative reach is selected should incorporate a
basic longitudinal profile survey in which only the most prominent grade controls separating slope
segments are captured. Decreasing the allowable gradient difference between the level Il design
channel and representative reach might also improve accuracy. The method by which the levels | and Il
protocols compare channel units (or channel unit sequences) between the design and representative
reach should be equivalent, as should the rules by which slope segments and channel units are defined.
Finally, the channel metrics of low flow width and bed irregularity are inconsistent with the objectives of
physical effectiveness monitoring, in that they are aspects of habitat, rather than strong controls on
channel form. | suggest they be eliminated from the levels | and Il protocols.

The level Il summary rubric scores most metrics statistically by a Wilcoxon Rank-Sum test of medians.
For most metrics, the Wilcoxon Rank-Sum test appears to be a reasonable way to compare

representative reach and design zone data. For the metrics of bed and bank irregularity, however, a test



of distributions (e.g., Kolmogorov-Smirnov) is recommended instead. The coarse fraction of the
gradation metric would be more fairly assessed if the modes of the particle size (in phi units) were
compared instead of the medians. Doing so would allow the design and representative reach gradients
to be slightly different (as does the criteria for selecting a representative reach) without penalizing the
metric score.

In order to improve the accuracy of effectiveness evaluations and create better agreement between the
levels | and Il protocol results, the measured sample size, for several metrics, should be increased. More
steps should be measured within the representative reach so as to better establish the natural range of
variability to which design steps are compared. Where metrics currently collect only one measurement
per step, sample sizes should be increased to at least three. Data studies showed the level | sample size
of five for the channel metrics of bankfull and low flow widths was too small for adequately
approximating the level Il distribution. A sample size of nine performed better and is still practical. For
the channel metrics of width at low flow, half bankfull and bankfull stage, maximum depth, and bank
irregularity, the level Il sampling interval is set to collect a minimum of twenty measurements within the
representative reach or structure, whichever is shorter. Instead, to be consistent with how data are
analyzed, sampling intervals should be set to obtain the minimum statistically significant sample size
within the shortest channel unit or channel unit sequence. Further, it seems calculating the minimum
statistically significant sample and minimum sampling interval for each channel metric would both help
to avoid type two errors (whereby favorable evaluations are erroneously generated) and make the level
Il protocol more time efficient.

Because the protocols are not yet finalized, and some adjustments to both levels | and Il are likely to be
made, definitively determining whether the level | protocol is a reasonable proxy for the level Il protocol

is not yet possible. Should the suggested improvements which have resulted from this study be



incorporated, and more field testing at stream simulation, step-pool, and mobile bed channels is
conducted, the limitations of the level | protocol might be fairly evaluated.

The levels | and Il summary rubric tools created were used to evaluate twelve AOP road-stream crossing
designs. The performance of the levels | and Il summary rubrics were then assessed by the evaluation
results at those twelve sites. Levels | and Il generally seemed to provide effectiveness evaluations
which agreed with site observations, data, and photographs. Further, the summary rubrics facilitated
concurrent evaluation of the many channel dimensions which together affect the hydraulic conditions
experienced by aquatic organisms. In addition, the simple utility of the levels | and Il summary rubric
tools should encourage effectiveness monitoring and help restoration practitioners learn from their

mistakes, ultimately improving aquatic organism passage design methods and results.
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1 INTRODUCTION
1.1 THESIS ORGANIZATION AND OVERVIEW

The thesis is organized into sections based on standard scientific writing: Introduction, Objectives,
Methods, Results, Discussion and Conclusions. Within most sections, the text is further divided into
subsections which are defined by my three research objectives. It is important to remember that every
section is really just a small piece of the main project goal of developing a physical monitoring protocol
for assessing the effectiveness of channel designs at road-stream crossings. This goal is accomplished
through protocol field testing (collecting, analyzing and interpreting data) at selected sites. The end
product of this project are two separate field monitoring protocols (one more data and time intensive
than the other), and two corresponding methods for summarizing the field data to determine the
physical effectiveness of the channel design at the road-stream crossing. Although the field protocols
and summary methods are not yet finalized, they are better defined and are more robust than the drafts
with which | began. The most current versions (2013) are located in Appendices B, C, and E [Level Il
Draft Field Protocol, Level | Draft Field Protocol, and Summary Rubrics]. Finalized products which result
from this research can be utilized across the National Forest system, and on other lands managed for

aquatic ecosystem restoration.

1.2 BACKGROUND

1.2.1 HABITAT FRAGMENTATION, ROADS, AND RESTORATION

Habitat fragmentation is the subdivision of once continuous areas of habitat into smaller, discontinuous
patches. Dams are notorious for fragmenting basins and interrupting stream continuity, but roads are
the real culprits because of their frequency and ubiquity (Januchowski-Hartley et al., 2013). Road-
stream crossings fragment habitat when impassable (undersized and/or plugged) culverts divide river
basins into short isolated reaches (Jackson, 2003; Stream Simulation Working Group, 2008). If one

considers a typical scenario where a single road contours beneath a mountain ridge, the scale of the



problem becomes clear (. 1). The road potentially crosses every headwater stream within the basin.
Commonly, small watersheds have roads which contour across them at several elevations, so that a
single stream is crossed several times. Roads on National Forest lands are typically located on mountain
slopes within the headwaters of a basin because roads were built to access and remove timber growing
there.

Fragmentation is considered to be a threat to ecosystem integrity and species persistence globally
(Saunders et al., 1991). Studies comparing populations in fragmented and connected watersheds have
shown that fragmentation leads to reduced fish re-colonization, life history, and habitat diversity
(Dunham, et al., 1997), as well as determines fish species distribution and community composition (
Santucci et al., 2005; Catalano et al., 2007). The risk of species extinction increases when available
habitat and habitat complexity are decreased and genes are no longer shared between isolated
populations (Dunham et al., 1997; Jackson, 2003). Smaller populations are more vulnerable to
extinction due to chance disturbance events, genetic drift (Wofford et al., 2005), loss of resilience, and
inbreeding depression. Movement between habitat patches also helps ensure that recently vacated
habitat is utilized (Jackson, 2003).

Biological communities are affected directly and indirectly through alterations to their habitat. Road-
stream crossing structures can alter downstream habitat by impounding water, sediment, nutrients,
flora drift material, and wood (Andersson et al., 2000; Stanley and Doyle, 2002; Wipfli and Gregovich,
2002; Jackson, 2003; Freeman et al., 2007; Meyer et al., 2007; Wipfli et al., 2007). Sediment regimes
are affected when crossing structures cause chronic erosion or divert streams from their channels.
Multiple barriers amplify these effects by dividing streams into short reaches.

Addressing watershed fragmentation by removing or retro-fitting barrier culverts is recognized as one of
the most effective and cost-efficient means of restoring ecological integrity (Roni et al., 2002), out-

competing dam removal in a cost-benefit analysis (Januchowski-Hartley et al., 2013). Further,



addressing barrier culverts is more socially acceptable than removing dams because of the additional
social benefits dams provide (Januchowski-Hartley et al., 2013).

Prioritizing which road-stream crossing structures will be removed or improved is commonly necessary.
Factors which might affect prioritization are the cost, the extent and quality of upstream habitat, the
presence of threatened and endangered species, the presence of invasive species isolated by the
barrier, the risk of plugging, the age and condition of the structure and stakeholder interests (Hotchkiss
and Frei, 2007). Further, the assessment should optimize ecological continuity by considering all
crossings within the watershed together (Kemp and O’Hanley, 2010). Some prioritization procedures
have been published by the California Department of Fish and Game, the Oregon Department of Fish

and Wildlife, and the Washington Department of Fish and Wildlife (Hotchkiss and Frei, 2007).
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FIGURE 1: CONTOURING ROAD CROSSES MANY HEADWATER STREAMS

BROWN LINE IS THE ROAD AND THE BLUE LINES ARE STREAMS IN FIGURE 1



1.2.2 HEADWATER STREAMS

Headwater streams (springs, intermittent, zero, first and second order channels) account for most (70%-
80%) of the total stream kilometers within any watershed (Alan and Castillo, 2007; Freeman et al.,
2007), and about 70% of the stream channel length within the United states (Leopold et al., 1964).
Cumulatively, they provide more habitat area than large rivers (Stream Simulation Working Group,
2008).

Headwater streams are extremely diverse and unique habitats, even between adjacent streams within
the same watershed. They vary physically from swift flowing and steep to low gradient and swampy.
They are also highly variable chemically because of the strong influence local soil, geology, vegetation
and human activities have on their composition (Meyer et al., 2007). Biologically, headwater streams
are species rich because their catchments are small, allowing subtle environmental changes (natural and
anthropogenic) to greatly affect them. Within a single watershed, species composition can vary greatly

between individual headwater streams (e.g., macrocrustacean species) (Meyer et al., 2007).

Some species live in both the headwaters and the larger river downstream, while some species only
occur within small headwater springs and streams (e.g., certain crayfish, stoneflies and salamanders
(Freeman et al., 2007). In Oregon, sampled springs and seeps included 106 species, 92% of which were
exclusive to the springs (Anderson and Anderson, 1995). Species use the headwater streams seasonally
or only during different life stages. For example, within the Sierra Nevada mountains of California,
spawning is observed within intermittent tributaries that flow for less than half the year (Erman and
Hawthorne, 1976). In Oregon, a study of coastal streams showed that 11-21% of adult coho salmon
populations spawn in intermittent streams (Wigington et al., 2006). Dieterich and Anderson (2000) have

shown headwater intermittent streams may actually host more species than perennial streams.



Strong linkages exist between headwaters and adjacent ecosystems. Emergent aquatic insects feed
birds, bats and spiders in the surrounding terrestrial ecosystem. Because headwaters are well coupled
with the surrounding terrain, they are not only a source of food, but also provide energy to downstream
ecosystems (Meyer et al., 2007). Biological activity within the headwaters affects the supply of nutrients
such as dissolved organic carbon, nitrogen, and phosphorous to downstream ecosystems (Meyer and
Wallace, 2001; Wiegner et al., 2005). In addition, headwaters provide habitat components like sediment
and in-stream wood to downstream portions of the river network. Finally, headwaters serve as

movement corridors through the landscape for many species.

1.2.3 MIGRATORY ORGANISMS AND BARRIERS

Movement is how animals acquire the essential resources necessary to complete their life-cycles
(Dingle, 1996). Migration can refer to several types of movement whereby animals travel just a short
distance, or a much greater length, daily, seasonally (round-trip), or to permanently re-locate (one-way)
(Dingle and Drake, 2007). Animals migrate along a river system for many reasons: spawning, foraging,
seeking refuge, and dispersing (Jackson, 2003). Upstream movement counters downstream migration,
thereby returning nutrients to the headwaters of the system (Jackson, 2003). For some organisms,
migration may simply be individual preference; for others, it is a matter of species survival (Dingle and
Drake, 2007). Barriers in the stream network restrict these movements. The life history of a species can
determine the effectiveness of a barrier in a particular location (Cote et al., 2009; USDA Forest Service,
2009); a blockage near a river mouth will affect a diadromous species (migrates between salt and
freshwater) more than a potadromous (migratory in freshwater) species (Freeman et al., 2007; Stream
Simulation Working Group, 2008).

Because they sustain an economically important fishery, salmonids are commonly used as examples of

organismes drastically impacted by barriers. Adult salmonids spend most of their lives in the ocean.



When they are ready to breed, they migrate up the rivers to spawn. The juveniles develop in the
headwater streams which have higher productivity, fewer predators and suitable substrates (Jackson,
2003; Stream Simulation Working Group, 2008). When they are large enough, they migrate
downstream to estuary and ocean habitats. Plugged or otherwise impassable culverts can prevent
adults from accessing their spawning habitat and juveniles from reaching the nutrient-rich oceans
crucial to their growth. Freeman et al. (2007) state that one of the many factors limiting coho and
steelhead productivity are culverts.

Although barriers to fish migration are now commonly assessed, other large aquatic animals also
migrate. For example, many salamanders move along a stream for reproduction. They use intermittent
headwater streams as adults, but lay their eggs in lower reaches with stable perennial flow (Jackson,
2003; Stream Simulation Working Group, 2008). Most US streams support species of aquatic
salamanders, many of which are vulnerable to movement barriers.

Other commonly affected animals that travel long distances are crayfish and soft-shell musk turtles.
Crayfish are dominant components of the Ozark and southern Appalachian mountains. They rival
aquatic insects in ecological importance. Some headwater populations of crayfish have been isolated so
long that they are now distinct species. Further fragmentation could endanger their already small
populations (Jackson, 2003). For long-lived species with low reproductive rates (i.e., turtles), barriers
can significantly undermine the viability of the population.

Some of the US species most vulnerable to blocked migration are freshwater mussels. Over 70% of the
297 species native to the US and Canada are endangered, threatened, or of special concern (Williams et
al., 1993). Mussel dispersal depends entirely on the presence and movement of fish or salamanders.
Larval stages of these mussels attach themselves to the gills or the fins of hosts in order to disperse.
Without their hosts, freshwater mussels are unable to reproduce or occupy otherwise appropriate

habitat (Jackson, 2003).



Other aquatic organisms potentially affected are worms, flatworms, leeches, mites, amphipods, isopods,
and snails. Movement through the water for these organisms is less critical than movement through the
substrate. Where barriers are culverts constructed without substrate (or those which have lost their
substrate), passage is blocked. Together these organisms make up a significant amount of the biomass
and diversity of any stream ecosystem (Jackson, 2003).

Rivers and streams are also used as travel corridors by terrestrial species. Semi-aquatic animals like
muskrats, minks, otters, frogs, some salamanders, turtles, and snakes travel along the water in the

riparian zone. When forced to cross the road, they are more likely to be killed (Jackson, 2003).

1.2.4 How ROAD-STREAM CROSSINGS INTERRUPT CONTINUITY

Road-stream crossings become barriers to ecologic and geomorphic continuity when the physical
dimensions of the natural stream channel do not influence the crossing design. In particular, the
gradient and (at a minimum) bankfull width of the surrounding natural channel should be matched by
the structure in order to maintain continuity.

Structures narrower than the natural channel will impact the stream channel immediately upstream. An
undersized culvert will restrict the flow of water through the structure causing backwater conditions and
deposition of sediment and wood upstream of the inlet. This channel aggradation at the inlet typically
results in flow being directed toward the channel margins causing bank erosion and channel widening (
2). The decrease in stream gradient will cause more sediment to deposit, sometimes creating a mid-
channel bar deposit to form. As the local gradient at the inlet steepens with aggradation, hydraulic
conditions shift to erode the sediment wedge, transporting it through the culvert. In this way, the
stream bed at the inlet may cyclically aggrade and erode.

At channels with large sediment loads (i.e., landslide prone uplands) the culvert inlet may become

buried and completely block flow. Plugged culverts are not only barriers to aquatic organism passage,



but are also likely to cause stream diversions, which can deliver extremely large volumes of sediment to
stream channels by mass failure and road fill erosion (Furniss et al., 1997).

The stream channel downstream of a road-stream crossing is equally affected by a poor crossing design.
Commonly, accelerated flow through the narrow crossing structure will erode the channel bed and
banks at the structure outlet forming a deep plunge pool (. 2). Also, if the supply of sediment from
upstream is significantly interrupted, channel incision and/or bank erosion (depending on boundary
conditions) may occur downstream. When the out-flowing water maintains erosive energy, channel and
bank degradation can extend for some distance downstream of the structure outlet (Kondolf, 1997), but
typically is limited to three bankfull channel widths (D. Cenderelli, pers. comm., 2013).

When the wood supply is interrupted, reach scale river morphology may also change. Large and stable
pieces of in-stream wood influence channel form by causing turbulence which erodes banks, scours
pools, deposits sediment, and forms bars. Wood can influence floodplain inundation, a critical
occurrence for riparian ecosystems (Wohl, 2013). A decrease of in-stream wood may have as large an
effect on a channel’s form as changing the sediment or hydrologic regime (Montgomery et al., 2003).
Where road-stream crossings create physical obstacles and challenging hydraulic conditions, the
migration of aquatic organisms though the structure may be prevented. Passage depends on the
physical conditions within and just downstream of a crossing structure, as well as the physiology of each
organism (Hoffman and Dunham, 2007). The more similar a crossing structure is to the natural channel,
the more likely aquatic organisms will be able to navigate through it. This is the premise upon which the
physical effectiveness monitoring protocol was built.

Structures with streambeds wider than the natural channel may spread flow, decreasing the depth.
Shallow depths can immobilize larger bodied swimming organisms. Structures with a v-shaped bottom

concentrate water, helping to ensure adequate depth during periods of low flow.



Natural channels have variable bed and bank features which project into the flow of water. These
projections create micro-eddies which provide resting areas for many aquatic organisms. Most
undersized road-stream crossing structures, however, lack natural substrates, eliminating these low
velocity areas. The corrugations within metal pipes can help reduce stream velocity within the
structure, although average velocities can still prohibit passage. Baffles, riprap or simply the inlet
configuration itself can create turbulence within a structure which can be confusing or physically
disabling to many organisms ( Pavlov et al., 2000; Jackson, 2003; Stream Simulation Working Group,
2008). By creating structures with variable bed surfaces, weaker swimming organisms are more likely to
pass upstream. If particles similar in size to those found within the natural channel are used, organisms
which travel through the substrate are also able to pass (Stream Simulation Working Group, 2008).

The velocity within an undersized structure increases in order to pass the same volume as the wider,
natural channel. Average velocities within culverts can easily exceed 3 m/s, a speed far greater than the
swimming or crawling abilities of many organisms (Jackson, 2003; Stream Simulation Working Group,
2008). The faster flowing water also has more erosive power than the natural stream. Typically, the
channel will adjust vertically and laterally at a culvert outlet by forming a pool that is much deeper than
other pools along the natural channel. The undersized culvert may eventually be left hanging high
above the streambed downstream (Figure 3), creating an impassable obstacle to upstream migration
(Stream Simulation Working Group, 2008). The plunge pool just below the undersized culvert outlet
typically widens (. 2) because banks become unstable and collapse as the plunge pool deepens.

Pools enable fish to jump by allowing them to gain speed and momentum. Passable obstacles have
pools beneath them. The necessary size of pool is determined by the size of the obstacle, the jumping
ability of the fish, and the age and species of fish. For example, coho and Chinook adult salmon need a

pool 3 m deep if they are to clear a step 2.4 m high (Parker, 2000).
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FIGURE 3: UNDERSIZED CULVERT OUTLET OVER TIME

FIGURE 3SHOWS THAT WITHIN 19 YEARS, THE VELOCITY AT THE OUTLET OF THIS UNDERSIZED CULVERT HAS SCOURED A DEEP HOLE INTO THE
CHANNEL BED. PHOTOS COPIED FROM THE STREAM SIMULATION MANUAL (STREAM SIMULATION WORKING GROUP, 2008. FIGURE
1.17 AAND B).

1.2.5 HELPFUL BARRIERS?

In some circumstances, barriers to animal movement may serve a useful purpose, such as where an
invasive species could threaten an isolated native population above an impassable culvert (Peterson et
al., 2008). Another example is where the transmission of parasites or disease from one isolated

population to another is suddenly possible because of passage restoration. There are risks and tradeoffs
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which need to be fully evaluated when considering barrier removal (Hotchkiss and Frei, 2007; Stream
Simulation Working Group, 2008). This evaluation, however, should take place before the restoration

plan gets underway and is therefore out of the scope of this project.

1.2.6 THE UNITED STATES FOREST SERVICE AND ROADS

The Forest Service has been restoring watersheds and streams for many decades. Since the late 1980’s,
restoring streams and ecological continuity along the stream corridor has received considerable
attention and funding from the agency (D. Cenderelli, pers. comm., 2012). The new Forest Service
planning rule, effective 2012, legally cements this priority for all National Forests (USDA Forest Service,
2012). Removing barriers to aquatic organism passage is one action taken towards restoring and
improving watersheds on National Forests. Since the 1970's, fish passage projects have been
implemented on Forest Service lands. Starting in the 1990’s, the goal shifted from passing only fish to
passing all aquatic organisms. Aquatic organism passage (AOP) restoration will likely continue to be
prevalent on National Forests well into the future.

National Forests and Grasslands represent about 8% of the total US land area (including territories), on
which the Forest Service manages nearly 650,000 kilometers of streams (USDA Forest Service, 2007). In
the western US, the majority of these lands occupy the headwaters of the major drainage basins (USDA
Forest Service, 2000). These streams are important high-quality habitat for more than 124 threatened
and endangered aquatic species (USDA Forest Service, 2011). They are, however, affected by a legacy of
logging. Logging has created a vast road system throughout most watersheds. Nation-wide, there are
about 600,000 kilometers of road on National Forest lands and these roads frequently cross rivers and
streams. Nationally, on Forest Service lands, there are an estimated 25,000 road-stream crossings that
are partial or complete barriers to the movement of fish and other aquatic organisms (USDA Forest

Service, 2011). In actuality, there are likely many more. In Washington and Oregon alone, there are
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more than 6,500 road-stream crossings on fish-bearing streams (5.8 kilometers of stream per crossing)
and about 90% of these are considered to be at least partial barriers to anadromous fish passage.
Together, they block about 15% of fish-bearing stream kilometers on National Forest lands in the region

(Stream Simulation Working Group, 2008).

1.2.7 THE HISTORY OF AOP DESIGN AND THE STREAM SIMULATION METHOD

There are three main categories of aquatic organism passage design: hydraulic design, roughened
channel design, and stream simulation. The US Forest Service (2008), National Marine Fisheries Service
(2001), and Washington State (2003) have developed the stream simulation technique (Hotchkiss and
Frei, 2007) . The Oregon Department of Fish and Wildlife, and the states of Alaska and Maryland
developed the roughened channel design technique. Hydraulic design methods were created by the
states of Maine and Washington, and the Oregon Department of Fish and Wildlife (Hotchkiss and Frei,
2007). Several other design methods also exist (velocity simulation and no-slope design), but are not
discussed.

Hydraulic design is aimed at passing target fish species during a specific period of their life-cycle. Baffles

within the culvert create slower velocities, deeper depths, and decreased turbulence for the range of
flows at which the target species migrates. Downstream, weirs, fish ladders and larger than natural
substrates create backwaters which serve as resting and leaping preparation pools for fish. Hydraulic
design is especially applicable to retrofits, whereby barrier culverts are made passable by the installation
of additional features. Channels with gradients up to 5% are appropriate for this technique (Hotchkiss
and Frei, 2007). Figure 4 and Figure 5 show an example hydraulic design road-stream crossing.
Hydraulic designs however, have several draw-backs. Because they are commonly applied to already
undersized structures (much less than bankfull width), they are more likely to affect the flow through

and around the structure than stream simulation designs. In addition, they may require regular
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maintenance due to aggradation, degradation and wood accumulation. Further, the baffles and
roughness elements may decrease the structure’s conveyance, making them especially susceptible to
plugging and failure, as well as create excessive turbulence which can in itself be a fish passage barrier
(Hotchkiss, 2007 and Stream Simulation Working Group, 2008). Finally, there are many biological
unknowns which hamper effectively designing for a target species: fish swimming abilities, migration
timing, migration flows, and juvenile capabilities (Cenderelli et al., 2011). Today, hydraulic designs are
typically used as a short-term fix until the barrier culvert can be replaced with a larger structure

(Hotchkiss and Frei, 2007).

FIGURE 4: HYDRAULIC DESIGN EXAMPLE STRUCTURE RETROFIT

(PHOTO FROM HOTCHKISS AND FREI, 2007. FIGURE 8.14)

FIGURE 4 SHOWS THE BAFFLES ARE HIGHER ON ONE SIDE THAN THE OTHER. THE LOW SIDE IS DESIGNED TO ALLOW SOME SEDIMENT
TRANSPORT THROUGH THE STRUCTURE. THE HIGH SIDE SHOULD CREATE DEEPER DEPTHS AND LOWER WATER VELOCITY AREAS.
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FIGURE 5: HYDRAULIC DESIGN EXAMPLE OUTLET

(PHOTO FROM HOTCHKISS AND FREI, 2007. FIGURE 8.16)

FIGURE 5 SHOWS THE RETROFITTED BAFFLES DOWNSTREAM OF THE STRUCTURE OUTLET. THE BAFFLES CREATE POOLS IN WHICH FISH CAN
REST, PREPARING TO LEAP UPSTREAM.

Roughened channel design (also known as hydraulic simulation) is the middle ground between hydraulic

design and stream simulation. The idea is to create a channel bed and gradient similar, but not
necessarily identical, to the natural channel. Itis assumed that if hydraulics and depths are similar, the
design will be passable for all fish species (Hotchkiss and Frei, 2007). The structure slope, substrate
particle size, average stream velocity, and turbulence may all be greater than those within the natural
channel. The bed material is not intended to adjust, or be replenished over time; it is a semi-rigid
structure (Stream Simulation Working Group, 2008).

Roughened channel design uses embedded structures, natural or synthetic bed substrates and “key
pieces” to create hydraulic diversity, depth, velocity and low-turbulence conditions favorable to fish
passage (Stream Simulation Working Group, 2008). Some designs create an immobile roughened bed
over which sediment transport occurs. To accommodate fish migration at any time, low-flow paths are
created. The structure width is generally as wide as, or slightly less than bankfull width (Hotchkiss and

Frei, 2007). Figure 6 depicts a roughened channel design beneath a bridge in Humboldt County, CA.
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Drawbacks to roughened channel designs include required maintenance. Sediment and debris may
need to be removed from the structure and inlet if roughness elements encourage aggradation. Where
structures are narrower than bankfull width, flows greater than bankfull may wash away the mobile
substrate within the structure, exposing the bare culvert bottom. These particles are not likely to be
replaced with upstream particles (Stream Simulation Working Group, 2008). Without an upstream
grade control, this discontinuity can lead to channel incision within the upstream channel (Hotchkiss and
Frei, 2007).

A roughened channel design is the preferred option within certain settings because the channel bed is
not dependent on sediment supply, nor should it scour. Road-stream crossings at incising channels,
immediately downstream from lakes or dams, and at unstable channels are good candidates for this

design technique (Stream Simulation Working Group, 2008).

FIGURE 6: A ROAD-STREAM CROSSING ROUGHENED CHANNEL DESIGN

JANES CREEK, ROUGHENED CHANNEL BY LLANOS AND LOVE (2005). PHOTO FROM THE FISHXING WEBSITE.
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Stream simulation (also known as geomorphic simulation) integrates fluvial geomorphology concepts

with engineering principles to design a natural and dynamic channel through the road-stream crossing
structure. Stream simulation is based on creating and maintaining channel features and characteristics
through the road-stream crossing that are similar to those in the natural channel (e.g., slope, channel
bed width, bedform, and bed materials) (Hotchkiss and Frei, 2007). Ideally, structures are wider than
the natural channel width at bankfull stage and incorporate constructed banks which facilitate the
movement of terrestrial species as well as protect the structure (Hotchkiss and Frei, 2007; Stream
Simulation Working Group, 2008). Barnard (2003) found structures should be at least 1.3 times the
natural channel bankfull width to avoid affecting natural processes.

Stream simulation assumes that when channel dimensions, slope, and streambed structure are similar
to the natural channel, water velocities and depths will also be similar for a wide range of flow
conditions. Therefore, the simulated channel should present no more of an obstacle to aquatic
organisms than the natural channel, making it unnecessary to design the structure for targeted species,
specific life-stages, migration periods, or fish passage hydrology (Hotchkiss and Frei, 2007; Stream
Simulation Working Group, 2008). Stream simulation channels are designed to adjust laterally and
vertically (within the physical limits of the structure ) to accommodate a wide range of floods, sediment,
and wood inputs without compromising the movement of fish and other aquatic organisms or the
hydraulic capacity of the structure (Stream Simulation Working Group, 2008). Figure 7 shows an
undersized culvert; Figure 8 shows the same culvert after it was replaced with a stream simulation
design.

In the 1970’s, the Forest Service began replacing road-stream crossings that were impeding the life-cycle
migrations of salmon and steelhead. Initially, replacements were designed for adult fish passage using
hydraulic design methods. Forest practitioners started to move away from hydraulic design in the late

1980s when it was noted that designs did not accommodate various swimming abilities. In addition,
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designing for many species which migrate at different times of the year at various discharges was not
practical. The design approach dramatically changed in 1999 when stream simulation was introduced by
the Washington Department of Fish and Wildlife. Stream simulation has been improved upon for over a
decade (Cenderelli et al., 2011).

The stream simulation method for aquatic organism passage design is an interdisciplinary effort;
biologists, hydrologists, geomorphologists, engineers and contractors must work together to create and
implement a successful project. A stream simulation project consists of a six phase process: initial
assessment, site assessment, stream simulation design, final design/contract preparation, construction,
and finally maintenance and monitoring (summarized in Appendix F [Stream Simulation Methodology]).
Stream simulation is increasingly recognized as the national standard of aquatic organism passage
design (USDA Forest Service, 2012b). In 2008, the Forest Service published a guide which offers
instruction for how to collect and integrate data into a stream simulation design (Stream Simulation

Working Group, 2008, Cenderelli, et al., 2011).
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FIGURE 7: ROAD-STREAM CROSSING ON THE BOISE NF, CULVERT PRE-REPLACEMENT

(PHOTO FROM THE STREAM SIMULATION WORKING GROUP, 2008. FIGURE 3.1)

FIGURE 8: ROAD-STREAM CROSSING ON THE BOISE NF, STREAM SIMULATION DESIGN CULVERT POST-REPLACEMENT

(PHOTO FROM THE STREAM SIMULATION WORKING GROUP, 2008. FIGURE 3.1)
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1.2.8 MONITORING

1.2.8.1 WHY MONITOR?

Restoration projects should be viewed as experiments where the scientific process is incorporated into
the project plan from an early stage (Wohl et al., 2005). Adaptive management is a project framework
which incorporates monitoring throughout the “experiment.” Monitoring is imperative for
understanding and learning from the failure or successes of a project ( Kondolf and Micheli, 1995; Bash
and Ryan, 2002; Downs and Kondolf, 2002; Palmer et al., 2005; Kondolf et al., 2007; Palmer et al., 2007).
In addition, monitoring can help validate project assumptions, provide insight into problems, improve
designs, and highlight areas of uncertainty. With monitoring, patterns of failure will become apparent
(Johansen et al., 2009). Ultimately, adaptive management uses the results of project monitoring to
guide planning, enabling us to minimize future problems. If scientists, agencies and practitioners were
to collaborate from the beginning, meaningful and applicable monitoring and reporting methods might
be created (Jansson et al., 2005; Palmer et al., 2005; Wohl et al., 2005; Bernhardt et al., 2007; Palmer et
al., 2007).

Some academics have said that advances in stream restoration science have been hampered because
we know very little about the success (or failure) of different restoration approaches (Kondolf et al.,
2007). Monitoring and reporting on project outcomes is not always done. Estimates as of 2005
suggested that only 10% of restoration projects in the US had post-project evaluations (Bernhardt et al.,
2005). A 2007 study on a select group of large restoration projects found that 83% reported post-
project monitoring (Bernhardt et al., 2007). The true number of monitored stream restoration projects
in the U.S. is likely somewhere between 10% and 83% (Bernhardt et al., 2007). One reason monitoring is

not common is because funding sources offer tight budgets and/or simply do not require it (Hill, 2001;
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Bernhardt et al., 2007; Kondolf et al., 2007). Without monitoring, however, we cannot improve
methods or outcomes.

When post-project monitoring is done, valuable information tied to project goals is often missing. The
Bernhardt et al. (2007) study evaluated 317 project managers across the US. The study results are
disturbing, illuminating the blind state of restoration science. In particular, large disconnects exist
between the original intentions of a project and the goals and metrics used to evaluate its success.
Bernhardt et al. provide the following example: the motivation for restoration might be channel
degradation, but the metrics of success are aesthetics and public opinion. Less than half of the projects
included in the study had set measureable objectives, while far more than half of the projects claimed
they were “completely successful.” For nearly half of all study projects, “success” was based only on site
observations or positive public opinion. The Bernhardt et al. (2007) study indicates that projects with
post-project monitoring are less likely to be deemed completely successful, suggesting that careful study
will illuminate valuable lessons, or, the more we look, the more we will find.

Monitoring should be incorporated into a project plan at three points in time. Implementation
monitoring occurs immediately after the project is completed. Implementation monitoring should
answer the question: Did we build what we designed? Long-term monitoring requires repeated visits
over a longer period of time to answer the questions: Has the design reach changed over time? How
does the project respond to extreme events? Are project goals still being met (Johansen et al., 2009)?
Effectiveness monitoring occurs after implementation monitoring when enough time for adjustment
and natural processes has passed. At road-stream crossing restoration sites effectiveness monitoring
asks: Did it work? Is the designed stream profile stable? Is it providing continuity of habitat and
process through the structure? Road-stream crossing designs and their impacts on fish and other
organisms have been well studied (Bates et al., 2003; Coffman, 2005; Hotchkiss and Frei, 2007).

However, the effectiveness of designs implemented to provide fish and other aquatic organism passage
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through road-stream crossing structures is generally not monitored (Price et al., 2010). Effectiveness
monitoring of AOP restoration designs at road-stream crossing structures is the focus of this thesis.
Fiscal accountability provides yet another reason to monitor restoration projects. For example, the US
Forest Service is a federal agency largely funded by tax-payer dollars. Between 2005 and 2011, under
the Safe, Accountable, Flexible, and Efficient Transportation Equity Act: A Legacy for Users, at least $10
million was annually allocated for aquatic passage improvement at road-stream crossings on National
Forest lands (USDA Forest Service, 2011). Between 2006 and 2010, the replacement or removal of road-
stream crossing barriers using the stream simulation method has restored 1,265 km of stream at an
average cost of $36,800/km. This represents about $46,500,000 of federal money funding these
projects (USDA Forest Service, 2011). The Forest Service must report to Congress each year. Without a
way to evaluate project effectiveness, it is impossible to demonstrate the restoration budget has been
well spent and should continue to be funded.

To facilitate more accurate accomplishment reporting, as well as improve restoration practices, the
Forest Service has drafted monitoring methods for assessing the effectiveness of AOP road-stream
crossing designs. Monitoring objectives include: evaluating the performance of individual restoration
projects, improving road-stream crossing design techniques, and demonstrating project results to
stakeholders and the public. Both biological and physical effectiveness studies are part of this effort.
Biological effectiveness monitoring studies generally track fish passage through road-stream crossing
structures via mark-recapture (individual movement), occupancy models, abundance studies, and
molecular genetic markers (Hoffman et al., 2012). Physical effectiveness monitoring addresses whether
the channel design at the road-stream crossing structure has similar physical characteristics to the
natural channel, which in turn allows for fluvial and ecosystem processes to occur as if the crossing were

not there.
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1.2.8.2 INTRODUCTION TO THE CURRENT FOREST SERVICE PHYSICAL EFFECTIVENESS MONITORING APPROACH

Two, separate, physical effectiveness monitoring protocols have been created by the Forest Service to
assess whether a road stream crossing is allowing for geomorphic continuity, thereby also allowing for
ecologic continuity. The underlying premise for both protocols is; if the design channel features and
characteristics through the crossing are physically similar to an adjacent representative reach within the
natural channel, then the stream simulation channel is considered an effective and sustainable design
which provides long-term geomorphic ,and therefore, ecologic continuity. 9 is a logistical model which
describes how the AOP design process and physical effectiveness monitoring fit together.

The Level Il physical effectiveness monitoring protocol is a detailed and time intensive method for
collecting physical channel metrics. The level | physical monitoring procedure is a scaled down version
of level Il; metrics are quantitative, but fewer metrics and fewer measurements are collected. The
metrics for both protocols require collecting measurements such as: width, depth, particle size, and step
height (among others). For each metric, data measured within the design channel are compared with
data measured within the representative reach. Level Il requires about 5 days of field data collection;
level | requires about 3 hours.

Levels | and Il combine the metric data into effectiveness evaluations through summary rubric tools.

The rubric scores each metric comparison based on the degree of similarity between design and
representative reach data. The level Il rubric is scored by statistically comparing (testing) the design and
representative reach groups. The level | rubric is scored by comparing the design median to the range of
representative reach data. Metric scores are then weighted by the rubric (identically for metrics
common to both levels | and Il). The weight reflects how much control a metric has on geomorphic
processes through the road-stream crossing. The weighted scores are finally summed to produce a total

score. The total score is compared with a perfect score and the percentage is labeled to reflect how

23



effectively the design mimics the natural channel (i.e., 275% is “similar,” between 50% and 75% is
“questionable,” and <50% is “dissimilar”).

Both the levels | and Il protocols are necessary because, although much information can be learned from
detailed monitoring, collecting and analyzing field data are very time intensive. Realistically, if
effectiveness monitoring is to become common practice at National Forest AOP restoration sites, a rapid
assessment method is required. Conversely, the rapid assessment needs the defensible support of a
statistically significant method, should the results be questioned.

It is expected that the Level | protocol will be applied to most AOP road-stream crossing designs, while
the level Il protocol will be applied to sites where more informative and detailed insights are needed.
Both protocols are described in detail within Appendices B[Level Il 2013 Field Protocol], C [Level | 2013
Field Protocol], and E [Summary Rubrics]. The protocols are summarized within sections 3.4.1 and 3.4.2

of this thesis.
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Design Process

Physical Effectiveness Monitoring

Design is effective. Ecological continuity is restored.

Adjustment occurs

If No..... Design not effective, specific design problems are identified.

Ecological continuity likely interrupted.

FIGURE 9: LOGISTICAL MODEL OF STREAM SIMULATION DESIGN AND PHYSICAL EFFECTIVENESS MONITORING

1.2.8.3 PREVIOUS PHYSICAL EFFECTIVENESS MONITORING STUDIES AT ROAD STREAM CROSSINGS

Searches for “fish passage monitoring” and “aquatic organism passage monitoring” on Google Scholar
gave results related to biological monitoring techniques for passage at fish-ways associated with dams.
The majority of literature relevant to culverts covers biological monitoring, if monitoring is mentioned at
all. At culverts, there are, however, a number of studies aimed at assessing the passability of aquatic
organisms at a site. Passability differs from effectiveness monitoring because it is evaluated before a
barrier culvert is replaced, typically during the inventory and prioritization phases of watershed

restoration.
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The state of Washington has been especially active in the development of fish passage science at road-
stream crossings. The state Department of Fish and Wildlife (WDFW) published a fish passage
assessment protocol and barrier standard (2000) for assessing the impacts of barrier culverts and
prioritizing those structures for replacement. Their passability determination at a fish-bearing stream
crossing requires an in-depth physical survey at the structure as well as a subjective assessment of the
barrier degree (partial to complete) (Kemp and O’Hanley, 2010). This passability protocol is also
incorporated into their permitting process. In 2010, Price et al. used the WDFW passability protocol as
an effectiveness monitoring tool at 77 AOP sites (stream simulation designs were specifically omitted).
Their goal was to assess how well the Washington permitting program protects aquatic resources. The
study concluded that 30% of the AOP culverts evaluated were not effective, and that increased
implementation and effectiveness monitoring is needed (Price et al., 2010).

Stream simulation designs were specifically evaluated in a WDFW study by Barnard et al. (2009), whose
approach is more similar to this study than that by Price and others. Like the underlying premise of the
levels | and Il monitoring protocols, the effectiveness of aquatic organism passage was evaluated by
Barnard et al. (2009) by comparing the designed structure channel to representative reaches within the
natural channel, assuming that a constructed channel which is very similar to the natural channel will
present no more of an obstacle to an organism than the natural channel. At 50 sites in Washington
State, they examined the physical characteristics within each culvert and compared them with those at a
representative reach in the adjacent natural channel. Specifically, Barnard et al. analyzed the following
metrics at the design channel with those in the representative reach (those marked with an * are also

levels | and Il protocol metrics of this study, although they differ slightly):
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e culvert bed width/natural channel bankfull width*,
e slope*
e mean thalweg depth*

e standard deviation of thalweg depth

e D50

o D84*

e D100

e Q2 stage
e Q2 width

e Q2 velocity

e Q100 stage

e Q100 width

e Q100 velocity
The Barnard et al. culvert bed width/natural channel bankfull width ratio is similar to the levels | and Il
protocol width at bankfull stage metrics. Level Il however, statistically compares bankfull widths within
the design zone to those within the representative reach. Level | compares the design median to the
range of representative reach data. Also, instead of measuring the width from the centerline to each
bank (as in level 1), the authors measured across the channel with a laser level.
Channel bed slope was measured by Barnard et al. by surveying 30 m up and downstream of the
structure, as well as within the representative reach (using a laser level). The level Il protocol specifies
surveying a detailed longitudinal profile (using a total station) for 40 to 60 bankfull widths up and
downstream of the structure. The level | protocol simply requires an ocular estimate of gradient.
D84 is measured by Barnard et al. by pebble count within the culvert and the representative reach. Data

were collected longitudinally down the stream, regular sampling intervals were marked, and 100
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particles were measured to the half phi increment. The level Il protocol approximates D84 by
statistically comparing the median of the larger half of the full distribution (coarse fraction). The level Il
protocol specifies collecting ~200 particles across the channel by adjustable vertices sampling frame. A
pebble count is conducted at every unique riffle within the design and representative reach slope
segments. The Level | protocol measures only 9 to 11 of the largest particles within a riffle or cascade.
The Barnard et al. study collected the thalweg depth measurements in a manner similar to those by
level Il. The authors spaced the measurements so as to obtain a sample (n=26) which would maintain
some statistical power. They found 10 m culvert lengths are common, and therefore set the sampling
interval at 0.3 m. The level Il protocol similarly ensures a minimum sample of 20 within the structure
and representative reach. For statistical and logistical reasons, it also specifies a minimum sampling
interval of 0.3 m for maximum depth and width measurements. The level | protocol has a sample size of
five, and the measurement interval is set by dividing the channel unit length by five. Further, the
Barnard et al. study compares the mean depth, whereas the level Il protocol compares the median
depth.

Barnard et al. also analyze bed irregularity. However, instead of analyzing the deviations from the
median depth at several cross sections (lateral irregularity) as specified by the level Il protocol, they use
the standard deviation of the thalweg depths (longitudinal irregularity). Bed irregularity is not a level |
metric.

Entirely different from the levels | and Il protocols, Barnard et al. utilize regional regressions for
discharge, WinXSPro, and the Hey (1979) and Bathurst (1978) equations for flow resistance to
hydraulically model the Q2 and Q100 width, stage and velocity metrics. For two cross sections collected
within the structure, and two within the representative reach, the discharge metrics were calculated

and averaged.

28



Barnard et al. selected the representative reach based on similarity of channel type (length, slope,
channel units) to that within the structure (among other criteria). Channel gradient however, was not
the dominant criteria for selecting the representative reach, as it is for the levels | and Il protocols. It is
not clear within their 2009 draft paper how slope segments were delineated, nor how different
gradients were allowed to be before a potential representative reach became unacceptable. Also
different from the levels | and Il protocols, Barnard et al. did not compare the inlet and outlet transition
zones with a representative reach.

For each physical metric, Barnard et al. calculated the structure to representative reach ratio. By using
ratios, Barnard et al. were able to compare metrics across sites, which enabled them to make general
conclusions about how well, or poorly, stream simulation designs are implemented and functioning in
Washington State. They were also able to look for correlations between metrics, the time passed since
construction, and flow history. Because the goal of this thesis is not to make comparisons and
generalizations across sites, but instead to analyze each site in-depth, ratios (or other techniques) are
not used by levels | or Il protocols to normalize data, nor are correlations studied.

Barnard et al. found that the majority of stream simulation designs closely mimic the natural channel.
Differences appeared to occur where it was assumed that a design channel would adjust over time to
create banks and bed forms similar to the natural channel. Barnard et al. found constructing these
features is best. The modeled flow stage during the 100 year flood was found to be well below the
maximum height of the structures, meaning a pressurized condition within the structures was not
occurring. Slope ratios (design: representative reach) were not correlated with time since construction
or flow history, indicating large floods are not causing hydraulic conditions which aggrade or incise the
design beds.

In contrast to this study, Barnard et al. did not combine the metrics into effectiveness evaluations at

each site, nor did they try to create a method intended for wide distribution as a monitoring tool.
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Further their 2009 study was specifically aimed at evaluating stream simulation designs, whereas the
levels | and Il protocols are applicable to other design methods as well.
More similar to this study than Barnard et al., Bair and Robertson (2010) authored a pilot study of
stream simulation AOP effectiveness at 25 sites on National Forests in Washington and Oregon. Their
study goals were both to determine if aquatic organism passage is occurring, and whether the designed
channels are geomorphically simulating the natural stream channels. They also intended to create a
protocol which could be distributed and applied by others at sites within the Pacific Northwest Region
(Forest Service Region 6).
Bair and Robertson created separate physical and biological monitoring protocols to address their
project objectives. The biological protocol used mark and re-capture electrofishing as well as snorkel
sampling techniques; they are not discussed within this thesis. Metrics collected by their physical
protocol are as follows (those metrics also evaluated by the levels | and Il protocols are marked with an
* although they may differ slightly):

e D50

e Five largest particles*

e Bankfull width*

e Bankfull width-to-depth ratio

e Wetted width-to-depth ratio

e Slope*

e Riffle slope

e Riffle length
A Wolman pebble count was used by Bair and Robertson to objectively measure 100 substrate particles.
Transects were set up perpendicular to flow and 100 particles within the bankfull channel were

measured with a ruler at their b-axes. The level Il physical monitoring protocol also specifies a pebble
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count, but 200 particles are measured within each unique riffle. Objectivity within the level Il pebble
count is achieved through the use of an adjustable vertices sampling frame, moved across transects also
oriented perpendicular to flow. The D50 is not specifically evaluated (see the next paragraph). A true
pebble count is not part of the level | protocol.

Bair and Robertson also independently measured the five largest particles in each segment
(representative reaches and the structure). Each segment was divided into five longitudinal sections in
which the largest particle was measured. Level Il does not separately measure the five largest particles,
instead the largest half of the full particle size distribution is sub-sampled; and approximately the D75 is
compared between design and representative reach. Level | does specifically measure the largest
particles, but riffles are not sampled by section, instead simply nine to eleven of the largest particles are
measured (b-axis only).

Cross sections were collected by Bair and Robertson in the same locations as pebble counts. In addition,
one cross section was collected within each representative reach, three just upstream of the structure
inlet, three just downstream of the structure outlet and one at the structure mid-point. Cross sections
were measured by stringing a tape from left bank to right bank across the channel at the floodplain
elevation. | assume the authors also used a rod to measure down from the leveled tape but it is unclear.
The floodplain, wetted perimeters, bankfull elevation and thalweg features were measured by Bair and
Robertson. The level Il protocol specifies collecting cross section data in a similar manner, but instead of
targeting specific features, a minimum of 20 measurements within the wetted width are collected.
Cross sections are not part of the level | protocol.

Bair and Robertson surveyed a longitudinal profile for approximately 400 m centered on the structure.
They used a laser range finder or fiberglass tape and laser level to survey the thalweg of the stream
channel. Features collected were pool tail crests, maximum pool depths, the head of each pool, riffle,

run, glide, step crests, the base of steps, and log sills. The level Il protocol also surveys a longitudinal
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profile (with a total station), but for a distance based on the bankfull width of the stream channel (40 to
60 bankfull channel widths centered on the structure). The same channel features were collected, in
addition to zone boundaries, as well as key points on the structure and road. Additionally, level Il data
points should not be greater than a half bankfull width apart. The level | protocol does not require
surveying a longitudinal profile.

Bair and Robertson selected two representative reaches (one upstream and one downstream of the
crossing structure) to which they compare the structure. The inlet and outlet transition zones are not
analyzed. The representative reaches are selected based on their length and slope. They must be
within 50 m, or five times the bankfull width of the structure inlet and outlet. They are truncated at
major tributaries and large sediment-retaining debris jams (discontinuities in morphology and process).
It is not clear within the 2010 report how the reaches were delineated, nor how different gradients
could be before a potential representative reach was ineligible.

Similar to Barnard et al. (2009), ratios of the physical dimensions within the design channel to those
within the representative reaches were used. Like the levels | and Il summary rubrics, a scoring method
was used to summarize all metrics into an effectiveness evaluation. The Bair and Robertson metrics
within the structure are separately compared with the upstream representative reach and the
downstream representative reach. Instead of statistical tests, or comparing the median to the extent of
data (as in the levels | and Il protocols), Bair and Robertson use a tolerance interval to score metrics.
The tolerance interval for most metrics is + 20% of the average representative reach value; for the
bankfull width metric, it is > 90% of the average representative reach value. A single point is granted
where the structure metric is within the tolerance interval, otherwise zero points are awarded. Unlike
the levels | and Il protocols, all metrics affect the total score equally as no weights are utilized. A design
channel by the Bair and Robertson study is considered effective if 2 60% of the total possible points are

accumulated.
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Bair and Robertson state the majority of their sites were simulating natural channels, but their results
table shows that only 50% of the evaluated structures were similar to the upstream representative
reach, and only 30% were similar to the downstream representative reach. They found design channel
units were more simple and homogeneous (less velocity breaks and pocket pools) than those within the
natural channel. Interestingly, they found no correlation between passage effectiveness (biological
monitoring) and the degree to which the design channel simulated the natural channel. The authors
explain that some sites appeared to aid fish passage when the design thalweg gradients, riffle slopes,
and wetted width to depth ratios were lower than those within the natural channel (i.e., less
hydraulically challenging). The authors did not, however, discuss any results which indicate the opposite
scenario; where stream channel dimensions were well simulated, but fish passage was prevented.
Interestingly, Bair and Robertson also evaluated two of the sites | visited (Lower and Upper Stillwell). |
however, only analyzed the data for Lower Stillwell. Their results show Lower Stillwell scored 63% of the
total possible points when compared with a representative reach upstream of the structure, and only
38% of the total possible points when compared with a representative reach downstream of the
structure. Upstream, the structure lost points for having a greater width/depth ratio, a gentler riffle
slope, and a longer riffle length. Downstream, the structure lost points for having smaller large
particles, a narrower bankfull width, a much greater width to depth ratio, a smaller wetted width to
depth ratio, and a much longer riffle length.

My level Il summary rubric results are very similar to those by Bair and Robertson indicating the Lower
Stillwell structure scored 64% of the total possible points. The structure was evaluated as
“questionable” when compared with a representative reach located upstream. It also lost points in my
study for being wider than the natural channel at bankfull.

My level | summary rubric results are also similar to those by the Bair and Robertson study (although

there are significant issues with the level | protocol, see section 6.3). The Lower Stillwell structure
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scored 70% of the total possible points when compared with a representative reach located upstream
and was evaluated as “questionable”. Similar to the Bair and Robertson results, the level | protocol also
subtracted points for excessive width at the bankfull stage.

The Bair and Robertson 2010 study was the first known attempt at creating a physical effectiveness
monitoring protocol for distribution and application over a large geographic area (FS regional scale).
This study expands upon what they accomplished in the Pacific Northwest for physical effectiveness
monitoring in terms of the field protocol, the method of summarizing effectiveness, and the geographic
extent to which it has been tested, and to which it will be distributed and ultimately applied. These
standardized monitoring protocols will facilitate sharing monitoring results because monitoring data
obtained with the finalized field protocols and summary rubrics should be easy to incorporate into any

restoration database.
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2 OBIJECTIVES

My objectives are three fold:

1. Test and refine the field methods for collecting data by the levels | and level Il physical effectiveness
monitoring protocols. Make recommendations for improvement.

2. Find a meaningful way to combine the data for each metric collected within the level Il field
protocol. Create an effectiveness summary tool (rubric) for the level Il data. Create a similar
summary tool for level | data. Test the levels | and Il summary rubrics with site data.

3.  Evaluate, whether level | can be used as a proxy for level Il. Compare the effectiveness results of
the level | and level Il protocols. Where they systematically differ, try to distinguish why. Based on
those results, make recommendations for altering data collection procedures and the levels | and Il

summary rubrics.

35



3 FIELD METHODS

3.1 STUDY AREAS (SITES)

Field work was divided between two field seasons across six National Forests in six US states (Figure 10).
During the summer months of 2011, | collected data at two National Forests near Missoula, Montana.
Two sites are located on the Lolo National Forest; one site is on the Clearwater National Forest in Idaho.
| also collected data at three sites on the Monongahela National Forest in central West Virginia. During
the summer and fall of 2012, data were collected at three National Forests. Four sites were evaluated
on the Green Mountain National Forest in central Vermont. Five sites are located on the Siuslaw
National Forest in central coastal Oregon. Three sites are located on the Daniel Boone National Forest in
eastern Kentucky. In total, 18 sites were visited. Fourteen of those sites were evaluated with the level Il
protocol, 16 sites were evaluated with level |, 4 sites were only evaluated with level |, 2 sites were only
evaluated with level I, and 12 sites were evaluated with both levels | and Il. At 7 of those 12 sites, the
selected representative reaches for levels | and Il are the same. Most sites have characteristics of more
than one channel type, but some generalizations can be made. Nine sites are dominantly pool-riffle
channels, 5 are pool-riffle with wood-forced steps, 3 sites are step-pool channels and 1 site is pool-riffle
but with a bedrock bed. The hydro-geomorphic setting varies considerably between sites (. 2). Eight of
the 18 sites visited would be considered stream simulation designs.

It should be noted that three other scientists (Dan Cenderelli, USFS; Margaret Lang, Humboldt State
University; and Mark Weinhold, USFS) collected data at additional sites in Colorado and California. Their
field experiences, data and analysis helped to create the 2013 levels | and Il field protocols as well as site
summary rubrics.

All sites (18) were used to meet objective 1: field test the levels | and Il protocols. 8 sites were used to
meet objective 3: comparing levels | and Il results. One of those 8 sites (Lower Stillwell) was used to

meet objective 2: creating summary rubric tools. Weinhold and Lang analyzed two additional sites
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whose results and insights greatly contributed to objective 2. Twelve sites were chosen from the pool of

18 for testing the objective 2 levels | and Il summary rubrics. See . 1 for a site by objective summary.
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TABLE 1: SITES USED TO MEET SPECIFIC OBJECTIVES

Objective 1 Objective 2 Objective 3
Forest Site Name Stream Simulation?
Field Testing Level | And Il | Creating Rubrics | Testing Rubrics | Comparing Level | And Il
Lower Stillwell No X X X X
North Fork Indian Yes X X x*
Siuslaw NF Big Creek Yes X
Bays Creek No X X
Upper Stillwell Yes X
WFO01 No X X X
Monongahela NF WF02 No X X X
Site 3 No X X X
Dog Slaughter No X X X
Daniel Boone NF Big Lick No X X X
Caney Creek No X X
Jenny Coolidge Yes X
Sparks Brook Yes X X X
Green Mountain NF
Joe Smith Brook No X X
Utley Brook No X X
Lolo NF 461 4.4 Yes X
4613.1 Yes X
Clearwater NF Haskell Creek Yes X

*LEVELS | AND Il DO NOT HAVE THE SAME REPRESENTATIVE REACH
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TABLE 2: BIO-GEO-HYDRO SETTING OF NATIONAL FORESTS WITH SITES

National Topography &
Forest State Climate Lithology geomorphic Stream flow Trees Fish
processes
western white pine
1,341 mto whitebark pine
1,981 min limber pine West Slope
Mean annual elevation lodgepole pine Cutthroat Trout
precipitation Spring snowmelt ponderosa pine Rainbow Trout
127-152.4 cm , Glaciers have alpine larch Brown Trout
Large granitic
. o left the upper Summer western larch Brook Trout
. intrusion into local . .
Winter . elevations thunderstorms mountain hemlock Bull Trout
Lolo NF metasedimentary .
snowfall steep and are very western hemlock Mountain
(USDA Forest MT rock . . e
. dissected frequent. Douglas fir Whitefish
Service, 2005) . ]
Summer Rain o, . grand fir Northern
Granitic bedrock is . s . .
highly weathered Valley bottom Streams rise subalpine fir Pikeminnow
Mean daily gnly ) deposits of quickly, but Engelmann spruce Longnose Dace
temperature is glacial till. briefly. western red cedar Longnose Sucker
5.2°C. paper birch Largescale Sucker
Mass wasting water birch Slimy Sculpin
is uncommon. aspen
Mean annual
precipitation Rainbow Trout
132-117 cm Marble, limestone, 183 mto sea-run Atlantic
The Gulf of dolomite, ultramafic >1067 min ine Salmon
Mexico and the | and pematic rocks. elevation . : Brown Trout
. Mostly perennial hemlock
Green Atlantic Ocean streams fir Brook Trout
. produce Highly Valley bottom Creek Chub
Mountain NF . spruce )
VT frontal metamorphosed. to alpine Fallfish
(USDA Forest . Moderate to maple .
. summer rain- Common Shiner
Service, 2006) . steep channel oak
storms. Soils are mostly Slopes range . . Blacknose Dace
. . gradients birch
Snowfall varies glacial tills, some from 0-70% Longnose Dace
. . beech .
around the calcium rich parent White Sucker
Forest. material. Tessellated Darter
Mean annual Slimy Sculpin
temp. is 4.3° C.
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Topography

National . . & :
State Climate Lithology . Stream flow Trees Fish
Forest geomorphic
processes
western white pine
1,889 m to whitebark pine
1,387 min limber pin
3 n imber pi N West Slope
elevation . lodgepole pine
Mean annual . o Spring . Cutthroat Trout
. (site specific) ponderosa pine .
precipitation . snowmelt . Rainbow Trout
, Glaciers left alpine larch
127-152.4 cm Large granitic the upper western larch Brown Trout
Clearwater NF intrusion into local elevafizns Summer mountain hemlock Brook Trout
(Bugosh, Winter snowfall metasedimentary thunderstorms Bull Trout
steep and western hemlock .
1999; USDA ID rock . are very . Mountain
. dissected. Douglas fir e
Forest Summer Rain Valle frequent. rand fir Whitefish
Service, 2005) Granitic bedrock is y & . . Northern
. bottom . subalpine fir . .
Mean annual highly weathered. . Streams rise Pikeminnow
. deposits of . Engelmann spruce
temperature is L quickly, but Speckled Dace
. glacial till. . western red cedar
5.9°C . briefly. . Suckers
Mass wasting paper birch .
. . Sculpins
is not water birch
common. aspen
Mean annual
precipitation
152-76 cm
Winter snowfall 610 m t.o Dominant white pine ZO.ﬂSh sPeues
. 1,482 min source of . including:
Sedimentary . . balsam fir
Monongahela . elevation stream flow is Brook Trout
Summer Rain bedrock: red spruce
NF summer . Creek Chub
\AY; sandstone, . mountain ash .
(USDA FS, - . Steep slopes rainstorms. Mountain
Prevailing siltstone, coal, and sugar maple
2011b) . . Redbelly Dace
weather is from limestone red oak
Narrow Streams are Blacknose Dace
the west. black cherry .
valleys flashy. Fantail Darter
Mean annual
temperature is
9.5°C
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National

Topography &

State Climate Lithology Geomorphic Stream flow Trees Fish
Forest
Processes
Canadian yew
Virginia pine
Mean annual soui:z:aljzlfls\::i)ine
preC|p|tactr:)n is117 hemlock
hickory
Influenced by the Gravel bed Slrjfjrmn;aﬁ);e
. Gulf of Mexico. Sandstone, shale, streams, P
Daniel . . northern red oak
siltstone, coal, clay, and meandering, and Creek
Boone NF . red oak
Mean annual limestone . narrow flood . Chub
(USDA - . 396 mto 259 min . . white oak
KY temperature is 13 . plains. High Black-
Forest . elevation . chestnut oak .
. C Prone to landslides and gradient, deep . side
Service, . . white oak
debris flows (especially pools. . Dace
2004) . birch
Warm summers in the clay).
beech

cool winters

Storms between
March and
September.

mountain laurel
yellow poplar
basswood
dogwood
black gum
rhododendron
sourwood
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National Topography & Geomorphic
State Climate Lithology pography P Stream flow Trees Fish
Forest Processes
Mean annual
precipitation:
Coastal areas-
191to0241.3cm
. High winter flows, low
Interior, west of the g
. summer flow Sea-Run
coast range summit- .
. Headwaters are flashy, lodgepole pine Cutthroat
>305 cm Mostly sedimentary .
. . fast moving, v-shaped (on beach Trout
. sandstone and 457 t0 1,219 m in elevation.
Siuslaw NF . canyons dunes) Steelhead
East of the coast siltstone rock
(USDA . . e L Valley bottom streams western Trout
range summit- Rapid uplift, high . .
Forest OR . S are gentler gradient, U hemlock Chinook
. 127 cm Some volcanic flows precipitation, and large )
Service, . h shaped or flat valleys. Douglas fir Salmon
frequent landslides give . .
1990) . . . . Large streams flow into | (dominant tree Coho
Cool wet winters, Scattered intrusive hillslope form. . .
. . estuaries before they species) Salmon
relatively warm, dry igneous rocks. .
reach the ocean. Sitka spruce Chum
summers. L
Dense dendritic Salmon
drainage patterns.
Mean annual gep

temperature is 10° C

Occasional snow due
to Arctic air masses.

INFORMATION LISTED WITHIN TABLE 2 IS LARGELY TAKEN FROM THE LAND AND RESOURCES MANAGEMENT PLAN FOR EACH FOREST. IT IS NOT AN EXHAUSTIVE LIST OF ALL SPECIES WHICH OCCUR
ON A FOREST, NOR IS MOST INFORMATION SITE SPECIFIC TO MY STUDY REACHES.
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3.2 SITE SELECTION

This thesis is part of a larger Forest Service effort to improve physical monitoring protocols for assessing
the effectiveness of channel designs at road-stream crossings. In addition to physical monitoring (the
focus of my thesis), the Forest Service is also developing a biologic monitoring protocol for assessing
passage. Although the physical and biologic monitoring efforts are managed separately, most sites
selected for this thesis are also biologic monitoring sites. The majority of physical monitoring sites were
chosen by Dr. Dan Cenderelli (US Forest Service) from the biological monitoring sites that were recently
replaced to provide fish and aquatic organism passage. Several other sites, introduced by local Forest
Service employees, were also included. Selected sites had (theoretically) experienced at least one high
flow season, represented a variety of stream types and hydro-geomorphic settings. Sites on the Green
Mountain National Forest in Vermont were included for the above noted reasons, but in addition

experienced a 300-500 year flood associated with hurricane Irene during the summer of 2011.

3.3 FIELD PROTOCOL DEVELOPMENT

The first draft of the level Il physical effectiveness monitoring field protocol was developed in 2009 by
Dan Cenderelli (US Forest Service), Margaret Lang (Humboldt State University), and Mark Weinhold (US
Forest Service). The field methods were tested at four sites on or near the Shasta-Trinity National Forest,
CA and one site on the White River National Forest, CO. Following these field tests, the level Il physical
monitoring protocol was revised by the authors, the result of which | used in my study.

A draft of the level | physical monitoring protocol was developed in 2012 by Cenderelli, Lang, and
Weinhold. Level | is a simplified subset of the level Il physical monitoring protocol. It was purposefully
designed to be simple and quick, so that users could semi-quantitatively evaluate the effectiveness of
road-stream channel designs at a large number of sites. Most of the sites at which | conducted level Il

physical effectiveness monitoring were also evaluated by the level | protocol.
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Both protocols were refined by me during 2011 and 2012 field testing, as well as through data analysis
and subsequent discussions with Cenderelli, Lang, and Weinhold. The protocols detailed within
Appendices B [Level Il 2013 Field Protocol] and C [Level | 2013 Field Protocol] have been adjusted from
what | was originally provided in 2011 (level Il) and 2012 (level 1); they are the most up-to-date (2013)
draft levels | and Il field protocols. Adjustments made are presented within section 6.1. | have tried to
improve the 2013 field protocols further by using the results of the summary analyses along with site-
specific insights to make recommendations for future field data collection methods (see section 6.1).
Level | and level Il field protocols should be finalized in the near future, although this will likely occur
after this thesis is complete.

In order to create a data set which would allow me to make comparisons between levels | and Il
(objective 3), some sites (initially visited during the 2011 field season) were re-visited by Weinhold and
Cenderelli during the summer of 2012. Weinhold (not present during the initial level Il field visit in
2011) selected an unbiased level | representative reach. Where he did not select the same
representative reach as selected by the level Il longitudinal profile analysis, Weinhold took additional
level | measurements within the level Il representative reach. During the latter part of the 2012 field
season, at some sites, | also collected additional level | data within the level Il representative reach.
Please see . 1 for a list of those seven sites which have both a level | and level Il evaluation for the level II

representative reach (objective 3 sites).

3.4 OBJECTIVE 1: FIELD TESTING THE LEVELS | AND Il PROTOCOLS

Upon arrival at a new site, the applicability of physical effectiveness monitoring was verified by
navigating a decision tree: Is there substrate within the structure? Is the structure at least as wide as %
the bankfull width? Is there reason to believe the site has experienced sufficiently high flows for
adjustment? Are the channel units in the design channel present and similar in dimensions to those in

the adjacent natural channel? If the answer to any of these questions was no, effectiveness monitoring
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at the site is not appropriate. For illustrative purposes, the level | protocol was initiated at some sites
which did not meet these criteria.

Once it was determined a particular site was well suited for effectiveness monitoring, | began with the
level | evaluation protocol. Level | data collection was ideally completed before level Il data at each site
in order to avoid potentially biasing how the representative reach was selected (level Il offers a surveyed

longitudinal profile and quantitative analysis of gradients for representative reach selection).

3.4.1 THE LEVEL Il PROTOCOL, AN OVERVIEW

The 2011 draft level Il physical effectiveness monitoring protocol was field tested at 14 sites across the
US during the 2011 field season. The 2013 level Il protocol (presented by the various sections, tables
and appendices cited within this section) resulted from both field testing and subsequent data analysis.

Suggestions for additional improvements are summarized within section 7: Table 64, Table 65, and . 66.

Data collection for level Il analysis is extensive; it takes about five, ten-hour days at sites with several
channel units. Field time is lengthy because sample sizes for each metric are designed to be large
enough for statistical significance. See . 3 for a list of level Il metrics. A surveyed longitudinal profile is
analyzed to determine an appropriate representative reach. Section 3.4.4.1 and Appendix B4
[Longitudinal Profile Analysis] detail the specifics of analyzing a longitudinal profile and provide an
example analysis spreadsheet. Data are collected and analyzed by group. See sections 3.4.3 and 3.4.4.2
for a lengthy description of where data are measured. _ 4 describes the level Il method of data
collection, measurements collected, sample sizes, data manipulations and the resulting metrics. See
Appendix B [Level Il Draft Field Protocol] for the 2013 draft protocol and field forms.

The order of level Il data collection is somewhat dictated by the need for a complete longitudinal profile
analysis, and selected representative reach. Obviously, data can’t be measured within the

representative reach if the reach has not yet been selected. Metric data are collected first within the
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design channel. Doing so allows one to continue field work during the day, while analyzing the
longitudinal profile in the evening. Once a representative reach is selected, and all metrics within the
design channel have been measured, data are collected at the representative reach. The order in which

individual metrics are measured does not matter.

A two-person field crew is imperative for surveying and extremely helpful for collecting the other
metrics. Equipment used were: a total station, tripod, rod, prism, umbrella, compass, Carlson data
logger, two-way radios, whistle, laptop computer, a Leica Disto D330 laser distance meter, stadia rod fit
with a bubble level, pocket rod, metric pocket tape, two 100-m plastic rolled measuring tapes, small
sledge hammer, 16 pieces of rebar (% inch, 4 ft. long), 32 large alligator clips, flagging, sediment
sampling frame (1 m x 1 m), bubble level, 20 m of string, clipboard, write-in-the-rain data forms,
machete, sandvik brush cutter axe, flagging, knee pads, neoprene gloves, waders, and wading boots.

See Figure 427 and Figure 428 within Appendix D [Equipment Used].

3.4.2 THE LEVEL | PROTOCOL, AN OVERVIEW

The level | physical effectiveness monitoring protocol was field tested during the 2012 field season at 16
sites across the US. The 2013 level | protocol (presented within the sections, tables, and appendices
cited in section) is the result of field testing and subsequent data analysis. Suggestions for additional
improvements are summarized within section 7,Table 64, Table 65, and . 66.

The level | protocol is a scaled-down version of the level Il protocol. Collecting level | data requires
between one and 3 hours, depending on channel complexity. Most, but not all, level Il metrics are
collected, and many fewer measurements are taken. Observations are predominantly quantitative.
Level | metrics are described in section 3.4.4. 5 describes level | measurements, manipulations,
metrics, and, sample sizes. See Sections 3.4.3and 3.4.4.2 for a description of where data are collected.

A longitudinal profile is not surveyed; instead, the representative reach is selected based on ocular
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estimates of slope segment gradient and an assessment of similar channel units. Slope segments are
also delineated within the design channel by ocular estimate. Similar to level Il, level | data are
collected and analyzed by group. See section 3.4.4.3 for a description of how data are compared
between the design and representative reach. The improved (2013) version of the (draft) level | field

protocol and data sheets is located in Appendix C [Level | Draft Field Protocol].

The order of level | data collection is somewhat dictated by the need for a complete long profile analysis,
and selected representative reach. Obviously, data can’t be measured within the representative reach if
the reach has not yet been selected. Metric data are collected first within the design channel. Doing so
allows one to continue field work during the day, while analyzing the longitudinal profile in the evening.
Once a representative reach is selected, and all metrics within the design channel have been measured,
data are collected at the representative reach. The order in which individual metrics are measured does
not matter.

It is possible, but would not be easy for a single person to complete the level | protocol. Necessary
equipment includes: a cloth or plastic rolled tape measure (50 m length), a pocket rod or full sized rod,
bubble, data sheet, clip board, and camera. When selecting the representative reach, a clinometer on a
tripod can be helpful for better estimating stream gradient. Figure 428 within Appendix D [Equipment

Used] shows the equipment used for level Il; level | equipment is a subset of that pictured.
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3.4.3 SITE ANATOMY

At each site, a study reach was evaluated. An eligible study reach (for both the levels | and Il protocols)
is the length of channel which extends 20-30 bankfull widths upstream from the structure inlet and
downstream from the structure outlet (including the structure itself). At some sites, the length was
extended for two reasons: (i) an appropriate representative reach was not found within the initial study
reach, but a good possibility was located just outside the bounds; or, (ii) if the structure length was
equal to or more than ten times the bankfull channel width, the study reach was lengthened to five
times the culvert length upstream and downstream of the structure.

A study reach is further divided into the design channel and the natural channel. The design channel
consists of the inlet transition zone (ITZ), the structure, and the outlet transition zone (OTZ). The
structure boundaries are set by its physical upstream and downstream extent (inlet and outlet). The
inlet and outlet transition zones will extend upstream from the structure inlet, and downstream from
the structure outlet, for a distance between one and three bankfull widths. The boundary can be
adjusted within the eligible range to meet the greater of two criteria: 1) the upstream (ITZ) or
downstream (OTZ) limit of disturbance from the pre-replacement culvert and/or construction activities,
or 2) the upstream (ITZ) or downstream (OTZ) hydraulic influence of the existing culvert during flood
conditions (i.e., backwater at inlet, velocity jet at outlet). The ITZ and OTZ boundaries given by criteria 1
or 2 are then adjusted upstream (ITZ) or downstream (OTZ) to the nearest grade control (e.g., pool-tail
crest, step crest), if the grade control is within one bankfull width. If a grade control is further,
terminate the boundary as dictated by criteria 1 or 2. At riffles, the ITZ and OTZ can be located at a
prominent rib immediately beyond the criteria 1 or 2 limit, if a grade control is beyond one bankfull
width’s distance. Within the natural channel, data are collected within the “representative reach” zone

(Figure 11).
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FIGURE 11: SITE ANATOMY

3.4.4 CHANNEL METRICS COLLECTED, FIELD METHODS, AND RATIONALE

Field protocol metrics measure the physical dimensions of the design and representative reach
channels. Within the design channel, metrics capture the current form of the stream channel. The
current form may represent the original design or the hydraulically adjusted design. Below are synopses
of the levels | and Il physical effectiveness monitoring protocols. . 3 provides a list of metrics by
protocol. Please see . 4 and . 5 within this section for a complete description of the levels | and Il metrics,
their measurements, manipulations, and approximate sample sizes. See Appendices B [Level Il Draft

Field Protocol] and C [Level | Draft Field Protocol] for the full 2013 levels | and Il protocols.

3.4.4.1 SELECTING A REPRESENTATIVE REACH (ANALYZING CHANNEL BED GRADIENT)

There are nine very specific ways, or “degrees of freedom,” in which a stream channel may adjust to
changes in discharge, sediment load, and boundary conditions: bankfull width, mean depth, maximum
depth, bedform height, bedform wavelength, slope, velocity, sinuosity, and meander arc length. Slope is

the least changeable of these, sometimes acting as a controlling influence on the others (Hey, 1988). It
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follows that, within the same stream, reaches with similar channel slopes should have similar form
(channel units) if all other controlling influences are equal. Physical effectiveness monitoring takes this
idea and applies the reverse logic: If one finds two similar channel slopes within the same study reach
and compares the other channel dimensions (degrees of freedom), they should be similar. If channel
dimensions differ, another factor besides slope is controlling channel form. The levels | and Il protocols
try to determine whether the crossing structure, or other design element, is influencing form by
changing the boundary conditions (discharge and sediment loads are assumed consistent within a study
reach).

Level Il requires surveying a longitudinal profile for the entire study reach. The profile is used for
calculating channel bed gradient and selecting a representative reach. Survey points are generally
collected along the channel centerline, except where pools are located near the margins. Survey points
should include: riffle crests, prominent ribs in riffles, step crests, the base of steps, the base of
riffles/head of pools, maximum pool depths, pool-tail crests, and bend apices. In addition, the channel
centerline at the inlet and outlet of the structure, left and right structure footers at the inlet and outlet,
top of structure, inlet and outlet transition zone boundaries, the upstream and downstream base of
road fill, and the upstream and downstream edges of road are surveyed. Survey points should be no
more than one half bankfull width apart.

Similar gradients between stable grade controls (less than 25% different from adjacent gradients) are
grouped together into slope segments. The slope segment(s) within the natural channel most similar in
gradient(s), channel unit(s), and length(s) (both reach length and channel unit length) to those present
within the design channel are selected as the representative reach(es). Of these criteria, gradient is the
most important and length the least. Representative reaches do not necessarily have to be located

adjacent to one another in the natural channel, nor do channel units have to be in sequence. At some
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sites, it will be necessary to find individual representative channel units within the natural channel for
comparison.
Because gradients are rarely exactly equal, some leniency for differences is allowed. Similar slope

segments are defined by the following criteria:

e Design channels with gradients greater than 3% should match design and representative reach
gradients within £ 25%.
e Design channels with gradients less than 3%, but greater than or equal to 0.5%, should match
design and representative reach gradients within + 50%.
e Design channels with gradients less than 0.5% should match design and representative reach
gradients within £ 100%.
The criteria differ by design channel gradient for mathematical reasons. When multiplying by a fraction,
larger numbers produce larger numbers. Therefore, £ 25% multiplied by the design gradient produces a
greater range of possible gradients for larger slopes than smaller slopes. To correct for this, and help to
ensure a representative reach is selected for smaller gradients, a more lenient criterion has been set for
gentle slopes. The slope categories of the gradient criteria are meant to group channels which have
similar physical characteristics and processes. See section 6.1.2.1 for a discussion of the sliding scale
gradient criteria. Also, see the longitudinal profile analysis section within Appendix B4 [Longitudinal
Profile Analysis] for more information about selecting the level Il representative reach.
The Level | protocol does not specify surveying a longitudinal profile, instead slope segments are
delineated by ocular estimate and representative reach(es) are selected. Delineating slope segments by
eye requires generalizing the channel gradient for 10s of meters. Commonly several channel units are
grouped together. Similar to level Il, the ideal representative reach(es) are alike in gradient, channel
unit(s), and length (both reach length and channel unit length). Representative reaches do not

necessarily have to be located adjacent to one another in the natural channel, nor do channel units have
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to be in sequence. At some sites, it will be necessary to find individual representative channel units

within the natural channel for comparison.

3.4.4.2 CHANNEL UNITS: DEFINITIONS, COMPARISONS, AND DATA COLLECTION

Pool and riffle channel units shorter than one bankfull width in length may be skipped during data
collection, unless they can be analyzed as part of a channel unit sequence (and are cumulatively longer
than one bankfull channel width). Pools must have a convex shape and have a maximum depth twice
the depth at the pool-tail crest. Steps must have a scour pool beneath them to be considered a step,
rather than a prominent rib within a riffle.

Within each zone, measurements are tracked by channel unit and slope segment because metrics are
eventually compared by channel unit (or sequence) and slope segment. For example, if the gradient
within the structure (zone) is uniform (a single slope segment) and channel units are: step, pool, riffle;
metrics are collected within each unit. Associated data are marked with the zone, the channel unit
name and a slope segment identifier. This applies to both the levels I and Il protocols.

Where zone boundaries truncate pools (e.g., a pool within the structure extends beyond the outlet), the
entire pool should be considered as part of the zone which has the majority of its length. Where entire
zones are represented by a partial segment of a pool unit, comparative analysis by zone becomes
meaningless for metrics like depth and wetted width because the head and tail of the pool would be
analyzed separately. Further, the portion of the pool within the structure may experience different
boundary conditions than the rest of the unit. This situation is relevant to sites on the Daniel Boone NF.
Ultimately, the levels | and Il protocols are not appropriate for assessing such long, zone-spanning units.
Riffles truncated by zone boundaries are analyzed separately, per zone. Where the portion of the riffle

within a zone is less than one bankfull width in length, it is not analyzed. Steps at zone boundaries are
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analyzed as part of the zone in which the scour pool is located. This is true for both the levels I and Il
protocols.

By nature, steps are usually few per zone, short in length, and narrow in width. Therefore, sample sizes
are small, which prohibits statistical testing between groups. For both the levels I and Il protocols, data
are collected at the tallest step within each design zone slope segment and each representative reach
slope segment. The zone and associated slope segment are noted with the step data. Steps which form
the boundary between two slope segments may be analyzed as a part of either slope segment (it is best
to choose the slope segment which has the best step for comparison within the representative reach).
For example, if there are two steps within two slope segments in the structure zone, data would be
collected at each step. They would be separately compared with the representative step for each slope

segment. See the discussion sections 6.1.1.3 and 6.2.4.

3.4.4.3 APPROPRIATE COMPARISONS: DESIGN VS. NATURAL CHANNEL

For both the levels | and Il protocols, design zones are never compared with one another. Comparisons
are always made between either entire design and representative reach zones, or portions therein
(slope segments and channel units). Different design slope segments may be compared with the same
representative reach, as long as the gradient criterion is met.
Because there are three variables (zone, slope segment, and channel unit) which affect how design
metrics are compared with representative reach metrics, it is helpful to consider the possibilities
individually; there are basically four:

A. First, the simplest example; a single slope segment riffle passes through all three design zones

(ITZ, structure, and OTZ). The selected representative reach should also be a riffle of similar

gradient and length as the one that composes the design channel. Because the same slope
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D.

segment and channel unit is present within each design zone, separately the portion of the riffle
within each design zone is compared with the entire representative reach riffle (Figure 12).

A slightly more complicated example; a single slope segment passes through all three design
zones, but two (or more) channel units repeat themselves in sequence (e.g., pool, riffle, pool,
riffle). In this case, a representative reach should be selected which is both similar in gradient
and has the same repeating channel unit sequence. Channel units within the representative
reach should be of similar lengths and of the same number as those within the design channel.
Data for the channel unit sequences within each design zone are separately compared with data
for the entire representative reach (Figure 13).

A further complicated example; a single slope segment passes through all three design zones,
but more than two (non-repetitive) channel units are present within the design channel (e.g.,
pool, riffle, step, pool). In this case, one should select a representative reach which is similar in
gradient and has the same channel unit sequence. Comparisons are made between each design
zone channel unit and similar units within the representative reach (Figure 14).

It may be possible to compare a single design pool-riffle sequence with the same sequence in
the representative reach, if zone boundaries do not interrupt the sequence. Also, when the
same channel unit (e.g., the pool in the above example) is repeated within a single zone and
slope segment, data for that channel unit can be combined. Where repeated channel units are
within different design zones or slope segments, their data are not combined.

The most complicated example; multiple gradients and channel units compose the design
channel. When this occurs, first try to find representative reaches (one for every design slope
segment) with a similar gradient sequence and channel unit sequence as present within the
design channel. If a similar sequence of slope segments cannot be found, identify a separate

representative reach for each gradient. For each design zone, channel units are compared

55



individually (or by sequence when possible) with similar units in each representative reach. For
some channels, it may be necessary to find individual, non-adjacent, representative channel
units to which design channel units are individually compared. Representative channel units

must be of similar gradient and length as those units within the design channel (Figure 15)
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Example A: Single slope segment riffle within all design zones

Single Slope Segment

Inlet transition zone

Structure

F\ Outlet transition zone

Com pare .

Representative Reach =
single slope segment
riffle of similar length

FIGURE 12: EXAMPLE A

Example B: Single slope segment, pool-riffle sequence
passes through all design zones

Single Slope Segment

Inlet transition zone =
Riffle, poal riffle

= Structure =
Riffle, pool, riffle
A Outlet transition zone =
Riffle, pool, riffle
Campare 7

Representative Reach =
single slope segment
pool, riffle sequence

FIGURE 13: EXAMPLE B
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Example C: Single slope segment with many channel
units (no sequences) within design zones

Single Slope Segment

Inlet transition zone =
Riffle, pool, riffle
Structure =
[y Step, pool, riffle,
step, pool, riffle

Outlet transition zone =

., Riffle, pool, riffle,
3| A pool, step, pool

A
v

Comparisons

Representative Reach =
single slope segment
Riffle, poal, ritfle, step, pool, riffle,
step, pool, riffle, step, pool,

riffle, pool, step, pool

FIGURE 14: EXAMPLE C

Example D: Multiple slope segments and many channel
units (no sequences) within design zones

Multiple Segments

Inlet transition zone =
Single gradient: 3

Step, pool, riffle, Structure =
step, pool, riffle Two gradients: 3 and 2 =
. Outlet transition zone =
o Riffle, pool (3) ’
Riffle (2) Two gradients: 2 and 1
=\ A Pool, riffle (2)
Step, pool,1)
7 Representative
L Reach 1=
Comparisons Single slope
segment:
Step, pool,
Representative Reach 3 = riffle, step,
single slope segment — pool

Step, pool, step, pool,
riffle, pool

Single slope segment
Riffle, pool, riffle

FIGURE 15: EXAMPLE D




3.4.4.4 GROUPS

Because most of the sites | evaluated were too complicated (e.g., example D), to analyze simply by zone
or channel unit sequence, | created a unique identifier system which facilitated analysis and alleviated
confusion. Group identifiers were essential for evaluating complex channels without immediately
comparable representative reaches. | used this identifier system at simple sites as well because it made
coding the data for statistical analysis easier. This identifier is called the “group” and consists of the
zone, the slope segment (labeled 1, 2, 3 ...), and the unit type. For example, the structure (S) riffle (R)
within the steep slope segment (2) would be uniquely identified as group SR2. SR2 is then compared
with the steep slope segment (2) riffle (R) within the representative reach (RR), or RRR2 group.
Analyzing by group can however be a problem when channel units are very short in length because
sample sizes become small and statistical tests lose power (discussed further within section 6.2.5.1). |
frequently refer to group names at each site within the results and discussion sections of this thesis.
The levels | and Il metrics are described below by protocol. . 3 shows the metrics collected by each
protocol. See .4 and .5 for a more complete description of the levels | and Il metrics, their
measurements, data manipulations, and approximate sample sizes. Appendices B [2013 Level Il Field

Protocol] and C [2013 Level | Field Protocol] give further details.

3.4.4.4.1 WIDTHS

Because channel width affects flow depth and velocity, width is an indirect assessment of stream
energy. These measurements evaluate the design channel width compared with the natural channel
width at various stages of flow, indicate the presence/absence of banks, and show width transitions into
and out of the structure. Width measurements also indicate whether the effects of an undersized
structure were repaired, such as bank erosion at the inlet and outlet. Bankfull stage is an important

metric because approximately bankfull flows are thought to be the channel forming, sediment
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transporting flows. Half bankfull stage is important because those flows are more frequent and are
considered the common condition within the design channel. The wetted width should be an
expression of channel width and habitat during lower flows.

Level Il width measurements are collected at three stages; bankfull, half bankfull, and low flow (wetted
width) (Figure 16). They are measured from the channel centerline separately to the right and left banks
at each stage, except low flow. The low flow width is measured across the channel. The sampling
interval is set to obtain a minimum of 20 measurements within the structure or representative reach,
whichever is shorter. First, an interval equal to 20% of bankfull is considered, if the minimum sample
size will not be achieved, the interval is decreased until the minimum interval (0.3 m) is reached.

Setting the sampling interval this way however does create some issues. Where channel units (instead
of sequences) must be compared, sample sizes can be too small for statistical analyses. Small sample
size also becomes a problem within the inlet and outlet transition zones. Width measurements at all
three stages are collected at riffles and pools (associated with riffles). Only bankfull width is collected at
steps.

Level | specifies collecting only bankfull and low flow widths. They are measured across the channel at
each stage. The sample size is five for riffle and pool channel units, regardless of zone. These units are
sampled at 0%, 25%, 50%, 75% and 100% its length. Width measurements at both stages are collected

at riffle and pools (associated with riffles). Only bankfull width is collected at steps.
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Bankfull Stage

Half Bankfull Stage

Low Flow (Wetted

FIGURE 16: STAGES AT WHICH LEVEL Il WIDTH MEASUREMENTS ARE COLLECTED

3.4.4.4.2 BANK CONTINUITY

Banks within the structure are important for creating micro-eddies (resting areas) and edge habitat.
Banks also protect the structure foundations and the structure itself (commonly galvanized steel) from
corrosion. Banks are evaluated at the half bankfull stage because flows are commonly present at this
elevation.

Level Il derives a quantitative measurement from the width metric at half bankfull elevation (yellow
lines in . 17) by counting the number of data points (left and right) not coincident with structure walls.
Where the percentage of points not coincident with structure walls is greater than 75%, bank continuity
is “good”. Where the percentage of points not coincident with structure walls falls between 50-75%,
bank continuity is “fair”, and where the percentage of not coincident data points is less than 50%, bank
continuity is “poor.” 17 shows 35% of the structure has banks at half bankfull elevation; bank
continuity is “poor.” Bank continuity is assessed at riffle and pool (those associated with riffles) channel
units.

Level I qualitatively estimates bank continuity (good, fair, poor) at the half bankfull elevation within the
structure by eye. “Good” irregularity is where more than 75% of the structure walls (left and right) have

banks at the half bankfull stage. “Fair” irregularity is where 50-75% of the structure walls have banks,
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and “poor” irregularity is where less than 50% of the structure walls have banks. Bank continuity is

assessed at riffle and pool (those associated with riffles) channel units.

structure wall,
no banks Banks present

Distance (m)

_6 T T T T T T T T T 1
o (6, = [ ) N w w N N [0
o wn o (&) o %) o o) o
Distance (m)
—— BF center to rb —— BF center to |b 0.5 BF centertorb
0.5 BF centerto Ib wetted width rb ——wetted width lb

FIGURE 17: PLAN VIEW OF LOWER STILLWELL DESIGN CHANNEL WIDTHS

3.4.4.4.3 BANK IRREGULARITY

Diversity along the stream banks is important for weaker swimming and crawling species because it
creates micro-eddies in which these organisms can rest as they travel against the current. Within the
design channel, this metric captures both what was built, and what may have developed over time.
Level Il derives bank irregularity, or bank margin diversity, from the width measurements at half
bankfull elevation. Bank irregularity is a measure of how far (absolute value) the bank deviates from the
median half width (channel centerline to the bank) for the left and right banks separately (Figure 18).

The absolute values of the deviations from the median (for the left and right banks) are combined into a
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single data set for analysis (doubling the sample size). Bank irregularity is assessed at pools (associated

with riffles) and riffles.

o
=

<=

e

P

,ﬂ

FIGURE 18: PLAN VIEW ILLUSTRATION OF BANK IRREGULARITY MEASUREMENTS

FIGURE 18 THE BROWN LINES SHOW THE LEFT AND RIGHT BANKS. THE CHANNEL CENTERLINE AND THALWEG ARE SHOWN BY THE
DASHED BLUE LINE. BLACK ARROWS SHOW THE HALF WIDTH MEASUREMENTS FROM THE CHANNEL CENTERLINE TO THE BANKS.
THE DASHED GREY LINES SHOW THE MEDIAN RIGHT AND LEFT BANK HALF WIDTHS. THE RED ARROWS SHOW THE RIGHT BANK
DEVIATIONS FROM THE MEDIAN (BANK IRREGULARITY MEASURE). THE PURPLE ARROWS SHOW THE LEFT BANK DEVIATIONS FROM
THE MEDIAN. THE ARROWS FACING TOWARDS THE CHANNEL CENTERLINE HAVE NEGATIVE VALUES. THE ARROW FACING
TOWARDS THE BANK HAS A POSITIVE VALUE. THE ABSOLUTE VALUES OF THE BANK IRREGULARITY MEASURES ARE USED TO
EVALUATE BANK IRREGULARITY. LEFT AND RIGHT BANK IRREGULARITY MEASURES ARE COMBINED INTO A SINGLE DATA SAMPLE.



The level | protocol measures bank margin diversity on a qualitative scale (good, fair, poor), by ocular
estimate. “Good” irregularity is where bank undulations or protrusions (0.3 - 0.6 m) are less than 2
channel widths apart (irregular banks) for both banks over the entire zone. “Fair” irregularity is where
spacing equals 2 channel widths, and “poor” irregularity is where spacing is greater. The left and right
banks are evaluated as if they were a single, continuous bank. Figure 19 depicts categorizing bank

irregularity by the level | protocol. Bank irregularity is assessed at pools (associated with riffles) and

riffles.
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FIGURE 19: CATEGORIZING BANK IRREGULARITY BY THE LEVEL | PROTOCOL METHOD

FIGURE 19 shows Sparks Brook, looking upstream at the left and right banks from the channel centerline. The red
dashed line is the approximately the bankfull channel width. The yellow lines highlight bank irregularities at the
half bankfull elevation. Bank irregularity is categorized by noting if the majority of the bank protrusions between
0.3 and 0.6 m in size occur within two bankfull widths apart, at two bankfull widths apart, or greater than two
bankfull widths apart. The left and right banks are analyzed as if they were connected and continuous over the
length of the reach. This channel reach would be categorized as “irregular” because irregularities (highlighted with
yellow lines) are spaced closer than two lengths of the red dashed line.
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3.4.4.4.4 BED IRREGULARITY

Bed irregularity creates important micro-habitat for bottom dwelling aquatic organisms such as macro-
invertebrates and sculpin fishes. The bed irregularity metric is derived from cross section data. A
minimum of 20 bed elevations are measured within the wetted width. The sampling interval however,
should never be less than 10 cm. Technically, bed irregularity is a measure of how far each
measurement deviates from the median bed elevation below bankfull (similar to bank irregularity) (
20). Within the design channel, the measured bed may have adjusted since construction, or may be the
original material. Cross sections also provide a visual indicator of the channel shape, which can be
qualitatively compared between the design and natural channels. Bed irregularity is only a level Il

metric. It is assessed at pool (associated with riffles) and riffle channel units.
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FIGURE 20: DOWNSTREAM CROSS-SECTIONAL VIEW OF BED IRREGULARITY AT LOWER STILLWELL, CROSS-SECTION 1

15BFIGURE 20 IS A TYPICAL CHANNEL CROSS SECTION. THE PURPLE LINE REPRESENTS BANKFULL STAGE. THE DASHED LINE IS THE
MEDIAN BED ELEVATION BELOW BANKFULL STAGE; BLUE LINE IS THE WATER SURFACE; BLACK ARROWS SHOW THE DISTANCE FROM
BANKFULL STAGE TO THE BED; RED ARROWS SHOW THE DISTANCE FROM THE MEDIAN BED ELEVATION TO THE BED SURFACE (BED
IRREGULARITY MEASURE). ARROWS WHICH POINT UP HAVE A POSITIVE SIGN. ARROWS WHICH POINT DOWN HAVE A NEGATIVE SIGN.
THE ABSOLUTE VALUES OF THE IRREGULARITY MEASURES ARE EVALUATED.
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3.4.4.4.5 MAXIMUM DEPTHS

Stream depth reflects the combined influences of channel width, gradient, large obstructions, and local
hydraulics. Stream depth is important because it is related to water velocity as well as habitat. The
metric detects both areas of excess scour and insufficient depth. Excess scour may indicate insufficient
energy dissipation, which can eventually destabilize the structure and road above. Shallow regions may
be indicative of overly permeable substrates or a poorly defined low-flow channel.

Within the level Il protocol, the maximum depth is collected at every sampling station where width
measurements are taken. The sampling interval is set to obtain a minimum of 20 measurements within
the structure or representative reach, whichever is shorter. First, an interval equal to 20% of bankfull is
considered, if the minimum sample size will not be achieved, the interval is decreased until the
minimum interval (0.3 m) is reached. Setting the sampling interval this way however does create some
issues. Where channel units (instead of sequences) must be compared, sample sizes can be too small
for statistical analyses. Small sample size also becomes a problem within the inlet and outlet transition
zones.

The level | protocol also specifies collecting a maximum depth measurement at each station where
width measurements are collected. The sample size is five for each channel unit, regardless of zone.

The channel unit is sampled at 0%, 25%, 50%, 75% and 100% its length.

3.4.4.4.6 COARSE FRACTION OF THE GRADATION OR LARGEST PARTICLES

Bed material should be sized within the design channel so as to maintain equal mobility with the
representative reach. D50 particles are the median sediment size within the bed. In gravel and cobble
bed streams (generally pool-riffle), the D50 should be mobilized during approximately bankfull floods

(although this is not always true) (Bunte et al., 2010).
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The surface D84 is used to compare the design bed mobility with that in the natural channel. D84 is the
size of particle larger than 84% of all particles found on the bed surface, mobile only during larger flood
flows. It is assumed that when these particles are mobile, smaller bed particles are also mobile (Stream
Simulation Working Group, 2008); thereby assessing the continuity of sediment transport through the
design channel for most particle sizes.

Within the level Il protocol, the D84 is measured by pebble count within riffles. An adjustable vertices
sampling frame (Bunte and Abt, 2001) is used to ensure the unbiased selection of particles. The spacing
of vertices within the frame is altered so that each particle intersects with only one vertex. The frame is
placed on the channel bed and the particle located directly beneath each vertex is measured. The frame
is moved along evenly spaced transects oriented perpendicular to the flow. Two hundred fluvially
transported particles are measured (b-axis only).

The pebbles greater than the D50 of the full distribution are extracted. This subset is referred to as the
“coarse fraction.” The D50 of the coarse fraction is approximately equal to the D75 of the full
distribution, which is considered (by this study) an acceptable approximation of the D84. D84 was
chosen by convention; the D95 could have been assessed instead. The goal is to simply compare some
of the largest, least mobile particles in the channel bed. Sub-sampling the full distribution in this way
makes statistical analysis easier because the other metrics are scored by comparing medians, and
testing specific (non-quartile) percentiles is not commonly done.

The Level | protocol approximates the D84 by measuring 9 to 11 of only the largest surface particles per

riffle. At random, the largest particles are selected and their b-axes are measured.
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3.4.4.4.7 STEP LENGTH

The step length metric is a geometric indicator of how the step dissipates energy. The length of the step
is the longitudinal distance from its maximum extent upstream to its maximum extent downstream.

Step length is measured in the same way for both the levels | and Il protocols.

3.4.4.4.8 STEP HEIGHT

The step height metric is a geometric indicator of the potential energy dissipated. It is also an important
metric because overly tall features can block aquatic organism passage. Step height is measured from
the flat water surface at the step crest to the water surface at the base of the step. Step height is

measured in the same way for both the levels | and Il protocols.

3.4.4.4.9 STEP PARTICLE SIZE

Constructed steps should be immobile. Undersized step particles can be indicative of features at risk of
failure. The intermediate axes (b) of the largest step particles are measured in place. Step particle size

is measured in the same way for both the levels | and Il protocols.

3.4.4.4.10 RESIDUAL POOL DEPTH (ASSOCIATED WITH STEPS)

Residual pool depth is an indication of the hydraulic effectiveness of a step. Steps should concentrate
flow enough to maintain adequate pool depths for aquatic organism passage. This metric is also
indicative of pool habitat during low flow conditions, which is important to pool-dwelling species. The
vertical distance from the maximum depth of the pool to the bed at the pool tail crest is calculated by
measuring the distance from the maximum depth to the water surface (A), and the distance from the
pool tail crest to the water surface (B). A-B = the residual pool depth. The residual pool depth is

measured in the same way for both levels | and Il metrics.
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TABLE 3: PHYSICAL MONITORING METRICS BY PROTOCOL

Metrics Level Il Level |
Width at bankfull stage
XX X
Width at half bankfull stage
X
Width at low flow (wetted width)
XX X
Maximum depth XX
Bank irregularity X *
Bed irregularity X
Coarse fraction of the gradation (diameter)
X
Largest particles (diameter)
X
Step height X X
Step length X X
Step particle size (largest)
X X
Residual pool depth at steps
X X
Bank Continuity X *

* = ocular estimate, x = measured, xx = level Il sample size is much larger than that for level |
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TABLE 4: LEVEL Il METRICS, MEASUREMENT METHODS, MANIPULATIONS, AND SAMPLE SIZES

Measurements and
Units

Measurement
Method

Data Manipulation for Each Metric

Full Widths

n=20 (min)
within rep
reach or
structure

Bank Irregularity
n = 40 (min) within
rep reach or
structure

Bank Continuity
n = 40 (min) within
rep reach or
structure

channel centerline
to right bank at
bankfull (m)

channel centerline
to left bank at
bankfull (m)

channel centerline
to right bank at half
bankfull (m)

channel centerline
to left bank at half
bankfull (m)

channel centerline
to right edge of
water (m)

channel centerline
to left edge of water
(m)

Place rebar at the
channel centerline.
At each stake,
measure up from
the water surface to
the bankfull
elevation. Use
alligator clips to hold
two 100 m
measuring tapes;
clip them at the
bankfull and half
bankfull elevations.
Use laser distance
meter at the
channel centerline
to find the
horizontal distance
to each bank
(ensure the laser
target is hitting
soil/rock, not
vegetation.
Measure with a tape
from the channel
centerline to the
edge of water (right

and left).

Subtract the
measured
rocks, logs, and
mid-channel
bars from each
half-width
(channel
centerline to
bank).
Combine left
and right half-
widths.

Using the width data
at half bankfull; for
each half width
(obstructions
removed) calculate
the median (per
group). Subtract the
median from the half
width measurement
(deviation from the
median). Take the
absolute value of the
deviations from the
median.

Using the plot of half
widths at half
bankfull stage, count
the data points co-
located with the
structure wall.
Subtract from the
total number of
measurements within
the structure to find
the number of
measurements at a
constructed bank.
Calculate the % of
measurements at
banks.
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Metrics

Measurements
and Units

Measurement Method

Data Manipulations

Approximate Sample
Size

Maximum
Depth

The maximum
channel depth
(water surface to
bed)

(m)

At each width measurement station, find the
maximum depth at that channel cross section.

Use a stadia rod to find the depth.

none

n = minimum of 20

within the structure

and representative
reaches

Coarse
Fraction

Pebble count
(mm)

Do a pebble count by using an adjustable vertices
sampling frame. Set the vertices wide enough so
that a minimal amount of particles intersect
multiple vertices. Measure the length of the riffle
or cascade unit. Set transects perpendicular to
channel flow at the interval necessary to obtain
the minimum sample size. Measure the b-axis of
each particle beneath a vertex. Relocate the
frame until 200 particles are measured.

Calculate the D50 of the pebble count
distribution. Subset particles greater
than, or equal to the D50; this is the

“coarse fraction.” Calculate the median
of the coarse fraction (should be about

equal to the D75 of the full distribution).

n = minimum of 200 for
the full distribution.
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Metrics

Measurements and
Units

Measurement Method

Data Manipulations

Approximate
Sample Size

Bed
Irregularity

Cross sections
(m)

Place a rebar stake above bankfull elevation on either side of
the channel so that a straight line between the stakes is
perpendicular to flow. Using alligator clips, fasten the string
to each stake. Fasten a metric measuring tape to each stake,
near and parallel to the string. Place a bubble level on the
string, and level the string. Determine the measuring
interval necessary to obtain the minimum sample size within
the wetted width. From the left bank stake, measure from
the string to the ground. Continue recording the station and
distance to ground, on the determined interval, across the
channel to the right bank stake. Mark the edges of water
and thalweg stations. Complete 2 cross sections for each
channel unit. Capture the widest channel at the inlet
transition and outlet transition zones.

The distance from the water surface
to the bankfull elevation is known;
the distance from the horizontal
string to the water surface is known.
Calculate the elevation of bankfull
relative to the string. Transform the
measured distance from string to
ground into the distance from
bankfull to ground. Calculate the
median of these distances. Subtract
the distance from bankfull to
ground from the median (deviations
from the median). Take the
absolute value of the deviations.

n =minimum
of 20 within
the wetted

width
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Measurements

Approximate

Metrics . Measurement Method Data Manipulations .
and Units Sample Size
Step length Measure the horizontal distance from the furthest upstream edge of a
tep Length N =1
Step Leng (m) step particle to the furthest downstream edge. one n
Step height Measure the vertical distance from the flat water surface at the step crest
Step Height p(m) g to the water surface at the base of the step at 25%, 50%, and 75% the None n=3
width of the step.
Step Bankfull St idth .
ep 'an ! epwi Measure across the channel at the step crest at the bankfull elevation None n=1
Width (m)
At the scour pool below the step, measure the distance from the
Residual Pool Step pool depth maximum pool depth to the water surface (A). At the pool tail crest, None I
Depth (m) measure the distance from the bed to the water surface (B). A-B =the
residual pool depth.
Maximum Step Step particle size Measure (in place) the intermediate (b) axis of 5 to 9 of the largest step None N=5t09

Particle Size

(mm)

particles with a measuring tape.
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TABLE 5: LEVEL | METRICS, MEASUREMENTS, METHODS, MANIPULATIONS, AND SAMPLE SIZES

Approxima
Metrics Measurements Measurement Method Data Manipulations te Sample
Size
Full Widths At Across the channel at n=5
Bankfull Stage the bankfull stage Using a pocket rod, measure up from the water surface to the -
> . Subtract the measured rocks,
elevation of bankfull stage. Stretch a measuring tape across the .
. . . . logs, and mid-channel bars
channel at this elevation. Record the width at 5 stations, spread .
. from each width. Calculate
. evenly along the length of each channel unit. At the same .
Full Widths At Across the channel at <tations. record the wetted width quartiles.
Low Flow the low flow (wetted) ! ’ n=5
(Wetted) Stage stage
Estimate, over the reach (banks assessed together), bank
Bank . undulations (0.3-0.6 m in size) less than (irregular), exactly
. I . ’ R N NA
Irregularity Ocular estimate (varied), or greater than (regular) Two bankfull channel widths one
apart.
Categorize the length of the structure walls with banks at the half
Bank Continuity Ocular estimate bankfull elevation (= 75% “good,” 50% to 75% “fair,” < 50% None NA
“poor”).
. The maximum . . . .
Maximum For each width measurement station, find the maximum depth at .
channel depth (water . . ) Calculate quartiles. n=5
Depth that channel cross section. Use a stadia rod to find the depth.
surface to bed)
Over the length of each riffle and cascade channel unit, measure
Largest Particles Measured particles the intermediate (b) axis of the largest particles until the Calculate quartiles. n=9to 11

minimum sample size has been acquired.
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Approxima

D
Metrics Measurements Measurement Method . ata . te Sample
Manipulations .
Size
Measure the horizontal distance from the furthest upstream edge of a step particle
tep L th tep | th N =1
Step Leng Step leng to the furthest downstream edge. one n
Step Height Step height Measure the vertical distance from the flat water surface at the step crest to the Calculate n=3
pHele pheig water surface at the base of the step at 25%, 50%, and 75% the width of the step. quartiles.
Step Bankfull .
eTNij:h ! Step width Measure across the step crest at the bankfull stage None n=1
Residual Pool Step ool At the scour pool below the step, measure the distance from the maximum pool
Depth dz F’ih depth to the water surface (A). At the pool tail crest, measure the distance from the None n=1
P P bed to the water surface (B). A-B = the residual pool depth.
Maximum Step Step particle Measure (in place) the intermediate (b) axis of 5 to 9 of the largest step particles with Calculate N=5t09
Particle Size size a measuring tape (mm). quartiles. -
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4 ANALYSIS METHODS

The analyses described in the following sections were done in order to create effectiveness summary
tools for levels | and Il protocols (objective 2) as well as to compare the protocols (objective 3). Analyses
associated with testing and improving the levels | and Il protocols themselves (objective 1) were
described in the field methods section (3) above.

The R version 3.0.0 statistical software (R Core Team, 2013) was used for calculating bootstrapped
confidence intervals and executing statistical tests. R and Microsoft® Excel ®were used to plot data.
Excel ®was used to manipulate raw data and as a platform for the level | and level Il effectiveness

summary rubrics.

4.1 ANALYSIS FOR OBJECTIVE 2: CREATE AN EFFECTIVENESS SUMMARY TOOL

Determining the effectiveness of a design requires systematically analyzing the metrics and combining
the results into a single assessment. It should be noted that the structure of the summary tools
presented below was initially conceptualized by Cenderelli, Lang and Weinhold in 2010, before this
study became a thesis project. One of the objectives of this thesis is to develop their concept into
functional levels | and Il summary tools.

The level | and level Il rubrics are fundamentally structured in the same way. Both rubrics compare each
design zone with the representative reach (per metric, per group). Groups are evaluated and
summarized separately so that specific design flaws can be related to the crossing morphology. Each
group comparison is scored based on the degree of similarity. Each metric is weighted so that its
influence on the total group score is relative to how important the physical channel dimensions are to
maintaining ecological continuity through the crossing. Metric scores are summed and the total group
score is compared with the maximum possible number of points. Evaluation scores equal to or greater

than 75% of the total possible points are considered “similar” to the representative reach, scores
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between 50% and 75% are “questionably” similar, and scores less than 50% are “dissimilar.”
Mathematically, the rubric evaluation method can be described as follows:
(score =5, 3, or 1)(metric weight) = metric score
2 metric scores = group score

Y (score = 5) (metric weight) = total possible points
group score/total possible points = group evaluation score (similar, questionable, dissimilar)

(1)

During development, metrics were included or removed based on how meaningful they seemed.
Different scoring and weighting schemes were explored. Scoring methods and weights (for two metrics)
were iteratively adjusted after comparing the rubric effectiveness results with plots, photos and

observations at test sites.

4.1.1 TeST SITES: LOWER STILLWELL AND OTHERS

The levels | and Il rubrics were initially developed by using data from three test sites: Lang’s data from a
site in California, Weinhold’s data from a site in Colorado, and my data from the Lower Stillwell site in
Oregon (Siuslaw NF). Lower Stillwell was chosen because the design channel is simple; a single gradient,
long riffle extends from the top of the inlet transition zone to the bottom of the outlet transition zone.
The simple design allowed me to easily compare my observations with rubric results.

When the levels | and Il rubrics seemed to perform reasonably well on the three test sites, they were
applied to a total of 9 other sites. Although no further changes to the rubric were made based on these
results, suggestions for improvements are summarized in Table 64, Table 65, and . 66 (section 7) of the
thesis. Three additional sites (where the levels | and Il protocols were terminated because no

representative reach could be identified) are also qualitatively discussed.
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4.1.2 LEVELII

In total, 7 versions of the level Il rubric were created. Each version was evaluated with the Lower
Stillwell site data. Level Il rubric results were compared with boxplots, histograms, site photos and
observations. Where rubric results differed from expected results, the rubric was adjusted.
Adjustments to the rubric included changing the statistical analysis method, altering metric weights, and
removing/adding metrics. The following sections describe the development of the level Il rubric (see the

level Il rubric spreadsheet in Appendix E2 [Level Il Summary Rubric]).

4.1.2.1 METRICS INCLUDED

4.1.2.1.1 REDUNDANT METRICS

Although field metrics are thought to be meaningful measurements of physical similarity between the
design and natural channels, some metrics may be redundant. Metrics which are too similar to one
another will effectively penalize, or aid, a site’s rubric score twice. For example, do the metrics of width
at low flow versus depth, actually provide the same information? Are the coarse fraction of the
gradation and bed irregularity really the same characteristic? Potentially redundant metrics were

observed across sites to evaluate whether they scored the same for all or most sites.

4.1.2.1.2 THE “SHORT” RUBRIC

A level Il “short” rubric was created in order to evaluate the effect of the wetted width and bed
irregularity metrics on the overall evaluation. These metrics are weighted very low (0.25), because they
are not considered critical elements of an effective design. Removing them from the protocol would
save hours of field time. The “short” rubric results were compared with the full rubric results at several

sites.
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4.1.2.2 METHODS OF SCORING, STATISTICAL ANALYSES

Most of the level Il metrics are scored by statistical comparison. The exceptions are bank continuity and
metrics associated with steps (discussed in section 4.1.2.2.4). During development, several different
statistical measures were researched and tried before settling on the most appropriate scoring method.
They are described in section 4.1.2.2.5.3.

Before applying statistics, data for each metric were first explored by data plots. The plots helped to
better understand the data as well as illuminate erroneous values. The following raw data plots were

made for each metric by zone:

e width versus distance (at bankfull, half bankfull, and wetted width elevations)
e depth versus distance
e cross sections
e percentile versus sediment size
Boxplots, histograms and qq residual plots (by group) were also created. All metric data appear to be

non-parametric, or at least questionably parametric. See data plots for each analyzed site in Appendix A

[Site Data].

4.1.2.2.1 QUARTILES FOR ANALYSES; WHICH PART OF THE DISTRIBUTION TO COMPARE?

Data were shown to be non-parametric, sometimes heavily skewed, in histogram plots. Therefore, the
guartiles of each metric distribution are better population descriptors than the mean value. In early
versions of the level Il rubric, for some metrics, it seemed meaningful to focus on the tails of the
distribution (the 25" or 75" quartiles). For example, if the 25" quartile of maximum depth data was
analyzed, the shallowest depths would be compared. However, statistical tests of distribution tails are
less common than those which test central tendency. Statistical tests which compare medians are

relatively simple, and by using a single, standard test across metrics, the rubric is most user-friendly. It
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was decided the median statistic would be a meaningful summary of each metric, and scores should be
based around it.

The coarse fraction of the gradation metric is also analyzed by its median, but the full distribution is
subsampled in order to test the tails. We are most interested in the gradation tails (specifically the
upper tail) because these values (the “coarse fraction”) yield information about sediment continuity for
most particles. During the design process, the D84 within the representative reach is used to size the
design particles for equal mobility with the natural channel. The coarse fraction is defined as all
particles greater than the D50 of the full distribution. When the D50 of the coarse fraction is compared
between groups, approximately the D75 of the full distribution is actually compared. Because it is

statistically practical to compare medians, we consider the D75 to be an acceptable proxy of the D84.

4.1.2.2.2 WILCOXON RANK-SUM TEST

The Wilcoxon Rank-Sum test (a.k.a the Mann-Whitney U) of distributions is a fairly simple procedure
which can be done by hand within an Excel workbook, or easily with a statistical software package. The
test can be used with non-parametric data, which makes it an appropriate method of scoring the level Il
metrics. A two-sided Wilcoxon test evaluates the null hypothesis that the medians of both groups
compared are equal, meaning the probability of drawing a larger observation from population A is the
same as drawing a larger observation from population B. A one-sided Wilcoxon test evaluates the null
hypothesis that the medians are shifted from one another by a specified amount (Ott and Longnecker,
2001). For both one and two-sided tests, the Wilcoxon Rank Sum evaluates whether values from one
population tend to be smaller or larger than the other (Conover, 1999) (not population shape). The test
assumptions are: 1) independent samples, and 2) distribution shapes between samples are the same
(Ott and Longnecker, 2001). Based on data collection methods, assumption 1 is most likely met;

samples are independent from one another because they are collected in separate zones at meaningful
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intervals. Distributions are visually evaluated with plotted histograms; assumption 2 is assumed to be
met when group distributions (histogram plots) appear similar (both unimodal, skew is acceptable) (B.
Bird, pers. comm., 2013). Where distributions are questionably similar, test results are more critically
evaluated and may be overridden (see section 0). Because for most metrics, the population median is of
interest, the Wilcoxon Rank-Sum test was chosen as the analysis method for scoring the level Il metrics.
Further, its simple, straight-forward and intuitive nature is appealing.

The Wilcoxon Rank-Sum test transforms non-parametric data into a normal distribution by ranking the
data. The test is performed by combining the two groups of data (X and Y), then ordering and ranking all
data values. The data are then separated back into their two groups. When there are few, or no ties,
the rank sum of the group with the lesser sum is used as the test statistic. Ranks for tied data are
averaged and the remaining data are ranked as if averaged ranks were not given. Let R(X;) be the rank

of the i sample from group X.

U= zn: R(X))
i=1

()

When many ties exist, the mean is subtracted from the test statistic U and the remainder is divided by
the standard deviation. Let n be the number of samples from group X, and m be the number of samples

fromgroup Y. Let N=n+m.

nm

nm(N + 1)2
NN —1)

N 2 _
R Tg

(3)

For large samples (= n = 20) U has an approximately Gaussian distribution and,
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(4)

where my is the mean,

(5)

and oy is the standard deviation (Conover, 1998).

nm (n+m+1)

Ov = 12

(6)

One can look up the probability (p-value) of getting a more extreme U (given the null hypothesis is true)
for various significance levels (a) in tables of the normal (z) distribution (Wilcoxon, 1945; Ott and
Longnecker, 2001).

For small samples (= n < 10) and groups with many ties, the exact U (or W) distribution should be
calculated, and exact p-values figured. Exact p-values for the Wilcoxon Rank-Sum test are calculated in
R by the Shift Algorithm (Streitberg and Rohmel, 1986). Using the “ExactRankTest” package in R, exact
p-values were always calculated for this project, no matter how large the sample size.

At riffles, bank irregularity and maximum depth are tested with a one-sided Wilcoxon Rank-Sum (this
does not penalize the design zone if it is more irregular or deeper than the natural channel). For pools
associated with riffles, bank irregularity alone is tested with a one-sided test (deeper pools may indicate
excessive scour and dissimilar hydraulics). The Wilcoxon Rank-Sum R scripts are included within
Appendix G [Wilcoxon Rank-Sum R Code Used].

The p-values are used to score each metric by comparing them with ranges of alpha levels (see section

4.1.2.2.3). Initially, a range of alpha values was subjectively chosen, and the three test sites were
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analyzed. After evaluating those results, it was clear that adjustments to the range of alpha values
might be necessary because evaluation results for the test sites were either “similar” or “dissimilar,”
when in reality an effectiveness gradient exists.

A small sample size affects statistical test results because too little information is available for
comparing groups. If samples are of inadequate size, the null hypothesis may be falsely accepted (a type
Il error), leading to an inaccurate interpretation of the effectiveness of the stream-crossing design.
Some metrics (width at bankfull stage, width at half bankfull stage, wetted width, depth, and bank
irregularity) base a statistically significant sampling interval on the length of the structure or
representative reach (whichever is shorter). For these metrics, sample size can be particularly small
(less than 10) within the inlet and outlet transition zones, and where channel units are very short in
length. Where sample sizes are small, data are evaluated qualitatively and scored. Sampling these
metrics by channel unit instead is, however, time prohibitive. Sample size appears to be consistently
adequate (n>10) for the coarse fraction of the gradation, bank irregularity, and bed irregularity metrics,
because they are sampled by channel unit, or sample sizes are doubled by bank (left and right). The

bank continuity metric does not require a statistical test of two data populations.

4.1.2.2.3 SCORING SCHEMES FOR LEVEL Il

The level Il scoring method was altered to analyze each metric by comparing p-values associated with
the Wilcoxon Rank-Sum test with various alpha level intervals (. 6). For the “fair” score of 3, the p-value
must fall within the designated alpha interval. P-values which fall below the lower boundary score
“poor,” or 1. P-values which fall above the upper boundary will score “good,” or 5. The scoring schemes

used for analysis are:
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TABLE 6: LEVEL Il SCORING SCHEMES APPLIED

Scheme for a score of 3 Notes
0.001<p<0.1 Easy togeta 3, hardtogeta5
0.001<p<0.05 Easy to geta 3, oktogeta5
0.01<p<0.05 Hard to geta 3, oktogeta 5
0.01<p<0.1 Easytogetal, easytogeta3, hardtogeta5
0.05<p<0.1 Very easy togeta 1, oktogeta 3, hardtogeta5

The summary rubric evaluation results for each scoring scheme were compared between sites. The
rubric version with the most consistently reasonable results is the recommended method, presented
within the results section (5.2.1.1), along with the level Il effectiveness evaluations for each site

(5.2.1.2). See Appendix A [Site Data] for level Il summary rubric results by all scoring schemes.

4.1.2.2.4 NON-STATISTICAL SCORING METHODS WITHIN THE LEVEL Il RUBRIC

Bank continuity is assessed from the plotted width at half bankfull stage. The metric is only relevant to

the structure zone. Bank continuity is scored as follows:

e  “Good” score of 5 = more than, or equal to 75% of the width measurements at half bankfull
stage do not intersect the structure walls.
o “Fair” score of 3 = between 50% and 75% of the width measurements at half bankfull stage do
not intersect the structure walls.
e “Poor” score of 1 = Less than 50% of the width measurements at half bankfull stage do not
intersect the structure walls.
Steps are not evaluated statistically because sample sizes are small. Instead, where step metrics have
only one measurement (channel unit length, bankfull width, and residual pool depth metrics), they are
scored by a percent-difference criteria. Specifically, the difference between the design and natural
channel measure is divided by the natural channel measure to calculate the percent difference. Then,

for each metric scored in this manner, the percent difference is compared with a criterion:

86



e  Where the design channel unit length is different from the natural channel by less than 25%, the
score is “good” (5), where the percent difference is between 25% and 50%, the score is “fair”
(3), and where the percent difference is greater than 50%, the score is “poor” (1).
o Where the design bankfull width is different from the natural channel by less than 10%, the
score is “good” (5), where the percent difference is between 10% and 30%, the score is “fair”
(3), and where the percent difference is greater than 30%, the score is “poor” (1).
o  Where the design residual pool depth is different from the natural channel by less than 25%, the
score is “good” (5), where the percent difference is between 25% and 50%, the score is “fair”
(3), and where the percent difference is greater than 50%, the score is “poor” (1).
Where more than one measurement is collected (maximum particle size and step 