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Abstract

Washington State Department of Transportation leads a cooperative program to study juvenile salmonid
passage through culverts by systematically conducting statistically designed experiments in a full-scale
culvert system at the Culvert Test Bed (CTB) at the Washington Department of Fish and Wildlife
(WDFW) Skookumchuck Hatchery near Tenino, Washington. The main objective of this part of the
program is to determine the upstream passage success of juvenile salmon swimming through a series of
standard baffles.

In 2005 and 2006, testing was conducted using the culvert-baffle configuration recommended by WDFW
to enhance upstream adult salmonid passage. The primary question to be addressed is what passage
success is achieved for juvenile salmon with the WDFW standard baffle. The fish-passage tests evaluated
passage success in a 40-ft corrugated culvert with three weir baffles at one culvert slope (1.14%) and over
five flows conditions (1.5, 3, 6, 8, and 12 cfs). The 3- and 8-cfs flows were tested under two
backwatering conditions; the remainder of the flows were tested under only one backwatering condition.

The relationships between natural logarithm of passage success of juvenile coho salmon (94 mm to

104 mm) and culvert discharge were statistically significant and curvilinear for all three configurations.
For the configuration without baffles, passage success was about 40% at 1.5 cfs, increased to about 70%
at 3 cfs, and then decreased to less than 10% at 12 cfs. The curves for configurations without baffles and
with baffles and elevated backwatering condition did not differ significantly. Both these curves were
significantly greater than the curve for the configuration with baffles and standard backwatering
condition.

Backwatering influences passage success through baffled culverts and will need to be considered as an
experimental variable in future tests. Differences between our results and other previous results indicate
that fish size has substantial influence on passage success and that these tests will need to be repeated for
smaller juveniles. The lower passage success at 1.5 cfs relative to the higher flows both with and without
baffles indicates that the lower passage success at 1.5 cfs is not a function of baffling conditions, i.e.,
baffles or no baffles, but rather is due to some aspect of culvert discharge. More exploratory behavior
was observed at 1.5 cfs than at higher flows. The observations also suggest that consistent upstream
movement may require a cue that is associated with higher flows. The nature of the cue is not known but
could be related to higher velocities, greater depth, or more distinct low-velocity pathways. Behaviors
associated with successful upstream passage were more complex with baffles than without baffles. A
significant quadratic relationship between the probability of passage success and the number of entries
was found for all configurations at flows above 1.5 cfs. These relationships suggest that fish may be
achieving the same level of passage success for less effort in the baffled configuration.

The behavioral observations indicate that the fish use low-velocity pathways to accomplish passage and
that these pathways differ between the baffled and unbaffled conditions and perhaps differ with flow for
the baffled condition. The fish appear to be able to find and use low-velocity pathways to accomplish the
passage in several different settings.



Executive Summary

Road culverts located on federal, state, and private lands currently block upstream passage of juvenile
salmon to thousands of miles of suitable juvenile rearing habitat. Washington State Department of
Transportation (WSDOT), in cooperation with partner agencies, currently leads a cooperative program to
study juvenile salmonid passage through culverts by systematically conducting experiments in a full-scale
culvert system at the Culvert Test Bed (CTB) at the Washington Department of Fish and Wildlife
(WDFW) Skookumchuck Hatchery near Tenino, Washington.

The overall goal of the CTB program is to identify culvert configurations and the associated hydraulic
conditions that facilitate successful upstream passage of juvenile salmonids. Previous studies have used
juvenile coho salmon to examine the factors influencing passage success and leaping ability. This study
begins research focused on retrofitted culverts. A retrofitted culvert is one in which the bed
characteristics of an existing culvert are modified or engineered to improve fish passage. The main
objectives of this study are to determine the passage success of juvenile salmon swimming through a
culvert configured with WDFW weir baffles and to relate fish passage success to culvert slope, water
flow, water velocity, turbulence intensity, water depth, and other hydraulic parameters for the installed
retrofit design.

In 2005 and 2006, the initial phase of culvert retrofit testing was conducted using the WDFW
recommended culvert-baffle configuration designed to enhance upstream adult salmonid passage. This
report summarizes the results of this initial round of retrofit testing with respect to fish behavior. The
University of Washington (UW) has also completed a companion report on the hydraulics of the baffled
culvert configuration (Thurman and Horner-Devine 2006). Additional culvert-retrofit hydraulic
measurements concerning turbulence are underway at Washington State University (WSU).

The primary question in this initial culvert retrofit-testing phase of the CTB program is what passage
success is achieved for juvenile salmon with the WDFW weir baffle over a set of slopes and flows. The
fish passage tests described in this report evaluated fish passage success in a culvert with three weir
baffles at one culvert slope (1.14%), over five flows (1.5, 3, 6, 8, and 12 cfs). The 3 and 8 cfs flows were
tested under two backwatering conditions; the remainder of the flows were tested under only one
backwatering condition.

The statistical study design of the retrofit evaluations entailed paired comparisons of two culvert bed
configurations observed with replication over a series of flows, i.e., 1.5, 3, 6, 8, and 12 cfs. This design
proved effective in determining that the relationships between natural logarithm of passage success of
juvenile coho salmon (94 to104 mm) and culvert discharge were statistically significant and curvilinear
for all three configurations examined. For the configuration without baffles, passage success was about
40% at 1.5 cfs, increased to about 70% at 3 cfs, and then decreased to less than 10% at 12 cfs. We have
no observations beyond 12 cfs; however, the equation for configuration without baftles suggests that the
passage success would be expected to fall below 1% at 14 cfs. There was no significant lack of fit of
these statistical models, and the lack of interactions demonstrates that the curves for the three
configurations are parallel. The curves for configurations without baffles and with baffles and elevated
backwatering condition do not differ significantly. Both these curves are significantly greater than the
curve for the configuration with baffles and standard backwatering condition. Because these findings
indicate that degree of backwatering influences passage success through baffled culverts, we recommend
that backwatering be considered as an experimental variable in future studies.

Comparison of these results with previous results for the unbaffled configuration (Pearson et al. 2005)
indicates that fish size, or perhaps season, influences passage success. We recommend that the study



design used here be repeated with small juvenile coho in the spring to determine whether the patterns of
success versus culvert discharge are similar for small coho salmon.

Behavioral patterns with and without baffles at 1.5 cfs differed from those at higher flows. The fish at 1.5
cfs exhibited more exploratory behavior. The observations suggest that consistent upstream movement by
larger juvenile coho in this setting may require a cue that is associated with flows greater than 1.5 cfs.

The nature of the cue is not known but could be related to higher velocities, greater depth, or more
distinct low velocity pathways.

At flows above 1.5 cfs, statistical analysis found a significant quadratic relationship between the
probability of passage success and the number of entries for all configurations. This relationship for the
baffled configurations proved to be significantly different from that for the unbaffled, standard
backwatering configuration. The findings suggest that fish may be achieving the same level of passage
success for less effort in the baffled configuration than the unbaffled configuration. Also, these findings
further support our recommendation for repeating the study design with smaller coho salmon, for which
the baffled condition can be hypothesized to offer more benefit than the unbaffled condition.

The behavioral observations indicate that the fish used low velocity pathways to accomplish passage and
that these pathways differed between the baffled and unbaffled condition and perhaps differed with flow
for the baffled condition. Without baffles, fish moved, held position, and swam predominantly on the
right side of the culvert looking upstream. Pearson et al. (2005) observed this same behavioral pattern in
which smaller coho used the reduced velocity zone to move upstream and exit the culvert. With baffles,
the behavior and hydraulics were more complex. As culvert discharge increased, the fish shifted the
locations where they crossed baffles, held position, and swam to accomplish passage to the locations in
the culvert with the lowest velocities. Further understanding of the relationship between hydraulics and
behavior requires hydraulics measurements at all the discharges at which biological test are conducted.
We recommend that additional hydraulics measurements be undertaken to provide data at all test
discharges for which we do not have hydraulics measurements.

Overall, the results obtained thus far in the culvert test bed system demonstrate that the juvenile coho
salmon have remarkable abilities to adapt their behavior to accomplish upstream passage in different
system configurations and under different flows. The fish appear able to find and use low velocity
pathways to accomplish upstream passage.
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ANODEV analysis of deviance

ANOVA analysis of variance
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CTB culvert test bed
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GLM generalized linear models
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LWD large woody debris

PNW Pacific Northwest
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1.0 Introduction

Road culverts located on federal, state, and private lands currently block upstream passage of juvenile
salmon to thousands of miles of suitable juvenile rearing habitat. Therefore, optimal upstream passage
conditions in culverts for juvenile salmon must be determined. Washington State Department of
Transportation (WSDOT), in cooperation with partner state and federal agencies, as well as private
partners, is currently leading a cooperative program to study juvenile salmonid passage through road
culverts and to evaluate innovative culvert designs to improve the success of upstream passage by
juvenile salmonids. Much of this research is being carried out at the Culvert Test Bed (CTB) at the
Washington Department of Fish and Wildlife (WDFW) Skookumchuck Hatchery near Tenino,
Washington (Figure 1).

Between 2003 and 2004, testing conducted at the CTB focused on hydraulic measurements and
behavioral observations of juvenile fish in a series of tests leading to standard CTB testing protocols for
use in future CTB testing (Pearson et al. 2005a). In 2004 and 2005, studies on the leaping ability of
juvenile salmon as a function of culvert perch height were conducted (Pearson et al. 2005b).

One key area of interest involves determining appropriate hydraulic and fish-passage designs for
retrofitted culverts. A retrofitted culvert is one in which the bed characteristics of an existing culvert are
modified or engineered to improve fish passage. Research on adult salmonid passage through retrofitted
culverts has been conducted, but the optimal retrofit conditions for culvert passage by juvenile salmonids
are not well understood.

To successfully negotiate a culvert, a fish must be able to enter the culvert, traverse the length of the
barrel, exit the culvert, and proceed to an upstream resting area. Based on a review of current scientific
literature, little is known about the capability of juvenile salmonids to access upstream habitat by
overcoming barriers. The WDFW Design of Road Culverts for Fish Passage manual (WDFW 1999)
currently has a recommended design for baffles developed to provide for improved adult salmon passage
(Figure 2). Retrofitted culverts designed by this method provide passage for adult fish, but passage
success for juvenile fish is largely unknown. It is thought, that at low flow when the baffles are operating
as weirs, if the hydraulic drop (i.e., distance from water surface above the baffle to that below the baffle)
is relatively small and the downstream baffle-pool volume is adequate, these retrofitted culverts are
passable to juvenile fish. At higher flows, it is thought that there may be pathways created by baffle
hydraulics that also support upstream juvenile-fish movement. These are the areas of uncertainty that the
research described here is beginning to address.

The overall goal of the CTB program is to identify culvert configurations and the associated hydraulic
conditions that facilitate successful upstream passage of juvenile salmonids. The objectives of the initial
culvert retrofit-testing phase of the CTB program are as follows:

e Determine the passage success of juvenile salmon swimming through a series of configurations of
WDFW standard baffles under different culvert slopes and water flow conditions.

¢ Relate fish-passage success to culvert slope, water flow, water velocity, turbulence intensity,
water depth, and other hydraulic parameters for the installed retrofit design.

e Make recommendations for future culvert retrofit designs based on CTB test results.

1
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Figure 1. Culvert Test Bed Facility

Figure 2. Washington Department of Fish and Wildlife Culvert-Retrofit Baftle Installation

In 2005 and 2006, the initial phase of culvert retrofit testing was conducted. This research used the
WDFW-recommended culvert-baffle configuration designed to enhance upstream adult salmonid passage
(WDFW 1999). This report summarizes the results of this initial round of retrofit testing with respect to
fish behavior. The University of Washington (UW) has also completed a companion report on the
hydraulics of the baffled culvert configuration (Thurman and Horner-Devine 2006). Additional culvert-
retrofit hydraulic measurements are underway at Washington State University (WSU), focusing on
turbulence.

The primary question addressed in this initial culvert retrofit-testing phase of the CTB program is what
passage success is achieved for juvenile salmon with the WDFW standard baffle over a set of slopes and

2
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flows. Secondary questions are what changes in spacing, baffle height, or baffle angle enhance juvenile
salmon-passage success. The fish-passage tests described in this report evaluated fish-passage success in
a culvert with three weir baffles at one culvert slope (1.14%), over five flows (1.5, 3, 6, 8, and 12 cubic
feet per second [cfs]). The 3- and 8-cfs flows were tested under two backwatering conditions; the
remainder of the flows were tested under only one backwatering condition. Here we report that juvenile
fish of 94 mm to 104 mm standard length showed a curvilinear responses to flow, starting with 1.5 cfs,
peaking above 3 cfs, and then falling to minimal passage at 12 cfs. The same curvilinear pattern was
observed both with and without baffles.

2.0 Background

2.1 Culvert Fish Passage

In fish-bearing watersheds, passage barriers can pose a significant obstacle to migration into preferred
seasonal habitat areas. A barrier to fish passage is defined as any physical instream feature that causes
excessive delay in migration or abnormal expenditure of energy during any life-stage movements (Evans
and Johnston 1980). A culvert could be a complete barrier to all species of fish, adult and juvenile, under
all flow conditions; a partial barrier to adult or juvenile fish; and/or a temporal barrier to adult or
juvenile fish under specific flow conditions (WDFW 1999). The most common manmade fish-passage
barriers found in the Pacific Northwest (PNW) are road culverts.

WDFW has estimated that over 2000 culverts in Washington State were significant barriers to salmonids
and that over 3000 miles of habitat have been lost as a result of these problem culverts. During the
ongoing WSDOT road-culvert inspection program, 4590 crossings have been inventoried, with 2533
evaluated as fish bearing. Approximately 44% of the surveyed WSDOT road crossings have been
identified as fish-passage barriers (WDFW 2004). Restoring access to functioning habitat upstream of
culverts is a high priority for WSDOT and WDFW.

Culverts are a rigid boundary set into a dynamic stream environment. Even under normal conditions, the
presence of a culvert can create some inherent fish-passage problems. Culverts provide a conveyance
pathway for water, bed-load sediment, and large woody debris (LWD) under a roadbed while providing
for fish passage. If designed and installed properly, a culvert can perform both purposes concurrently
under a range of flow conditions. However, culverts are usually uniform and efficient to optimize water
passage; they often do not have the roughness and variability of stream channels and, therefore, do not
dissipate energy as readily (WDFW 1999). Fish passage through culverts includes upstream migration of
anadromous and resident adult fish during the spawning season, as well as upstream movement of
juveniles or resident adults at various times of the year (Kahler and Quinn 1998).

The most common conditions that can create a migration barrier at a culvert include the following (Dane
1978, Normann et al. 1985, Bell 1986, Baker and Votapka 1990, Behlke et al. 1991, Powers 1996, Allen
and Pyles 1999, WDFW 1999, Klingeman 2000):

e Excessive drop at culvert outlet (so-called “perched” culvert)
e High water velocity in the culvert (beyond the swimming capability of fish)
« Excessive culvert inlet or outlet flow velocity preventing fish from entering or exiting the culvert

e Culvert inlet channel constriction, resulting in a “hydraulic jump” at the upstream end of the
culvert
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o Turbulent flow conditions within the culvert

o Inadequate water depth within culvert barrel

e A lack of hydraulic roughness within the culvert

e Debris accumulation and blockage at the culvert inlet or within the culvert
e Misaligned culvert with respect to the natural stream channel

e Culvert that is too long (beyond the endurance of fish)

e A culvert installed at too steep a gradient (beyond the capability of fish).

Excessive water velocity is a common factor common to many of the culvert-passage barrier conditions
listed above. In general, water velocity within a culvert is a function of the cross-sectional area, slope, and
roughness of the culvert, as well as stream discharge. Culvert roughness is the most readily manipulated
factor that influences velocity. Over the years, a variety of methods for increasing culvert roughness have
been investigated, including baffles, corrugations, and the placement of bed-load material. Each of these
methods has the common objective of producing a region (boundary layer) of lower flow velocity within
the culvert that fish are able to use while the velocity in the remainder of the culvert exceeds their
swimming ability (WDFW 1999).

2.2  Culvert Baffles

Total replacement of inadequate road crossings with a bridge or stream-simulated culvert is the most
desirable solution but not always financially or logistically possible. There may be some circumstances in
which baffles are the only practical and cost-effective option for mitigating fish-passage impacts (Watts
1974, Clay 1995). Retrofitting culverts with baffles and flow deflectors to make internal hydraulics more
conducive to fish movement may be a less expensive and less labor-intensive alternative. Although these
retrofits are not long-term solutions, they potentially allow fish passage until it is financially and
logistically possible to replace the existing culvert. In addition, baffles may be suitable for remedying
existing culvert barriers where replacement of the culvert is not feasible because of physical constraints,
such as very long culverts with excessive road fill, or where fish usage does not justify the expense of a
full culvert replacement (Gregory et al. 2004).

In general, baffles are hydraulic obstructions installed at regular intervals within a culvert to increase
roughness, reduce velocity, and create hydraulic conditions suitable for fish passage over a range of flow
conditions (Katopodis et al. 1981, Katopodis 1991, Clay 1995). As baffles act in concert to increase the
hydraulic roughness of the culvert, they reduce the average cross-section velocity. Weirs, on the other
hand, act as individual hydraulic control structures. The flow over a series of baffles at high flow is a
streaming pattern; for weirs, it is a plunging pattern. To create streaming flow, the baffles have to be
relatively close together and short compared with the flow depth. Typical baffles act as weirs at low
flows and transition to roughness elements as the flow increases (WDFW 1999).

Based on current guidance (WDFW 1999), the installation of baffles within a culvert is not the preferred
method to meet velocity criteria and is not appropriate for new culvert installations. There are several
inherent problems with baffles. Sets of baffles create an artificial environment that requires fish to
repeatedly use burst-speed swimming behavior to traverse the baffles. Baffles also tend to reduce the
culvert conveyance capacity and can require frequent maintenance (Gregory et al. 2004). Many culverts
currently being addressed for hindering fish passage were designed only for hydraulic capacity. Adding
baffles reduces hydraulic capacity and often becomes a limit to flood capacity. The tendency of baffles to
catch LWD and other debris exacerbates the culvert-capacity problem and creates an added possibility of
a fish barrier, as well as culvert plugging and road fill failure. Because of the requirement for
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maintenance access, baffles should not be installed in culverts with less than 5 ft of headroom (WDFW
1999). Baftled culverts are generally limited to slopes less than or equal to 3.5% slope. This slope is
based on direct observation of existing baffle systems; improved baffle systems may change this limit
(WDFW 1999).

The need for frequent inspection and maintenance of baffled culverts is widely recognized, but few
maintenance programs establish the protocol or budget for adequate maintenance. Passage for many
salmonid species is most critical in freshets during the winter months, which also coincides with the time
of greatest risk of flooding and presence of debris. Maintenance is usually impossible during high-flow
fish-passage seasons, so passage is lost for at least part of a season when culverts fail or are obstructed.
Since the baffles and the potential barriers are out of sight, they often go unaddressed. Finally, the added
roughness raises the hydraulic profile through the culvert and is, therefore, more difficult to match to the
profile of the downstream channel (WDFW 1999).

Various culvert shapes have been equipped with baffles, including box, circular, and elliptical culverts
(Watts 1974). Baffles can be constructed of steel, concrete, or other rigid materials. The baffles shown in
Figure 3 are typical of those currently in use. Boulders held in place by steel reinforcement bars can also
be used as baffles. The slotted-weir baffle is sometimes used, because it provides larger and more
consistent resting spots for fish and promotes the maintenance of a low-flow channel through the culvert
(Williamson and Nilson 2001).

Numerous laboratory experiments have been conducted on culverts fitted with baffles (Rajaratnam et al.
1988, Rajaratnam et al. 1989, Rajaratnam et al. 1990, Rajaratnam and Katopodis 1990). Baffles change
the velocity distribution across the culvert and along the culvert from one set of baffles to the next
(Katopodis 1991). The maximum velocity occurs near the water surface, at the furthest point from the
culvert lining, directly above each set of baffles. This point varies slightly depending on the shape of the
baffles. Lower velocities occur between baffles, especially near the invert and along the culvert walls
(Rajaratnam et al. 1991). Studies of various combinations of baffle geometries, heights, spacings, slopes,
and flows in models of round culverts are reported in Rajaratnam and Katopodis (1990) and Rajaratnam
et al. (1989). Hydraulic model studies for weir baffles in square box culverts were studied by Shoemaker
(1956).

Powers (1996) observed in an experimental culvert that juvenile salmon used a low-velocity zone near the
culvert wall to accomplish upstream passage and called for more studies of turbulence as a factor in
passage success. Pearson et al. (2005a) found that hydraulic conditions near the boundary layer of
corrugated culverts may be imp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>