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Background

Intake Dam was origindly constructed as a rock-filled timber crib weir about 12 ft high and 700 ft long,
containing 23,000 cubic yards of materia. The dam raises the upstream water eevation from about 3 to
5 feet depending on river flows. Since congtruction, the structure has required frequent repair to maintain
the needed upstream head to divert flow into the Main Candl. Heavy ice and large flood flows work to
progressively moveriprap materia from the dam downstream. A cableway that crossestheriver over the
crest of the dam is used to place riprap adong the dam crest when repairs are required. Over the years,
large quantities of rock have been added to the dam to replace rock displaced by theriver. Riprap now
extends a consderabl e distance downstream of the dam atering the natura form of theriver.

Fish population studies conducted by Montana Fish, Wildlife and Parks (Stewart, 1986, 1988, 1990,
1991) indicate the dam is a partia barrier to many species and likely a tota barrier to some species.
Passage of endangered pallid sturgeon is of particular importance at Intake Dam. Backes and Gardner
(1994) found no pdlidsand sgnificantly larger shovelnose sturgeon upstream of Intake Dam. Thereislittle
questionthat Intake Dam isasubstantia barrier to the upstream movement of sturgeon species. However,
the question remains as to the best method of attracting and passing sturgeon at Intake. The behavior of
sturgeonfoundinthe Y elowstone and Missouri River systems has been the subject of severd field sudies.
These sudies provideingght into the sturgeon’ s preferences of flow regime (Bramblett 1996, Backesand
Gardner 1994, Erickson 1992, Peterman and Haddix 1975), channel shape (Bramblett 2001, Elser 1977,
Peterman and Haddix 1975,) and channd substrate (Bramblett 1996, Backes and Gardner 1994, Baily
and Cross 1954). However, when confronted by a barrier, the hydraulic conditions which are favorable
to attraction and passage of sturgeon are not thoroughly understood. Littleisdocumented about the ability
of sturgeon to negotiate the combination of flow depth, velocity and turbulence.

The research study was developed in response to arequest for proposals (RFP) issued by the US Army
Corps of Engineers (COE) viadectronic mail on May 16, 2001. The study was designed to investigate
the interaction between flow conditions and the behavior and swimming ability of palid sturgeon for use
inthe design of fish passage structures. Wild adult shovelnose sturgeon from the Y elowstone River were
used as a surrogate species as recommended in the RFP.  Results of habitat use studies conducted by
Bramblett (1996) comparing pdlid and shovelnose sturgeon were used in experimenta design and
evauation of test data

Study Participants and Fecilities

The study was conducted at Reclamation’s Water Resources Research Laboratory (WRRL) in Denver,
Colorado. Montana State University (MSU) and Reclamation jointly participated inthe research study.

Montana State Universty provide the lead for permitting, biological testing and assessment. Reclamation
provided the lead for designing and constructing test gpparatus at WRRL and conducting hydraulic
evauations of test conditions.



Fish Collection and Handling

Adult shovelnose sturgeon used in the study were collected fromthe Y elowstone River by MontanaFish,
Wildife and Parks (MFWP) personndl. Twenty six shovel nose sturgeon were collected July 17, 2001 and
14 October 16, 2001. Dr. Dave Erdahl at the USFWS Bozeman Fish Technology Center and MFWP
were consulted on captive handling, transport and maintenance of shovelnose sturgeon. Both groups of fish
were transported to Reclamation’ sWater Resources Research Laboratory (WRRL) in Denver, Colorado
shortly after being collected. Fisherieshiologist from Reclamation’ sF sheries Application Groupin Denver
transported the fish by vehicle in aerated tanks. The fish were iced down during transport and arrived in
Denver in good condition. Upon arrival water temperature was tempered and fish were placed in two 9
foot diameter by 2.5 foot deep circular plastic tanks at WRRL and givenamild sdt trestment (Figure 1).
Water was continuoudy circulated through the fish holding tanks from the laboratory’s water supply
reservoir located beneeth the |aboratory floor. Water quality within the WRRL water supply reservoir is
maintained by an ozonation system. No additional water treatment wasrequired. Thewater temperature
of the supply reservoir was 64?F + 2 ?throughout the testing. These water temperatures were typical of
Y dlowstone River temperatures during spawning (Bramblett 1996) and considered adequate for all tests.
Water temperaturein thefish holding tankswas cooled to 62?F based on recommendations offered by Dr.
Erdahl. His experience with holding Y dlowstone
River surgeonfor extended periods has shown fish e
surviva is best at water temperatures about 60?F.
Fish were fed both commercid trout diet and live
night crawlers.

Test sturgeon in group 1 ranged in fork length from
25.2 inches (the 24.6 inch fish had a damaged tall
and was not used) to 35.8 inches (mean 31.8)
(Figure 2) and weighed 3.1 to 10.6 pounds (mean
6.7) (Figure 3). Group 2 fish ranged in fork length
from 28.5 inchesto 31.5 inches (mean 30.4)

Figure 1 - View of surgeon in circular holding tank.

Study Scope

The study was divided into two experimenta phases. The first phase focused on identifying the behavior
of sturgeon exposed to a combination of flow depth, velocity, and turbulence. These parameters are
important in the design of effective fishway atraction and passage conditions.  After preliminary testing,
we determined that the series of depthstested had no observabl einfluence on sturgeon behavior and depth
was diminated as atest veriable (depth remained congtant). The second phase observed the response of
shovelnose sturgeon to three types of fishways: astandard vertica dot baffled fishway, adud-vertica dot
baffled fisway and arock channel with boulder weirs.  We planned to conduct both day and night tests,



but snce sturgeon movement in preliminary tests was good during light periods, night tests were not
conducted.
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Figure 2 - Fork length of shovelnose sturgeon in test group 1.
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Figure 3 - Weight versus fork length of shovelnose sturgeon in test group 1.



Sturgeon Response to FHlow Vel ocity, Channd Bed Roughness and Flow Turbulence

Flow Veocity and Bed Roughness
Experimenta Apparatus

Two flumeswere used during velocity and subdtratetests. A 3 ft wide by 30 ft long by 5 ft degp horizonta
flume was used to observe fish behavior and movement for tests of average flow velocity up to 4.0 ft/s
(Figured). A second adjustable dope flumewas used to test fish a velocitiesabove 4.0 ft/s. Thedoping
flumeis 3 ft wide by 60 ft long by 1.5 ft deep (Figure 5). The flume's dope can be adjusted from -0.5
degreesto 8 degrees. Both flumes have glasswalls dlowing visua observation of fish behavior.

Test Procedure

Bed roughness and velocity ranges were sdlected based on field data of sturgeon habitat preferences
summarized in Table 1.  Tests were conducted using four bed roughnesses at nine flow velocities (Table
2). Bed roughnessestested were fine sand, course sand, gravel and cobble (Figure 6). Testsof sand and
gravel bedswere conducted by placing sheets of marine plywood coated with each roughness ontheflume
floor. A cobble bed was created by placing alayer of tightly packed cobbles within the flume.

Table 1 - Summary of shovelnose and pallid sturgeon habitat preferencesidentified in available literature.

Study Author Depth Velocity Substrate
Pdlid Shovelnose Pdlid Shovelnose Pdlid Shovelnose
Bramblett, 1996, 2t023ft | 3 to29ft 04 to 0.1t0 6.0 >90% | 26 % sand,
Y elowstone River 4.33 ft/s ft/s sand bed, | 69% gravel
<5%
gravel
Erickson, 1992, Lake | 13to 20 ft NA 0to24 NA All NA
Sharpe, SD. ft/s
Schmulbach et d., NA NA NA 25ft/s+ NA NA
1982 experimental 1.5ft/s
data (critical
velocity)
Peterman and NA 14 to 3ft NA NA NA NA
Haddix, 1975,
Tongue River




Figure4 - View of 3 ft wide by 30 ft Figure5 - View looking downstream
long by 5 ft deep horizonta flume. in the 3 ft wide by 60 ft long by 1.5 ft
deep adjusidaleslopeﬂume

Fine Sand Bed Roughness Course Smd Bed Roughness

Gravel Bed Rouhness Cobble Bed Rouhness

Figure 6 - Photographs of bed roughness materias used for surgeon swimming tests.
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At theinitiation of atest, water velocity and depth were set at 0.8 ft/s and 18 inches, respectively. Two
sturgeon were netted from the holding tank based on size (one longer than the other) or color (light /dark)
30 fish-specific observations could be made. Fish were placed in alarge water-filled

cooler and lifted by overhead crane (30 ft flume) or transported by dolly (adjustable dope flume) and
released into the bottom of the flume. Observations of fish movement were recorded throughout 20 or
30 minutetrids. Attheend of atrid, velocity was increased by increasing discharge while kegping depth
congtant. Average velocities tested were 0.8 ft/s, 1.2 ft/s, 1.6 ft/s, 2.0 ft/s, 2.5 ft/s, 3.0 ft/s, 3.5ft/s, 4.0
ft/sand 6.0 ft/s (adjustable dopeflume). At theend of atest seriesor when afish becameimpinged onthe
bottom screen, fish were removed and fork length measured. Handling, was kept to aminumto minimize
dress. To avoid reusng the fish until al fish had been tested, each sturgeon was marked with anumbered
strip of duck tape loosdly secured around the cauda peduncle.

Table 2. Test variables - Bed roughness and flow veocity

Average Degpth, ft
Fine Sand, <0.01 in diameter Velodity, ft/s
0.8 15
Course Sand, 0.1in- 0.25in 16 15
diameter 50 1E
Grave, 05in - 1.0 in diameter ? 2.5 15
. . 3.0 1.5
Cobble, 2in - 8 in diameter 35 Tc
4.0 15
6.0 0.7

Adjustable Slope Hume Tests - Bramblett (1996) documented sturgeon in current velocities up to about
6.0 ft/s. Average velocities greater than 4.0 ft/s were not attainable in the 30 foot flume. Therefore, a
amilar series of tests were conducted in the adjustable dope flume to observe behavior and movement a
veoditiesin the range of 610 6.5 ft/s. Bottom substrates tested were smooth bed, coarse sand, gravel and
cobble. A smooth bed (plywood flume floor) was subgtituted for the fine sand bed substrate during the
doping flume tests to observe behavior on a channel bed smilar inroughnessto atrowe finished concrete
surface.  The downstream one-third of the channedl length was backwatered to provide a method of
exposing the fish to an increasing velocity with time. Ve ocity a the downgream end of the flume was
increased in steps Smilar to tests conducted in the 30 ft flume. Upstream of the backwater zone, flow
approached normal depth. It wasdesired to have asmilar velocity a mid-depth for each bed roughness.
To achieve smilar velocities, flume dope was varied between tests of different bed roughness (Figure 7).
A temporary net was inserted 20 feet up from the bottom of the flume to hold fish in the backwater zone
asvelocity was stepped up (seefigure 5). This alowed the flume dope to be held congtant during trails
at afixed bed roughness and did not require fish to be moved down for each velocity trid.  Test duration
was a maximum of 30 minutes but shorter if both fish had moved to the temporary net.
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Velocity and Bed Roughness Test Results

Thirty-Foot-Flume Tedsts - As part of our examination of the influence of velocity and substrate type on
sturgeon behavior, we conducted 6 tests consisting of 46 tridsin the 30 foot flume.  Each test evauated
the behavior of two Sturgeon a seven or eight average velocities (trias) ranging from 0.8 ft/sto 4.0 ft/s, and
one of four substrate types (fine sand, coarse sand, gravel, and cobble, see Table 2). Vertica velocity
profilesare presented in Figures 8 tol5 showing the average downstream vel ocity component (V,) and the
fluctuationof thevertical velocity component expressed asan root-mean-squared-vaue (V,rms). Vdocity
isplotted asafunction of distance abovethebed. Dueto the highirregularity of the gravel and cobble beds
avirtual zero bed datum was established based on near bed velocity. The virtud datum was established
asthelowest point of continuoudy positivedowngreamflow.  Theveocity profiles show asharp velocity
reduction of V, for increasing bed roughness. The velocity reduction (boundary layer) is most gpparent
in the first 4 inches above the bed. In the near bed zone, V, rms increases with bed roughness. The
increase is most pronounced for the cobble bed where the maximum V, rms va ueswere found to be about
10 percent of V, max.

Sturgeon successfully negotiated the range of velocities tested, over dl substrates. Success was defined
as moving from the bottom of the flume to the top within a 30 minute period. Although there were small
differences in success associated with subgtrate type, with cobble being the poorest, smal sampleszeand
highindividud variation precluded conclusive determination of theinfluence of substrate. However, pattern
of success related to velocity was consgstent among substrates.  The lowest overdl percent success
occurred at 0.8 ft/s (67%), increasing to 83% at 1.2 ft/sand 1.6 ft/s, and to 100% at vel ocities of 2.0 ft/s,
2.5 ft/s, and 3.0 ft/s (Table 3). Success dropped to 92% and 87% at 3.5 ft/s and 4.0 ft/s, respectively.
Thisindicates that attraction velocity becomes strong at 2.0 ft/s and remains high up to 4.0 ft/s.

Generd fish behavior associated with substrate was aso smilar among types and movement patterns
related to velocity. Sturgeon moved most at low and high velocities (Table4). At low velocities, fish were
less oriented to flow and milled around, moving up and down channd. Up and down movement averaged
4,08 and 4.90 per fish at 0.8 ft/s and 1.2 ft/s, repectively; and movement was throughout the channdl.
Seventy-six and 18% percent of down-channe movement was head first, suggesting low orientation to
flow. Totad movement waslessat velocities between 1.6 ft/sand 3.5 ft/sand al down-channd movement
wastall firgt, suggesting strong flow orientation. At high velocities, up and down movement increased, with
an average tota up and down movement of 4.17 trips at 3.5 ft/sand 4.38 trips at 4 ft/s. However, most
movement a high veocities was near the upper end of the channd and dl down-channd movement was
tall fird, indicating high orientation to flow. Averagetime required to first reach the top wasdowest a 0.8
ft/s (8.8 minutes) and fastest at 4.0 ft/s (0.8 minutes).



Table 3. Comparison of the number of sturgeon successfully negotiating the 30 foot flume (number to
top / number tested) at eight velocities (0.8 - 4.0 ft/s) tested with three substrate types (12 fish), two
vertica barrier widths (8 fish), and four horizonta baffle heights (14 fish).

VELOCITY
SUBSTRATE TESTS
Velocity 08 12 16 20 25 30 35 40
Sand 3/4 3/4 314 4l4 4l4  Al4 4Al4 -
Gravel 3/4 4/4  4l4  4Al4  4Al4  Al4  4l4 44
Cobble 2/4 3/4 314 4l4 4l4  4l4  3/4 3/4
Total 8/12 10/12 10/12 12/12 12/12 12/12 11/12 7/8
% 67 83 83 100 100 100 92 87
VERTICAL BAFFLE TESTS

Baffle Width

15.5inch 1/2 - 2/4 1/2 3/3 3/3 2/3 2/3
225 inch - - 3/4 0/2 2/4 - 0/2 1/3
Total 1/2 - 5/8 1/4 5/7 3/3 2/5 3/6
% 50 - 63 25 71 100 40 50

WEIR BAFFLE TESTS

Baffle Height

3inch 1/4  2/4 314 4/4 4l4  4l4  2/2 2]2
6inch 1/4 2/4 4/4 3/4 3/4 3/4 3/3 3/3
12inch 0/4 3/4 2/4 3/4 3/4 1/3 1/1 1/1
21 inch 0/2 1/2 0/2 0/2 0/2 1/2 0/2 0/2
Total 2/14 8/14 9/14 10/14 10/14 9/13 6/8 6/8
% 14 57 64 71 71 69 575

Overall Total 11/28 18/26 24/34 23/30 27/33 24/28 19/25 16/22

Overall % 39 69 71 77 82 86 76 73



Table4. Average movement of 12 shovelnose sturgeon in the 30 foot flume at vel ocitiesranging from 0.8
ft/sto 4.0 ft/s, over sand, gravel and cobble subgtrate.

Ve ocity, Time Number of Number of Number of Total Moved
(ft/s) toTop Times Fish Times Fish Times Fish Movement | Downstream
(minutes) Moved to Moved Up | Moved Down U+D Head First

Top (Percent)
0.8 8.8 1.00 2.67 142 4.08 76
1.2 3.2 1.10 2.78 212 4.90 18
16 2.3 0.75 1.42 1.83 3.25 0
2.0 2.0 1.08 1.92 167 359 0
2.5 2.2 1.17 1.83 175 3.58 0
3.0 2.2 1.08 1.25 150 2.75 0
35 2.8 1.67 2.00 217 417 0
4.0 0.8 1.38 2.50 188 4.38 0

Soping Hume Teds - We tested a maximum of five velocity ranges for each subsirate type, for atota of
61 trids (Table 5). Because the flume wastilted, within the backwater zone (below the removable net),
depth decreased and flow ve ocity increased moving up the flume. For adistance of about 20 ft upstream
of the net location flow conditions were nearly congtant (? fully developed flow) for coarse sand, gravel
and cobble subgirates. Between the upstream end of theflumeand the onset of fully devel oped flow, was
alength of channd in which flow accderated as it moved down the flume. Flow in the smooth bed flume
accel erated down the entire flume upstream of the backwater zone. Fish were alowed to moveto thetop
of the flume during the tests of highest velocity. Ve ocity was measured at the downstream end of the
flume, at the temporary net and 20 ft upstream of the temporary net. Theseveocities aredenoted herein
by the subscripts d (downstream), n (net) and u (upstream).  Vertica velocity profilesfor each substrate
measured 40 ft upstream of the flume' s downsiream end are given in Figure 16. In the smooth channd,
average flow veocity 20 ft upstream of the temporary net was smilar to the roughened bed channdls,
however the average velocity increased to about 6.8 ft/s at entry to the backwater zone.

At lower velocity ranges, fish movement and behavior wassimilar to that observed at comparablevelocities
in the 30 foot flume. At the 0.8, -1.1, ft/s velocity range fish milled around in the channd and did not
actively try to pass beyond the removable net. Asvelocitieswere increased, sturgeon became more flow
oriented and when down-channd movement occurred it was primarily tail first compared to amix of head
first and tail firs movement at the low velocities. Also, as velocity increased fish spent consderable time
nosing the removable net in an attempt to pass.
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Overdl movement successwas 57 % at the 0.8, -1.1, ft/sve ocity test, increasing to 70% and 81 % &t the
1.64 -2.5, ft/s and 2.0, -3.3, ft/s velocity tests, respectively, then declining to 47% at the 2.2,-6.0, ft/s
veocity tests (Table 5). Movement success was best over smooth bottom (60-90%), followed by coarse
sand (50-66%), gravel (33-80%), and cobble (25-50%). When the net was removed for the 2.2, -6.0,
ft/s velocity test, fish holding a the net usualy moved up immediately and reached the top in less than 6
minutes.  Unlike the “crawling” behavior a lower velocities, fish activdly swam at the high velocity.
Although some fish sprinted the entire distance without stopping, most moved up in three or four spirts,
resting gpparently effortlesdy inthe high velocity flow. Maximum facing velocity, measured adjacent to the
nose of resting fish (about 4 inches off the bed), ranged from 6.5-7.8 ft/s and was unrelated to fish sze
(Table 6). Fish usudly rested no more than 3 minutes between sprints. This suggeststhat, athough adult
shovelnose sturgeon can successfully move through  these high veodities, they are not likely to maintain
position for an extended period. On severd occasi ons motivated fish were moved to the bottom and they
immediately returned to the top.

Table 5. Comparison of movement success over four subgirates at average velocities ranging from 0.8
to 6.0 ft/sin the adjustable dope flume.

Number reaching top/number tested

Velocity (ft/s) 0.8,-1.1, 1.2,-2.0, 1.6,-2.5, 2.0,-3.3, 2.2-6.0,
Smooth 7/10 34 9/10 9/10 6/10
Coarse Sand 3/6 - 4/6 4/6 4/6
Gravel 4/6 2/6 5/6 - 2/6
Cobble 2/6 4/8 3/8 - 2/8
TOTAL 16/28 9/18 21/30 13/16 14/30
Percent 57 50 70 81 47
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Table 6. Facing velocities of resting shovelnose sturgeon in the 30 foot flume and adjustable dope flume
associated with test velocity. (Location of measurements varied aong the flume))

Velocity Test (ft/s) Facing Veocity, (ft/s) Fork Length (inches)
30 foot flume
0.8 (smooth) 1.49 28
1.6 (sand) 1.48 31
2.0 (sand) 2.22 30
2.5 (sand) 2.75 30
2.5 (grave) 3.05 315
3.5 (sand) 408 31
Adjustable dope flume
2.2.-6.0, (smooth) 75 28
7.8 315
6.5 30.0
7.6 335
coarse sand / gravel 6.6 35.0
cobble >6.4 325
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Figure 8 - Vertica velocity profiles measured over coarse sand, gravel and cobble beds for
flume tests with an average flow velocity target of 0.8 ft/s.
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Figure 9 - Verticd velocity profiles measured over coarse sand, gravel and cobble beds for
flume tests with an average flow velocity target of 1.2 ft/s.
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flume tests with an average flow velocity target of 2.0 ft/s.
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Figure 12 - Vertica veocity profiles measured over coarse sand, gravel and cobble beds for
flume tests with an average flow velocity target of 2.5 ft/s.
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Figure 13 - Vertica velocity profiles measured over coarse sand, gravel and cobble beds for
flume tests with an average flow velocity target of 3.0 ft/s.
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Figure 14 - Vertica velocity profiles measured over coarse sand and gravel beds for flume
tests with an average flow veocity target of 3.5 ft/s.
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Figure 16 - Vertica velocity profiles measured over coarse sand, gravel and cobble beds for
flume tests with atarget average flow velocity of 6.0 ft/s.

Flow Turbulence

Verticd Baffles - Large Scae Horizontal Eddies

The importance of flow direction in the horizontd plane in relation to upstream fish movement was
evauated using vertica baffles of two different widths. Baffles were placed in the flume perpendicular to
the back channd wall at a 6 ft spacing (Figure 17). Flow past each baffle was similar to that found in
vertica dot fishways. FHow veocity acce eratesthrough the d ot then dows again in the downstream pool.
Downgtream and behind each verticd baffle, flow forms alarge horizontaly aigned eddy.

Test Procedure - Fish disorientation in relation to horizontal eddy scale was investigated using 4 tests of
2 verticd baffle widths. Baffle widths were chosen to represent about 50 percent and 75 percent of the
average figh' sbody length. Testswere conducted for each bafflewidth using arange of averageveocities
(through dot velocity) of 0.8ft/sto 4.0ft/s. For thesetests, flow depth was set at 18 inches and discharge
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was adjusted to achieve the target dot velocity. Test procedures were identical to those in
velocity/substrate tests except fish were moved to the downstream end of the flume a the beginning of
each velocity trid.

Horizontal Eddy Test Results - Fish used in the tests resulted in baffle width to mean fish length retios,
(R,) of 0.49 and 0.71 for the 15.5 inch and 22.5 inch wide baffles, respectively. Hydraulic conditionsfor
eachtest aregivenin Table 7. Water surface differentials presented were measured using piezometer taps
located near the flumefloor between each baffle. Theflow pattern encountered by fish downstream of each
beffle is shown in Figure 18 for the maximum dot velocity tested. The velocity vector field was mapped
for adistance of twice the baffle width downstream by measuring two dimensiona point velocities on a
horizonta grid. All velocities were measured & mid-depth.  Flow through the verticd dot drives the
circulation of the horizontal eddy. Behind the vertica baffles flow moves upstream aong the back wall.
For each baffle width, upstream flow extended out from the wall about two-thirds of the baffle width.

In tests of both baffle widths, a velocities below 2.5 ft/s there was consderable up and down movement
within the pools between baffles, often circling in the areabelow thefirgt baffle. Inthe tests of the 15.5inch
beffle (2 series of tests, R, = 0.49) 66-75% of the fish moved to thetop at velocities of 2.5 ft/sand above.
At these velodities, fish that had moved to thetop in the previoustrid res sted being moved down-channel
between trids and fish that moved up did so immediately when flow was increased. Fish that passed the
firs dot usudly continued to the top without holding. Tests of the 22.5 inch wide baffle (2 series of tests,
R, = 0.71), showed that fish navigated the channd successfully at low velocity (1.6 ft/s) but displayed
consderable upstream disorientation at 3 ft/s and higher velocities (see Table 3). Fish often moved
upstream between baffles in the upstream eddy current. The current would propel the fish suddenly
upstream resulting in the fish griking the upstream baffle or turning and swimming vertica dong the
downstream baffle face then cirdling downstream.

Table 7. Test varidble - Ratio of baffle width to mean fish length, (R, ).

Slot Flow Measured Flow, ft%s Measured Water Surface Differential
Velocity between Baffles, ft
Target, ft/s | 15.25inch Wide | 22.5inch Wide 15.25InchWide | 22.5inch Wide
(Average) Vertica Baffle, Vertica Baffle, Vertica Baffle, Vertica Baffle,
R,=049 R,=0.71 R,=0.49 R,=0.71

0.8 2.08 14 0.01 0.015

16 415 297 0.04 0.04

20 6.48 37 0.06 0.07

3.0 9.08 49 0.14 0.12

35 11.67 5.8 021 0.18

40 NA 6.6 NA 0.27
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Weir Baffles - Large Scale Verticd Eddies

The importance of flow direction in the verticd plane in relation
to upstream fish movement was evauated using bafflesingdled
as weirs a four different heights. Baffles were mounted on the
floor of the flume at a 6 ft spacing (Figure 19). Flow past each
beffle was smilar to that found in pool and welr fishways.
Flow velocity accelerates acrosstheweir then dowsagaininthe
downstream pool. Downstream and behind each  baffle, flow
forms alarge verticd eddy. Fow circulates within the eddy
with flow above the baffle (weir crest) moving downsiream and
flow behind the baffle moving upstiream (Figure 20).

Test Procedure - To evduate theinfluence of large scdevertica
turbulence, we examined sturgeon behavior related to 3, 6, 12,
and 21 inch cross channel baffles, at eight velocities over sand L
substrate. The flow depth over each baffle was held congtant a '
18 inches. Fish usad in the tests resulted in - baffle height to
meanfishlengthratios, (R, ) of 0.09, 0.19, 0.38 and 0.67 for the
3 inch, 6 inch, 12 inch and 21 inch high baffles, respectively
Two fish were used in each of seven tedts (52 trias);
velocity trial was 20 minutesduration. Sturgeon that successfully

negotiated the flume (made it to the top) were moved to the bottom before the next velocity increase.

Figure 19 - View of 6 inch high weirs
used to induce large scale vertical

" oriented eddies in the flow aong the
invert of the test flume.

Verticd Eddy Test Results - Water surface differentials measured upstream to downstream across the
bafflesaregivenin Table8. Theflow pattern encountered by fish downstream of 3inch, 6inchand 12inch
bafflesis shown in Figures 21 to 23 for weir velocities of 1.6 and 3.0 ft/s. The veocity vector field was
mapped over a vertica plane downgtream of a baffle.  All velocities were measured a mid-channdl.
Behind the baffles flow moves upstream from the channel floor to about the height of the baffle crest.

20



Table 8. Tes varidble - Ratio of baffle height to mean fish length ratio,(R,)

Flow Vdocity Depth Measured Water Surface Differential Across Weir, ft

Target over the | Above | Measure

Wair, ft/s Weir, | dFlow, 3inch High | 6inch High 12 inch High | 21 inch High

(Average) ft fti/s Weir, Waeir, Weir, R, = Weir, R, =
R, =0.09 R, =0.19 0.38 0.67

0.8 15 3.6 0.01 0.015 0.015 0.01

12 15 5.0 0.015 0.02 0.02 0.015

1.6 1.5 6.9 0.02 0.03 0.03 0.025

2.0 15 85 0.03 0.035 0.03 0.04

25 1.5 11.0 0.045 0.05 0.07 0.07

3.0 15 135 0.06 0.10 0.10 0.14

35 15 16.0 0.08 0.13 0.13 0.17

4.0 15 175 0.10 0.25 NA NA

Fishnegotiated al bafflestested, but percent success declined with baffle height (see Table 3, Weir Baffle
Tests). Thetwo fish in the 21 inch baffle test did not pass the first baffle 78% of the time; each reached
the top only once (at 1.2 ft/sand 3 ft/s). Overdl passage success (dl baffle tests) increased with increasing
veocity up to 2 ft/s, then leveled off at about 70%; if the results from the 21 inch baffle are excluded,
success levels off at about 83%. For 3, 6 and 12 inches baffles, success was 75-100% at dl velocities
tested between 2.0 and 4 ft/s. The lowest overal success rate was 14% at 0.8 ft/s. Atthisveocity, 8 of
14 fish tested did not passthefirst baffle. Milling behavior was common at 0.8 ft/sand 1.6 ft/sand nearly
al down-channel movement was head first suggesting poor flow orientation. At 2.0 ft/s and above, most
down-channe movement wastall first suggesting much stronger flow orientation. Another indication of flow
atractionishow quickly fish moved to thetop. Excluding the 21 inch baffle data, at velocities of 1.6, 2.0,
2.5, 3.0, 3.5, and 4 ft/s, 3 of 12 (25%), 6 of 12 (50%), 8 of 12 (67%), 8 of 11 (73%), 6 of 6 (100%), 6
of 6 (100%), respectively, moved up immediately when velocity was increased. Onceafishimmediatdy
moved to the top, it dmaost dways moved up immediately in subsequent velocities tested. No fish inthe
21 inch baffle tests moved up immediady, as wdl as two fish in the 12 inch baffle test. These two fish
were impinged and removed during the 3.0 ft/stest.

6§'-0"
Figure 20 - Elevation view of flow over weir bafflesin the test
flume
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Fishway Studies

The U.S. Bureau of Reclamation, Water Resources Research L aboratory, maintainsthree prototype scale
test fishways for evauating passage of non-sdmonids native to the western United States.  During the
sturgeon study these fishways were used to observe sturgeon passage and behavior in responseto fishway
flow conditions of different fishway geometries.  All fishway tests were conducted at smilar flow depths
and passage velocities.

Test Apparatus

Two of the fishways are used for testing different baffle designsfor flumetypefishways. For the sturgeon
studies, two different forms of verticd dot fishway baffles were tested in the flumes. The flumes are 5.5
ft wide by 5.5 ft deep by 30 ft long with a5 % bottom dope. A standard vertica dot baffle design (FWS,
1997) was placed in onefishway and a Reclamation designed chevron shaded dud-vertical-dot bafflewas
tested in the second. Vertica dot baffle is a generic term thet refers to a flow baffle that has full depth
openings (dots) that dlow fish passage at any depth. Different vertical dot baffle designs creste different
flow petterns within the pools between baffles. Thevertical dot baffle designstested are shownin Figures
24 and 25. Inthelaboratory tedts, dl baffles were spaced 6 ft apart.

Thethird fishway isa 70 ft long section of arock lined bypass channd with boulder weirs (Figure 26). The
fishway is designed to test fish passage through arock fishway with different configurations of rock baffles.
Thefishway isatrgpezoidd channd a a2.0% dopewith a4 ft wide bottom, 2:1 sidedopes4 ft deep. The
channd is congtructed of riprap with agradation of 15 percent (D45 ) smaller than 5inchesand 85 percent
(Dgs) smdler than 15inches. Two foot to 3.5 ft diameter boulders are placed in the flow to form control
sections.  Boulders are placed with a 2 ft wide space between boulders in a upstream pointing chevron
pattern.  The boulder pattern is designed to create a flow pattern of highest velocity in the center of the
channd and lowest velocities dong the banks, giving fish a choice of flow conditions.  In the modd,
atificid boulders are use to facilitate placement. The model boulders are constructed of concrete mortar
placed over wire lath.

Test Procedure

All fishway testswere conducted with the second group of fish which were collected fromthe Y elowstone
River on October 16, 2001. In generd, these fish were less motivated to move than the group of fish
collected in duly. Fish were handled asin other tests. Fish werereleased at the bottom of the fishway and
movement behavior recorded. Fish behavior at two velocities (2.5 - 4.0 ft/s) and associated differentials
across dots (0.12- 0.35 ft) was evaluated in each test. Velocity was atered by manipulating tail boards.
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Figure 24 - Standard verticd dot fishway baffle design,
FWS, 1997.
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Fishway Test Reaults

Standard Verticd Sot Fishway - Only two of eight fish tested (four tests) in the standard vertica dot
fishway were successful in passing al four dots (Table 9). One passed when dot velocity was 2.99 ft/s
with adifferentid water surface between pools of 0.26 ft and the other when dot velocity was 3.8 ft/swith
a differential of 0.31ft. In generd, as velocity was increased, fish activity increased. At the lowest
velocities tested, dl fish typicdly circled both counterclockwise and clockwise. At higher velocities, most
movement was counterclockwise. When gationary, fish were typicaly located at the bottom net on the
dot sdewith thetall in the corner and the body at a45 degree angle or holding pardld to thedot wall with
the tail near the dot opening. Onefish passed dl four dotsin 4 minutes once passage wasinitiated. This
fishstayed mostly on the dot Sde and out of the eddy. The second successful fish took 30 minutesto pass
dl four dots once passage began. Passage began soon after dot velocity was increased to 3.8 ft/s
(differentid 0.31 ft). Thefish passed thefirst two dotsin succession, then circled in the eddy and held with
the body about 3/4 through dot 2. Then moved up and hed pardld to dot 3 wall facing away from the
dot. Movement through dots 3 and 4 was not observed but occurred in less than 5 minutes.
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Table9. Evauation of passage success of eght shovelnose surgeon in the sandard verticd dot fishway.

Date How Veocity (ft/s) Average Fork length, (in) | Passage Time,
(ft¥/s) | (Measured point Differentid, (ft) Minutes (after
velocity in dot) passing first
baffle)
10/29/01 | 343 --- 0.20 315 ---
35.5 -—-
2.99 0.26 315 4
35.5 -
39 0.33 315 ---
355
331 2.6 0.15 310 ---
285 ---
3.3 0.24 31.0 ---
285 ---
3.8 031 310 30
285 ---
3.32 25 0.12 30.0 -
335
3.7 0.24 30.0 -
335 ---
11/05/01 | 3.37 - 0.14 315 —
33.0
0.26 315
33.0 ---
0.31 315
33.0
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Dud Sot Fishway - The dud verticd dot fishway baffle was developed to minimize large scae eddies
withinafishway and maximize the cross sectiond areaof downstream flow. The objectivewastoimprove
sreamwise fish orientation within the fishway. FHow through the dud dot baffle forms dender eddies
(horizontal) dong the flume walls bracketing awide center area of downstream flow.  We conducted five
tests of the dud dot fishway. Although fish were more motivated to movein thisfishway compared to the
standard dot fishway, only 2 of the 10 sturgeon tested successfully negotiated the 4 setsof dud dots. One
reached thetop in 16 minutes and the other in 53 minutes (Table 10). Four othersmoved past thefirst due
dot (two up to dot 2, one up to dot 3 and oneto dot 4). Fish tended to be bounced around quite alot
below the firgt set of dots. When fish were Saionary, they generdly held in the middle of the channd
betweenthedots, facing into theflow. Four of the 10 fish either did not move or moved very little. Others
showed cons derable up and down channel movement and circling clockwi se between setsof dots. Down
channel movement was mosily tail firdt, but not dways.

Table 10. Evaluation of passage success of 10 shovelnose sturgeon in the duel dot fishway.

Date Flow (ft3/s) Veocity Differential Fork Length Minutes (after
(ft/s) (ft) (inches) passing first
baffle)
10/30/01 5.75 29.5
33.0
575 30.5 ---active
below 3
315 ---active
below 4
575 315
35.5 53
11/02/01 6.25 2.8 0.13 315
2.8 0.14 30.0
11/05/02 6.0 2.8 0.13 30.5 16
2.9 0.14 285 Active below
2
35 18
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Rock Fishway - We conducted 12 tests of therock fishway. Hydraulic conditionswithinthefishway were
smilar for dl tests. Fishway flow depth was varied during some teststo improve observation of fish from
the surface. Of the three fishways tested, passage success was much superior in this fishway. Fifteen of
the 24 fish tested (62.5%) successfully negotiated the fishway (Table 11). Passage time ranged from 14
to 83 minutes (mean 38.9 minutes). Motivated fish had no difficulty negotiating the rock fishway.
Movement was usudly up channd and movement pattern was very consstent. Fish typicaly moved up
the left Sde of the channel into the turbulence, then moved acrossthe channel and held briefly. Thispostion
was very congdent, with nearly al fish holding in the same area. The fish would then move up into the
turbulence in the middle of the channd, then gradudly move over below boulders 1 and 2 (right) and pass
through the gap between these boulders, holding just above them, often with the tail just above or in the
gap. The velocity in the gap was 4 ft/s. The pattern of passage through each boulder group was very
predictable and consistent. Fish appeared to search for the best hydraulic conditionsavailablefor passage.
Only two fish that passed thefirst boulder group did not passthe other two. Seven fish were not motivated
to move and remained near the bottom net throughout the tests.

Figure 26 - View looking downstream at
rock lined fishway channel with boulder weirs.
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Table 11. Evauation of passage success of 24 shovelnose sturgeon in the rock fishway.

Date How Veocity (ft/s) Differential Fork length Minutes
(ft3/s) (flow velocity (pooal to pooal) inches
between boulders) ft

10/29/01 16.0 315 70
29.5

16.0 31.0 18

30.5 25

16.0 285 14

30.5

11/01/01 14.6 33-44 2.2 325 83
30.0 50

14.6 33-44 2.3 30.0

285

13.0 295 33

345 69

14.0 30.0

315

11/02/01 141 37-42 19 315 15
285 23

14.1 35-4 17 315 45

30.0 48

141 37-42 19 31.0 31

285

14.1 35-41 19 30.0

325

14.0 --- 35.5 30

31.0 30
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Summary/Discussion

Fifty threetestsand 204 trids (Table 12) to eva uate the behaviora response of adult shovelnose sturgeon
to velocity, substrate, horizontal turbulence, vertica turbulence, and three prototype fishways were
conducted during the study for atota of gpproximately 71 hoursof observations. Test fish were obtained
from the Y ellowstone River, Montanain July and October 2001. Fork length ranged from 25.2 to 35.5
inchesand weight ranged from 3.1 to 10.6 pounds. Testswere conducted July 24-31 (30 ft flume), August
1-3 (Adjugtable dope, sand and gravel bed), August 27-31 (horizonta and vertica baffles), September
25-29 (adjustable dope, cobble bed); and Oct. 29 -Nov. 7 in the three fishway models.

Test fish were very docile and showed no gpparent response to observers, smplifying experimenta
concerns. The only observable stress experienced by test fish occurred when a fish ether got tangled in
the up- or down-channd netting by its scutes or when it collided with abaffle. In both cases, fish would
returnto or stay at  the bottom of the channel and remain there for the remainder of the test. Forceful
colligons with baffles were not uncommon and these, aswell as gpparent lack of responseto light suggest
that eye Sght is of little important in sturgeon navigation. Preiminary tests holding velocity congtant and
varying depth reved ed that vel ocity, rather than depth wasimportant in attraction and orientation so depth
was eliminated as atest variable.

Sturgeon successfully negotiated the range of average velocities tested (0.8-6.0) over al substrates
(smooth, fine sand, coarse sand, gravel and cobble) evduated. As substrate grain Sze increased,
movement success declined, but rdaively smdl sample sze and large variability precluded definitive
conclusons. However, generd trends were smilar in both the 30 foot flume and the adjustable dope
flume, with poorest movement success over cobble,

Pattern of successful movement related to velocity was consstent among substrates and among al test
conditions. Flow orientation and attraction became strong at about 2 ft/s and remained strong & higher
velodities tested. At velocities of 0.8 and 1.6 ft/s, fish showed poor orientation to flow as indicated by
milling behavior, downstream head first movements and longest average time to reach the top of the
channd. Atveocitiesof 2 - 6 ft/s, strong flow orientation was gpparent and down-channel movement was
nearly dwaystall firs. Average percent successin negotiating the channd at the highest velocities tested
dropped from 81-87% t 4 ft/s, to 47% at 6 ft/s. Although adult shovelnose sturgeon could successfully
move through and hold in high velocities, they did not hold long and would not be expected to maintain
position at these velocities for extended periods.

Although sturgeon were able to negotiate horizontal and vertical eddies tested, larger eddies tended to
causedelays. Generdly, aseddy sizeincreased, successin passage decreased. This pattern wasalso seen
in the standard vertica dot and the duel dot prototype fishways. Veocity orientation in horizontal and
vertica eddy tests was Smilar to other tests. At velocities below 2 or 2.5 ft/s, orientation was poor and
fish tended to be less flow oriented. At higher velocities, undirected movement declined.
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All prototype fishway tests were conducted using shovelnose sturgeon collected in October 2001. These
fish appeared to be less mativated to move. However, fishway tests were ingructive. Some shovelnose
sturgeon successfully maneuvered dl threefishwaystested. In both the vertical dot and dud dot fishways,
fishappeared disoriented and passage successwas poor. Intherock fishway, passage success was much
improved, with 62.5% of the 24 fish tested reaching the top. In an effort to determine if poor successin
the other fishwayswas due to using fish not motivated to move, wetested two fish in both fishwaysthat had
successfully negotiated the rock fishway. Only one of these four fish negotiated the fishway (dud dot).

Fishway Design Recommendations

Fishway Attraction Flow

Fishway attraction velocity should be between 2to 4 ft/s. Idedlly, these velocities should be sustained to
the thaweg of theriver. In the study, flow depth was not found to ater shovelnose sturgeon behavior in
therange tested (0.7 ft to 4.5ft). However, there are many attraction and predator avoidance benefits
to having flow depths of about 4 ft or more when flow does not limit fishway operation. The studies of
large scale eddies show attraction flow should provide a uniform trangtion between the fishway and the
downstreamriver flow. Large eddies created by structuresin the flow or poor aignment of merging flows
may mask the fishway atraction flow.

Fishway Passage Vdocity

The shovelnose sturgeon showed strong upstream movement at flow velocities of between 3.0to 4.0 ft/s.
In this velocity range, many test fish were able to actively swim for periods of 10 minutes or more. We
recommend maximum fish passage velocities for design conditions be in the range of 3.0 to 4.0 ft/s.

Fishway Type

Based on our tests, we recommend a natura channd or rock channd fishway design for passage of
sturgeon at Intake Diversion. Inaddition to positive resultswith sturgeon, thisfishway providesadiversity
of velocities and would better accommodate other fish species usng the pass. Due to the significant river
ice that forms near the dam, aternative congtruction techniques to riprap should be considered such as
fabricated cable tied mats. These types of lining materids may provide cost effective low mantenance
dternativesto ariprap lined fishway dructure.
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Table 12. Summary of tests conditions evaluated, number of sturgeon tested, number of tests conducted,
and number of trials completed. (Each test used 2 fish and consisted of up to eight triads (velocities)).

Experimenta condition # Fish # Tests # Trids
30 foot flume
Sand 4 2 14
Gravel 4 2 16
Cobble 4 2 16
Adjustable dope flume
Smooth 10 5 22
Coarse gravel 6 3 12
Gravel 6 3 12
Cobble 8 4 15
Vertical baffles
15.5inch 4 2 11
22.5inch 4 2 6

Horizontal baffles

3inch 4 2 14
6 inch 4 2 16
12 inch 4 2 14
21 inch 2 1 8
Vertica dot fishway 8 4 11
Dud dot fishway 10 5 5
Rock fishway 24 12 12
TOTAL 106 53 204
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