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Executive Summary

The University of California, Davis (UCD) and the California Department of Water Resources
(DWR), including biologists and engineers from both institutions, completed a research study to
determine the feasibility of a sturgeon ladder passage and to evaluate its use with the Delta Cross
Channel (DCC), or a Through-Delta Facility (TDF). Swimming performance tests to quantify the
swimming capabilities of adult wild-caught white sturgeon (Acipenser transmontanus), and to
identify physiological and behavioral parameters that may be used to design fish passage structures
were completed. In addition to the performance, physiological and behavioral parameters, the
hydraulic requirements of a passage structure were evaluated to determine the necessary energy
dissipation essential to support sturgeon passage. Results of this research may also be applicable to
other situations where sturgeon passage is an issue such as Red Bluff Diversion Dam in the
Sacramento River, weirs in the Yolo Bypass, or in the Columbia River watershed.

Green sturgeon (Acipenser medirostris), though native to the Sacramento-San Joaquin Delta and
likely to require a passage facility, were not used in this experiment due to their relatively low
abundance and the difficulty in attaining a sufficient number of fish to test. It was determined that
based on their similar body morphology, life history, and size, white sturgeon would be a suitable
surrogate for green sturgeon, and the use of wild sturgeon was considered essential to provide the
best information obtainable in a laboratory setting.

Adult wild white sturgeon were captured from the San Francisco Bay (Bay) Estuary using rod and
reel and setline fishing from a chartered vessel and from the Yolo Bypass toe drain using a DWR-
operated fyke trap from January through May during the three-year study. Adult white sturgeon,
4.0 feet - 7.3 feet (1.22 m - 2.25 m) in length, were collected and tested from 2003 through 2005
with a total of 111 fish collected from the Bay and 30 fish from the Yolo Bypass. In 2004, one fish
was also captured in the Sacramento River near Colusa.

Typically a fish passage ladder manages flow energy due to an elevation change greater than the
existing stream bed and provides flow in the passage that meets the swimming requirements of the
fish using the passage. It was determined that this study would focus on a non-natural fish passage
due to the amount of area required to construct a natural passage. In many situations a natural
passage is not feasible due to the area required to accommodate a relatively flat slope essential for a
natural passage. The swimming performance of wild-caught white sturgeon was tested in a large
aluminum flume at UCD’s J. Amorocho Hydraulics Laboratory beginning in 2003 and continuing
through 2005. The flume was 6.9 feet (2.10 m) wide, 5.0 feet (1.52 m) deep, and 80.0 feet (24.38
m) long with a flow capacity of 60 cubic feet per second.

The first two years of the study evaluated the behavior and swimming performance of adult wild
white sturgeon and their interaction with barriers, hydraulics, flow control, and other key compo-
nents of a passage ladder structure. In the final year, a prototype “random midsection” sturgeon

ladder was constructed and evaluated (no entrance, exit, transition, etc. components were tested).
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For the 2005 study year, a system of vertical baffles with an experimental flume slope of 4% was
selected as the baseline prototype ladder passage. The study focused on a midramp ladder section
of a passage structure (random midsection) design with a pool at the downstream and upstream
end. The challenge was to dissipate the flow energy while maintaining straight flow lines and
minimizing flow disturbances. A review of current salmon passage designs indicated that current
fish ladder designs would not meet the behavioral and swimming ability of adult white sturgeon.
To meet the flow characteristics required for an adult white sturgeon passage ladder a different
approach to dissipating flow energy would have to be deployed.

DWR engineers and biologists designed the energy dissipation baffles for the prototype ladder
passage structure, based on information and observations collected in the first two years of the
study. The key function of the baffles was to control the flow in a flume with a 4% bed slope
providing hydraulics that promoted adult white sturgeon passage and addressed the swimming
ability and behavioral needs of the fish. The 2005 prototype ladder passage structure used energy
dissipating baffles that contracted the flow, used a flow straightening section in the baftle, and
then obtained additional energy losses from the expansion of the flow. The baffle also minimized
turbulence and eddies along the down-stream face of the baffle and prevented fish collisions by
using a sloping face on the leading face of the baffle. The baffles included side weirs to provide
adjustment to the flow. Minimum requirements for the baffle design included a minimum target
water depth through the baffle of 2 feet (0.6 m) and a minimum baftle width of 2 feet (0.6 m).
Because of this approach in addressing the energy dissipating requirements to meet the adult white
sturgeons behavior and swimming performance requirements, this adult white sturgeon ladder
passage structure will be referred to as a Contraction, Straightening and Expansion Sturgeon
Passage Ladder (CSE Sturgeon Passage Ladder).

Experiments were done under both low tail water and high tail water scenarios. The water velo-
cities through the baffles ranged from 5.8 to 6.8 feet per second (1.8 to 2.1 m/s) under the low tail
water, and 5.5 to 6.8 feet per second (1.7 to 2.1 m/s) under the high tail water conditions. High per-
centages of fish reached the upstream end of the flume under both the low tail water (54%) and the
high tail water (63%) snenarios. The passage success in the low tail water dropped to 13% when
fish were of poorer health (higher health assessment index) before the experiments.

Figure ES1 shows the passage performance of white sturgeon during the 2005 studies. Successful

white sturgeon passage structures may use high-velocity sections ranging from 2.76 to 8.27 feet per
second (0.84 to 2.52 m/s).

The percentage of fish reaching the upstream end of the flume in the 2005 experiments decreased
as a result of some fish not being able to pass baffle 5, the most upstream baffle, or baffle 1, the
most downstream baffle. A significant drop in the water surface elevation was observed at baftle
5, adjacent to the upstream pool.
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Figure ES1. Percentage of white sturgeon passage in high tail water, low tail water, low tail water with poorer health
fish. Baffle 1 was at the downstream end with baffle 5 at the upstream end.

Furthermore, five fish were surgically equipped with indwelling cannulae for remote blood sam-
pling. Overall the physiological responses of the fish showed significant stress associated with
passage, with metabolic levels returning to normal levels after 24 hours. Minimizing stress during
ladder passage should be a concern when constructing and operating fish-friendly passage systems.

The 2005 prototype CSE Sturgeon Passage Ladder successfully demonstrated that sturgeon
passage can be obtained with the energy dissipating method tested. With further research and
optimization of the design, and by following the guidelines established in this document,
successful passage of adult sturgeon at a TDF or similar facility would likely be attainable using
such a structure. It should be noted that the scope of this study was limited to a “random mid-
section” of a ladder due to the limitations imposed by the test flume being used. Various other
components of the ladder need to be designed and tested before such a device can be used in the
field (see section 9.0 Future Research Questions). In particular, this study did not address the
entrance to a passage structure. Consideration and evaluation should be given to the configuration,
location, and hydraulics at the entrance to a sturgeon passage structure in order to maximize use of
the structure by migrating fish. This study also did not address the passage efficiency for various
other anadromous fishes found in the Sacramento-San Joaquin watershed including Chinook
salmon, american shad, steelhead trout, pacific lamprey, and striped bass, all of which might
potentially use or require the use of such a passage structure at various times of the year.
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1.0 Project Summary
1.1 Introduction

The CALFED Record of Decision (ROD) states that the California Bay Delta Authority (CBDA)
will improve flood protection and conveyance facilities in the North Delta for water quality and
fishery improvements, while avoiding water supply disruptions. The Preferred Program Alternative
employs a through-Delta approach to conveyance that would include a fish screen, pumps, and a
channel between the Sacramento and Mokelumne Rivers. The diversion facility would be
considered only after three separate assessments are satisfactorily completed: first a thorough
assessment of Delta Cross Channel (DCC) operation strategies and confirmation of continued
concern over water quality impacts from DCC operations; second, a thorough evaluation of the
technical viability of a diversion facility; and third, satisfactory resolution of the fisheries concerns
about a diversion facility. The TDF feasibility studies have also been included as part of a Delta
Improvements Package Implementation Plan (CBDA 2004). Approval and construction of the
TDF will require upstream passage facilities for sturgeon and other anadromous fishes in order to
ensure their ability to spawn upriver.

Many existing passage structures, such as fish ladders, are known to be ineffective for sturgeon
passage because of the sturgeon’s physiology, behavior, and size. In addition to existing barriers,
new potential barriers, such as the screened Through-Delta Facility (TDF), have been proposed.
The inaccessibility to suitable spawning grounds is likely the leading factor in the decline of many
sturgeon populations (Auer, 1996). Considering that white and green sturgeon are primarily
benthic cruising, “non-jumping” species, structures such as weirs or diversions, as well as fishways
designed for other species, can impose significant constraints on sturgeon migration (Liao and
Lauder, 2000; Cech and Doroshov, 2004).

DWR Fishery Improvements Section (formerly Fish Facilities Section) undertook three studies to
address Delta species fish passage strategies in a tidal environment that could be deployed at a
TDF. Studies included an evaluation of the Deep Water Ship Channel Locks as a feasible method
to pass Delta species, a field study in the Yolo Bypass to evaluate fish behavior and fish passage at
a permeable barrier and fish passage, and the study presented in this document.

Green sturgeon (Acipenser medirostris), also a large native sturgeon in the Sacramento-San Joaquin
Delta, were not used in this study. Though at the time of this study green sturgeon were state listed as
a species of concern (federally listed as threatened in 2006), it was determined that they would not be
tested in this study due to the difficulty in attaining enough fish to test. Given their size, body morph-
ology, and life history it was determined that white sturgeon would be an appropriate surrogate for
green sturgeon in terms of their swimming performance and physiological and behavioral parameters.

The goal of the Through-Delta Facility White Sturgeon Passage Ladder Study was to research,
evaluate, and provide design guidance for a sturgeon passage facility by observing and quantifying
the behavioral responses of adult white sturgeon (Acipenser transmontanus) to various flow cond-
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itions, and various sizes and configurations of flow energy dissipating baffles. Swimming perfor-
mance tests quantified the swimming capabilities of adult white sturgeon and identified physiol-
ogical and behavioral parameters that may be used to design appropriate fish passage structures
using appropriate flow controls to manage flow energy.

Following review and approval of the study proposal, the DWR Fishery Improvements Section
started this study in July 2002 at the University of California, Davis (UCD), J. Amorocho Hydraul-
ics Laboratory (JAHL) under the guidance of the NDFFTT and the Delta Cross Channel (DCC) /
Through Delta Facility (TDF) Team. This study, funded under Proposition 13 for fish facility
improvements, was conducted over a three-year period, gathering information to evaluate a non-
natural fish passage structure. The first two years of the study gathered baseline information with
regards to swimming performance and fish behavior at flow control devices. The third year of the
study incorporated the information obtained from the two previous years for the testing of a
prototype “random midsection” sturgeon passage ladder (other essential ladder components
including the entrance and exit were not developed or tested).

1.2 Project Responsibilities and Coordination

® Project review and comment was provided by the NDFFTT, CVFFRT and DCC/TDF Team.

® DWR Fishery Improvements was responsible for coordinating with the technical teams, in

project development, project proposals, interim reports, technical coordination and technical
guidance, collection methodology, permitting and sturgeon collection. DWR Fishery
Improvements also provided study direction to UCD and provided a flow-energy dissipation
baffle design for the 2005 prototype and participated in the development and writing of the
Final Report.

UCD, under contract to DWR, was responsible for conducting the experiments, collecting,
evaluating, and analyzing the data, providing technical guidance, and writing the final report.
UCD was also responsible for collecting and transporting fish, providing fish care, and all
infrastructure improvements at the JAHL. UCD constructed and installed flow devices.

® The contractor, Natural Resource Scientists, Inc., was responsible for collecting and
transporting fish.

1.3 Regulatory Compliance

White sturgeon were collected for the study in compliance with Scientific Collecting Permits
issued by the California Department of Fish and Game (DFQG). In addition, a Memorandum of
Understanding (MOU) between DFG and DWR allowed adult white sturgeon to be collected using
long lines, trap lines, and up to two fishing rods per person. The MOU also allowed for take of
species in excess of daily bag limits, and allowed for live fish transport and holding at UCD. Most
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of the sturgeon were returned alive to the body of water where they were captured. In 2004, the
MOU was amended and allowed for up to 15 individual fish collected for the study to be used for
selenium studies being conducted by other researchers at UCD. Only two were harvested and used
for the selenium testing in accordance with Scientific Collecting Permits and the DFG MOU iss-
ued for the project.

Under the authority of Section 10 of the Endangered Species Act (ESA) of 1973, as amended,
National Oceanographic and Atmospheric Administration (NOAA) Fisheries issued Permit 1408
authorizing the incidental take of ESA-listed Sacramento River winter-run Chinook salmon
(Oncorhynchus tshawytscha), Central Valley spring-run Chinook salmon (O. tshawytscha), and
Central Valley steelhead (O. mykiss). The Section 10 permit for scientific research purposes
allowed for incidental take of up to one individual of each of the aforementioned ESA-listed sal-
monids during the course of longlining for adult white sturgeon. No ESA-listed species were taken
during fishing operations.

1.4 Objectives

The objective of the three-year study was to investigate and provide information on the success
rate of a non-natural fish passage ladder that could be deployed at a TDF to pass migratory adult
sturgeon. The objective had four parts:

1. Investigate the effects on sturgeon behavior of a range of flow control structures
(including vertical slot, horizontal ramps, and orifices) that may be used as components
of sturgeon passage systems

2. Investigate hydraulic factors that likely affect successful passage: effects of velocity,
turbulence, and flow rate

3. Determine the flow control baffle design that will provide the hydraulic requirements
allowing passage of adult sturgeon

4. Test a prototype mid-ladder fish passage section (“random midsection’) as a component
of a potential TDF fish passage structure and collect information for design of entrance
and exit sections

1.5 Background

Two species of sturgeon are native to the Sacramento-Joaquin Delta. White sturgeon are relatively
common in the estuary and support a major sport fishery in the San Francisco Estuary (Moyle,
2002). White sturgeon females are iteroparous at two-plus years between spawning events
(Chapman and others, 1996), with only a fraction of the Bay population moving upstream to spawn
in the Sacramento River between Knight’s Landing and Colusa (Kohlhorst and others, 1991).
White sturgeon are known to grow to in excess of 3 meters in length, and there are historical reports
of specimens up to 6 meters. In contrast, green sturgeon are increasingly rare in the estuary and
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some estimates place their population as low as 140 spawning age individuals (Moyle, 2002).
While little is known about their life history, green sturgeon are presumed to spawn in the Sac-
ramento River as far upstream as Red Bluff Diversion Dam and on the Lower Feather River (Moyle
and others, 1995). Green sturgeon do not reach reproductive maturity until they are 130-150 cm in
length, and the maximum recorded length in recent history is about 270 cm TL from the Klamath
River (Moyle, 2002).

Most upstream passage facilities such as fish passage ladders have been designed specifically for
smaller, migrating salmonids. In situations where sturgeon passage is a concern as well, fish pas-
sage design must take into account the swimming abilities, behavior, and size of these species.
Although their non-reproduction associated habitats can range from salt to fresh water, all sturgeon
species spawn in fresh water. Blocked historic migratory routes and inaccessibility to suitable spa-
wning habitat may be the greatest factors contributing to population declines of most sturgeon spe-
cies (Auer, 1996). Because of changing habitat, including the blocking of migration routes, re-
search is needed to investigate sturgeon swimming performance, flow-attraction velocities, and
behavior in order to design passage facilities that will adequately accommodate sturgeon.

A fish passage facility associated with a TDF would be needed because species such as white and
green sturgeon migrating through the Delta to spawn may cue on Sacramento River water passed
into the Delta’s interior by a TDF. Adult white sturgeon tend to move upstream and spawn in the
Sacramento River when flow rates are elevated (Schaffter, 1997). To answer questions about how
a fishway should be designed to pass sturgeon, the DWR Fishery Improvements Section engineers
and biologists with UCD began a coordinated study to evaluate the swimming ability and behavior
of adult white sturgeon in a large horizontal flume. The study began in July 2002 and continued
through the spring of 2005. Results of the study should also be applicable to other situations where
sturgeon passage is an issue, such as Red Bluff Diversion Dam on the Sacramento River, the Fre-
mont Weir in the Yolo Bypass of the Sacramento River system, and other places such as the
Columbia River.

A team of fish biologists and hydraulic engineers from DWR and UCD evaluated the study
objectives to address this multidisciplinary problem. A literature review of existing fish passage
technology was conducted to determine if any existing fish passage technology could be used. It
was determined that no existing technology for salmon passage would address sturgeon passage
needs. Solutions assisting upstream fish migration have been implemented along many water-
ways. Present passage facilities such as navigation locks, fish ladders, and fish lifts are manually
intensive, are known to damage sturgeon, and/or do not incorporate sturgeon swimming abilities
in their design.

Although fish lifts can accommodate most sturgeons’ large body sizes, there can be problems
attracting them to the lift trays. At Holyoke Dam on the Connecticut River, there are two fish lifts,
a tailrace lift and a spillway lift. The tailrace lift was designed to pass fish attracted by the hydro-
electric turbine discharge, yet during years of increased flows the resulting turbulence can create
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multidirectional cues resulting in confusion (Kynard, 1993). Shallow rapids in front of the spill-
way lift can also cause bleeding and severely damaged ventral scutes on shortnose sturgeon (A4.
brevirostrum; Kynard, 1997). The number of fish that successfully negotiated the lift every year
was just a small proportion of the total number of fish present just below the dam. The fish lifts
were operating at maximum efficiency in the spring of 1994 and 1995, and only one shortnose
sturgeon was lifted each year out of hundreds of individuals present just below the dam (Kynard,
1997). This problem indicates a need to further investigate attraction flows. Fish lifts are not com-
mon along the Pacific coast, but knowledge concerning sturgeon swimming performance and
attraction to these lifts can be applied.

Fishways are not conducive to sturgeon passage if they are designed for fish with swimming
capabilities of adult salmonids (Peake and others, 1997). Sturgeon and salmon are morpho-
logically very different from each other. It was observed in a swimming performance study that
lake sturgeon were not capable of reaching burst speeds compared to those achieved by salmonids
(Peake and others, 1997). Sturgeon exhibit decreased or dissimilar swimming performance com-
pared to other species. Although sturgeon can direct much of the force produced by their undu-
lating body to their tail (Liao and Lauder, 2000), some of the force is lost due to their unique tail
morphology (Webb, 1986). Compared to similarly sized salmonids, sturgeon can lose up to 18%
of their thrust (Peake and others, 1997). Drag resulting from scutes and other body parts can also
lower swimming speeds (Webb, 1986) and their overall lower metabolic capacity may limit their
performance (Singer and others, 1990). Some sturgeon are able to compensate for their low swim-
ming performance by using a combination of swimming, “skimming” (contacting the bottom of the
apparatus with their bodies while swimming), and holding station (Adams and others, 2003).
Flume studies performed by Adams and others (1997) revealed that lake sturgeon would swim in a
flume willingly while shortnose sturgeon would attach themselves to the bottom of the apparatus
and refuse to swim. Hurley and others (1987) concluded that in the wild, shovelnose sturgeon are
relatively sedentary and tend to prefer areas that have lower velocities. Their observations and
measurements were confirmed a decade later by Adams and others (1997) who discovered that
adults favored the same, low flows when swum in a flume.
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2.0 Methodology

UCD engineers designed and constructed an aluminum flume and pump system for this study, as
shown in Figure 1. Maximum pump capacity for the first two years (2003 and 2004) in the flume
was 34 cubic feet per second (0.96 m3/s). The maximum flow used for fish experiments in the
flume in 2005 was 38 cubic feet per second (1.08 m3/s) with a maximum pump flow rate capa-
bility of 60 cubic feet per second (1.7 m3/s).

Once the flume was constructed, hydraulic structures such as baffles, orifices and weirs were
built inside the flume. Depth of flow and velocities in the flume were controlled by the inflow
pumps and by lowering and raising the tailgate. Fish passage, fish behaviors and the associated
hydraulics in the flume were evaluated under various flume configurations.

Baffles functioned as hydraulic structures that simultaneously dissipated energy and directed
flow. For this multiyear study, different baffle styles and systems and their effects on flow and
sturgeon passage behavior were examined. Individual baffle types employed each study year are
discussed in detail in the “Experimental Procedures, Data Collection, and Analysis” section of this
report. These are the types of baffles used in this study:

d Baffles: structures used to dissipate flow energy and direct flow; individual shapes and
sizes vary. In the third year of this study, a baffle system was used with a dual, mirror-image
design that forced flow through a constriction, then through a transition before entering into a
wider zone of flow (detailed design and placement shown in the “Experimental Procedures, Data
Collection, and Analysis” section for the 2005 study year).
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Figure 1. Schematic of flume and flow direction (top) and cross section of flume (bottom).



Through-Delta Facility White Sturgeon Passage Ladder Study

¢ Vertical baffle: structure placed perpendicular to flow direction, extending the full depth
that would result in horizontal eddies. The first year of the study considered two subtypes of
vertical baffles. One concentrated flow to the center of the flume, and the second split flow to both
sides of the flume.

i Horizontal baffle: vertical structure placed perpendicular to flow, extending the full width
of the flume that would result in vertical eddies. Typically, these baffles function as submerged
WeIrs.

The following are important terms used in this report:

d Transition: a hydraulic structure that changes the direction or concentration of flow. The
change can be abrupt (typically associated with higher turbulence or hydraulic jumps) or gradual
(less turbulence and more streamlined flow).

d Ramp/Sloped Ramp: a hydraulic structure with a horizontal gradient. Ramps of different
gradients were examined in the 2004 study. The flume was horizontal in the 2004 study, but ramps
were placed inside the flume for the experiments. In contrast, the entire flume was sloped for the
2005 study.

¢ Orifice: an opening through which water flows. For the 2004 study, a circular orifice,
with no transitions at the inlet or outlet, was tested.

i Tail pool/tailwater: region of flow downstream from a hydraulic structure. For the 2005
study, the most downstream area, downstream of baffle 1, is referred to as the tail pool area.

¢ Impingement: refers to an episode when a fish is held against an object (for example, a
partitioning screen used at the downstream end of the tail pool) and unable to swim off the object
under its own power. After 30 seconds, water flows were stopped and fish were given a two-
minute rest before restarting the experiment.

10
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21 Flume Discharge Control

Flow velocity in the flume was controlled by raising or lowering the flume outlet control gate (tail-
gate) and operating different combinations of the three water pumps during the 2003 and 2004
studies. For the 2005 study year, the flow field in the flume was controlled by the tailgate, a VFD
motor pump, and baffle structures in the flume. This effectively decreased or increased the depth
of flow. Therefore, increased velocity under the same obstruction treatment had a lower depth of
flow when compared to a slower velocity. Table 1 shows the details of pumps used for the three-
year study.

Table 1. Details of pumps used in the multiyear study.

Pump manufacturer HP  Propeller size, in. (m)
2003 & 2004 study year
Fairbanks-Moore 50 8(0.203)
Cascade 50 12 (0.305)
Cascade 20 8(0.203)
2005 study year
Cascade 50 12 (0.305)

Cascade (controlled via

Toshiba VFD) 200 14.4 (0.366)

11
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3.0 Fish Collection, Care, and Enumerable
Characteristics

The fish collection, transport and care were major efforts during this study. The study design re-
quired wild fish to be collected during their migratory period to provide the greatest opportunity to
test wild migrating sturgeon. Fish were collected in the Bay and the Yolo Bypass toe drain using
rod and reel fishing, setlines, and a fyke trap. The services of the fishing charter vessel the Happy
Hooker and crew were used for the rod and reel fishing and setline collection. In 2003, only the rod
and reel method was used. In 2004 and 2005, both rod and reel and setline methods were used in
the Bay. Setlines consisted of two 500-foot (152.4 m) sections of 1/8-inch (0.32 cm) cable with 20-
pound (9.07 kg) anchors at each end. Twenty-six Gangion clips with approximately 6 feet (1.83 m)
of 270-pound (122.5 kg) Dacron and a 10/0 bait hook were attached to each cable. Rod and reel
fishing usually took place during the eight-hour period that the setlines were deployed in the Bay.
A two-rod per person limit was enforced by DFG through the MOU with DWR. The baits used on
both setlines and rod and reel consisted of salmon roe, grass shrimp, and Pacific lamprey. A num-
ber of sturgeon were also collected in 2004 and 2005 from a fyke trap operated by DWR in the
Yolo Bypass. Figure 2 shows the fork length, the measurement of a length of a fish from the eye to
the ‘V’ of the caudal fin, vs. mass of all sturgeon tested over the three years.

220
Y=107.7e"""%*%  R*=0.82283
Y=100.91e"%"?%*  R?=0.84816 o
200 —
E -
L 180 |
<
il
[e]
c
9 160 =
4
S
)
L
140 -
120 —
100
10 20 30 40 50 60

—&—— Yolo Fish
—/—— Bay Fish

Mass (kg)

Figure 2: Fork length versus mass of all the white sturgeon used in experiments over the three study years.

12



Through-Delta Facility White Sturgeon Passage Ladder Study

All by-catch or non-target fish including sturgeon less than 48 inches (123 cm) fork length (FL)
were released immediately after measurement. All sturgeon greater than or equal to 48 inches (123
cm) FL were held in 165-gallon (625 L) insulated fiberglass tanks on the charter boat before tran-
sport to UCD. Holding-tank water quality was monitored closely throughout the day with the use
of a YSI 55 Dissolved Oxygen Meter. Temperature was held within 1.8°F (1°C) of the Bay temp-
eratures. Salt was added to match the salinity in the bay at the time of capture. Dissolved oxygen
(DO) was kept at or above 70% of air saturation through the use of a compressed oxygen tank and
a diffuser in the insulated holding tanks on board the boat.

A 400-gallon (1514-L), insulated aluminum tank was mounted on a transport trailer and used to
take Bay fish from Martinez to the Lab. Sturgeon were loaded into the tank with a wet-vinyl sling
carried by two or more people. Seven sturgeon could be transported at one time. DO and temp-
erature were monitored with a Y'SI meter during transport to ensure fish health. DO was kept above
70% of air saturation using a compressed oxygen tank and diffuser; temperature was maintained
within 1.8°F (1°C) of Bay temperature with the use of ice. NovAqua™ and salt were added to the
tank to reduce any fish stress that might occur during transport. No mortalities or incidents occur-
red while transporting the fish in the 2003, 2004, and 2005 sampling seasons. After experiments on
sturgeon were conducted at the Lab, fish were returned to within 10 miles (16 km) of the initial ca-
pture site using the same transport protocol.

Yolo fish were transported from a DWR fyke trap in two 165-gallon (625-L) insulated covered fib-
erglass tanks, at a maximum of two fish per tank. The tanks were filled with well water and Nov-
Aqua™ was added. Dissolved oxygen levels were maintained using a compressed oxygen tank and
diffuser. After experiments were completed, Yolo fish were transported back to the Sacramento
River, just east of the Yolo Bypass Toe Drain.

In the laboratory, individual fish were marked with plastic flagging tied around the caudal ped-
uncle, each carrying a unique identification number. Temperature, dissolved oxygen, pH, and
ammonia levels were monitored in the holding tanks daily. The holding tanks all had a continuous
flow of chilled, non-chlorinated well water along with zeolite (ammonia reduction) filters. While
Bay fish expelled large quantities of over-bite clam shells while in the holding tanks, the Yolo
collected fish tended to have no shells present in their holding tanks.

3.1 2003

Thirty-two adult white sturgeon [TL 53.2 - 78.0 inches (135 - 198 cm)] were collected from San
Pablo Bay to Honker Bay [temperature: 51.8 - 59.0°F (11 - 15°C), salinity: 9 ppt] using rod and
reel and seven fish were collected from the Yolo fyke trap [TL 56.3 - 64.6 inches (143 - 164 cm),
temperature: 59.9°F (15.5 °C), salinity: 0 ppt]. Fish were collected from January 21 to May 23,
2003. Other fish (non-target fish species) captured during rod and reel fishing included Pacific sta-
ghorn sculpin (Leptocottus armatus), white croaker (Genyonemus lineatus), skate (Raja sp.), starry
flounder (Platichthys stellatus), striped bass (Morone saxatilis), and one green sturgeon (Acipenser
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medirostris). One white sturgeon died during holding at UCD. Fish were held in two 10-foot (3.05-
m) diameter tanks and one 12-foot (3.66-m) diameter tank for two to 28 days (mean = 11 days)
without feed and allowed to acclimate for two days before use in swimming experiments. Some
fish were used in as many as three experiments, with at least two days between experiments.

3.2 2004

Fifty-one adult white sturgeon [TL 41.3 - 74.80 inches (105 - 186 cm)] were collected from San
Pablo Bay to Grizzly Bay [53.6 - 59.0°F (12 - 15°C), salinity: 9 ppt] using rod and reel and setline
gear. One fish was captured in the Sacramento River near Colusa, CA using rod and reel gear [TL
54.7 inches (139 cm), temperature 60.8°F (16°C), salinity 0 ppt]. Five fish were caught in the Yolo
fyke trap [TL 61.4 - 74.8 inches (156 - 190 cm), 59°F; 15°C, salinity 0 ppt]. Fish were collected
from January 3 to May 7, 2004. Thirty-nine fish were used in tests, while 18 fish were not used due
to project delays caused by contracting issues. During 2004, fish were held in three 10-foot (3.05
m) diameter tanks and one 12-foot (3.66 m) diameter tank for three to 26 days (mean = 9 days)
without feed and allowed to acclimate for two days before use in swimming experiments. Some
fish were used in as many as two experiments, with at least two days between experiments. Other
fish captured during rod and reel fishing included Pacific staghorn sculpin, white croaker, striped
bass, and spiny dogfish (Squalus acanthias). Other fish captured on setlines included starry floun-
der and skate. One white sturgeon captured on a setline incurred a visible injury on the edge of its
mouth; the fish was held and transported to UCD for testing, where it showed no additional signs of
distress.

3.3 2005

In 2005, 28 adult white sturgeon [TL 48.4 - 88.6 inches (123 - 225 cm)] were collected from the
Bay [temperature: 58.1 - 61.2°F (14.5 - 16.2 °C), salinity 0 ppt measured at surface] using rod and
reel gear, and 18 fish [TL 49.2 - 74.0 inches (125 - 188 cm)] were captured in the Yolo fyke trap
[54.2 - 66.7°F (12.3 - 19.3 °C)]. Fish were collected from February 9 to April 14, 2005. Other fish
caught from rod and reel fishing consisted of only smaller than 48 in (123 cm) TL white sturgeon.
Fish were held in three 10-foot (3.05 m) diameter tanks and one 12-foott (3.66 m) diameter tank
for four to nine days (mean = 10 days) without feed and allowed to acclimate for three days before
use in swimming experiments. Some fish were used in as many as five experiments, with at least
two days rest between experiments. Holding tank temperatures were held from 53.6-59.0°F (12 -
15 °C).

For 2005, the measurements of fork length (cm) and mass (kg) for 38 white sturgeon, collected
from the Bay and Yolo Bypass, were determined. Sturgeon collected from both locations had a
pooled mean fork length of 56.3 inches (143 cm) [range 41.34-88.58 inches (105-225 cm and a
pooled mean mass of 58.9 pounds (26.7 kg) [range 25.6-118.8 pounds (11.6-53.9 kg)]. A one-way
unstacked ANOVA, comparing fish col-lection location for length, found no significance (p=0.829),
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at an alpha level of 0.05 with n=38. A complementary ANOVA of mass (Ib; kg) versus collection
locations found a significant difference (p=0.0065), at alpha 0.05 with n=38. The Yolo fish were a
mean 18.7 pounds (8.5 kg) lighter than the Bay fish. To minimize the effects of outliers, an
ANOVA test for the 43.31-67.32 inches (110-171 cm) FL class per collection location was
performed. This test showed similar significant results (length p=0.829 and mass p=0.031, at a
=0.05, with n=30) with Yolo fish 15.7 pounds (7.12 kg) lighter at a 95% confidence interval. This
mass difference is shown in Figure 3.
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Figure 3. Bay (n=15) and Yolo Bypass (n=15) collected fish mass (kg) versus length (cm) within the 110-cm to 171-
cm fork length class.

Using Kohlhorst’s (1980) linear growth equation, L = 44.36 + 6.212t where L = length and t = age
in years, a minimum fish age of 12.6 years old was found for sturgeon tested. Six fish were not run
in experiments due to skin infections, causing external sores that became worse during the holding
period. A fish received from a private fisherman had severe caudal peduncle damage from a rope
noose used for restraining the fish. A total of seven fish were cannulated with two fish losing the
cannula before blood samples could be taken.
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4.0 Experimental Procedures, Data Collection,
and Analysis

At the beginning of each standard and pilot experiment, fish were transported via a wet vinyl sling
from their holding tank to the downstream end of the flume, confined to a 9.8-foot x 6.9-foot (3 m
x 2.1 m) flume section by a plastic mesh crowder, and allowed to acclimate for 30 minutes. Stur-
geon struggling in the vinyl sling was minimized by incorporating water for their continued gill
ventilation during the quick (30 to 60 seconds) transport to the flume. Gill ventilation frequency
(VF, strokes/min; a proxy for aerobic metabolism, at least under normoxic [near-air-saturated]
conditions) was measured at the beginning and end of the acclimation period in the flume. Each
experiment lasted one hour, unless the fish crossed all the baffles or if the fish impinged twice on
the tailgate. After one hour the fish passage success was measured by baffles passed.

During experiments, measurements of tail-beat frequency (TBF, strokes/min; a proxy for swim-
ming effort or energy turnover) were recorded when water conditions permitted. At times, sus-
pended bubbles from the barrier-induced turbulence or suspended silt from the water-supply
reservoir (2003-2004) precluded the successful observation of these frequencies. In addition to
TBF, data were collected on fish location in the flume, direction of rheotaxis, fish swimming be-
havior, and hydraulics affecting the fish. The experiments involved three people to transport the
sturgeon safely to the flume. During the experiment one person was assigned to each of the fol-
lowing: data collection, fish and video display observations, tailgate operation (water depth
control), and pump operation (on/off). If the fish impinged for more than 30 seconds, the water
flow was stopped, and the fish was given a two-minute rest in the tail pool. During this rest VF was
measured. After the rest period, the same velocity and experimental trial was continued. Con-
sequently, some fish were exposed to one velocity more than once (2003-2004). If a fish had
another 30-second impingement, the experiment was ended, a VF was again measured, and the fish
was returned to the holding tank.

Fish swimming performance in the experiments was evaluated at the barrier/baftle as either “suc-
cessful” (fish passed through the barrier/baffle slot), or “unsuccessful” (fish did not pass). After the
completion of each experiment, VF was measured before removing the fish from the flume. When
possible, total length, fork length, and live mass were measured and recorded for all fish tested.
Each fish, when not in an experiment, was labeled with a unique identification number written on
plastic flagging tied loosely around the caudal peduncle, which seemed to be the least intrusive
method for managing fish in the JAHL.

4.1 Statistical Analysis

Statistical analysis and data plotting were performed using a variety of different programs
including Minitab® Release 14, SAS/STAT® Software, SigmaStat® 3.0, SigmaPlot® 8.0,
Microsoft® Excel 2000, and KaleidaGraph 3.6®. Statistical significance was considered at a=0.05.
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4.2 2003 Experiments

Experiments started with a basic swimming performance test in the flume at varying velocities.
Subsequent experiments included the placement of flow controls in the flume and evaluating be-
havior and performance. The primary goal of the first year was to observe and determine the ge-
neral hydraulic effects on the fish. Experiments investigated if adult white sturgeon could negotiate
through the slots of vertical baffles and over horizontal barriers with and without ramps. Hydraulic
structures in the flume consisted mainly of two configurations (Figure 4). These simulated baffles
provided barriers and hydraulics that would reveal information on swimming performance and
behavior. The double-vertical (VV) baffle configuration consisted of an upstream vertical baftle
that concentrated flow in the center of the flume and a downstream vertical baftle that was cen-
tered in the flume, concentrating flow between the baffle and the flume walls. The horizontal-
vertical (HV) configuration included an upstream vertical baffle similar to the upstream baffle in
the VV configuration and a horizontal ramped baffle at a 12.5% slope (a horizontal barrier on the
floor of the flume) that peaked at 1.0 foot.

Additionally, pilot experiments were conducted using the following alternative vertical/horizontal
baffle confi-gurations. These baffles spanned the floor of the flume and provided a vertical barrier:

* horizontal baffle (no ramp) 4.5-inch (11 cm) height

®  horizontal baffle (no ramp) 7.9-inch (20 cm) height

° horizontal baffle (no ramp) 12.0-inch (30.5 cm) height

* horizontal baffle (no ramp) 24-inch (61 cm) height

®  horizontal baffle 12.0-inch (30.5 cm) height with ramp

®  horizontal baffle 24.0-inch (61 cm) height with ramp

* vertical baffle with side slot 39.4 inches (100 cm) wide on right side of flume only

®  vertical baffle with side slots 27.2 inches (69 cm) wide each combined with a vertical baffle
with central slot 35.4 inches (90 cm) wide

The pilot experiments were conducted to set limits on barrier dimensions and configurations for a
sturgeon passage facility. The flume slope was fixed at 0.0% gradient. The ramped baffle in the
HV flume configuration was to evaluate if an approach ramp on a horizontal barrier provided
better movement than a horizontal barrier with a vertical face.

Swimming experiments included three, 10-minute velocity segments: first at slow water velocity,
then randomly ordered medium and fast water velocities. At the beginning of an experiment, the
crowder was removed and the time to swim past each of the partial barriers (baffles) was meas-
ured. Between each experiment, fish were gently guided to the downstream end of the flume using
long-handled dip nets, confined by the crowder, and given a two-minute rest before beginning the
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next velocity trial. Fish swimming performance around the barriers was evaluated as either suc-
cessful (fish passed the barrier), or unsuccessful (fish did not pass the barrier).
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Figure 4. Plan views of flume baffle configurations tested in 2003; (a) dual Vertical-Vertical (VV) baffle
configuration; (b) Horizontal-Vertical (HV) baffle configuration, 2003. X-locations were measured from the
upstream end of the flume x=0 to the tailgate x =80 ft.

421 Flow Velocities 2003
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Flow velocities were measured for each of three flow regimes (designated “fast,” “medium,” and
“slow” before testing) for both flume configurations (VV and HV). Velocities were measured at
evenly spaced grid points using a SonTek 10-MHz Lab ADV (Acoustic Doppler Velocimeter) and
associated computer software. The SonTek ADV (model number A447) was capable of measuring
three-dimensional velocities (X, y, z). Point velocity measurements were taken about every 3.3 feet
(1.01 m) length-wise (x-direction), every 1.6 feet (0.5 m) span-wise (y-direction), and every 0.5
feet (0.15 m) depth-wise (z-direction). This grid mesh was selected due to the large size of the fish
being studied.

4.3 2004 Experiments

The purpose of the 2004 study was to continue evaluating hydraulics and fish behavior under cond-
itions that would provide guidance for the development of devices to dissipate flow energy and
pass fish. The 2004 experiments mainly evaluated:

° Circular orifice passage performance
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° A 20-foot (6.1 m) sloped ramp of 4% and 8%

* Adult white sturgeon swimming performance (evaluated as Ucrit), at velocities ranging
from 0 to 3.5 feet per second (0 to 1.07 m/s)

Two structures tested in the flume in 2004 consisted of a 2-foot (0.61 m) diameter circular orifice
(Figure 5), and a 20-foot (6.1 m) uphill ramp with a 4% and 8% slope (Figure 6). In experiments
using the orifice device, successful passage was defined as moving at least one body length up-
stream from the orifice. The orifice constricted the flow so that higher flows created a large head
differential between the upstream and downstream sections of the barrier. The orifice was sub-
merged at the slow velocity [water height 2.83 feet (0.86 m)]. About half of the orifice was sub-
merged for the medium velocity [water height 1.83 feet (0.56 m)] and a third of the orifice was
submerged during the fast velocity [water height 1.33 feet (0.41 m)]. The orifice opening did not
sit flush with flume bottom; it was raised 0.5 of a foot (0.15 m) off the bottom. In experiments
using the 4% and 8% sloped ramp, successful passage was defined as one body length past [about
the 35-foot (10.7 m) mark of the flume] the peak of the slope located at the 40-foot (12.2 m) mark
of the flume.

Swimming experiments included three, 10-minute velocity segments: first at a slow water velocity,
followed by two randomly ordered medium and fast water velocities. At the start of the experi-
ment, the velocity was set to slow and the crowder was removed. Location of the fish and the tail
beat frequency (TBF) were recorded every 1.5 minutes. Measurements of TBF during the experi-
ment, and gill VF between velocities were observed and recorded when water conditions permit-
ed. TBF was used as a measure of swimming effort and for an energy expenditure estimate. TBF
does not necessarily correlate with water velocity, because sturgeon have the ability to anchor on
the bottom and rest using their pectoral fins and may not display higher TBF at higher water
velocities.

After each velocity segment, the fish was gently guided downstream with long-handled dip nets to
behind the 70-foot (21.3 m) mark of the flume (downstream) and given a two-minute rest before
beginning the next flow trial. VF was measured at the end of the rest. Following the rest after the
slow velocity, a randomly selected “medium” or “fast” velocity was set and the mesh crowder was
removed from the flume. TBF, fish location, occurrence, and time of passage were recorded at
each new velocity with the same method.
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Figure 6. Sloped ramp tested at 4% and 8% slope during 2004 experiments.

Critical swimming velocity (Ucrit) is the peak water velocity at which fish fatigue, after a graded
series of step-wise water-velocity increases at regular time intervals (Brett 1964). Ucrit data can aid
in fishway design and construction. A passage facility must have a slower water velocity than stur-
geon maximum swimming velocity (burst velocity), and the distance the fish must travel should be
less than its maximum endurance distance (Peake and others, 1997). This study used the same
wooden chute structure inside the flume as the 4% and 8% slope configured without a slope (0%).
Nine, 0.04-of a foot (0.013 m) diameter, aluminum, vertical bars were placed 0.33 of a foot (0.10
m) apart across the upstream end of the straight chute section (the 21-foot [6.4 m] mark). A vert-
ically sliding gate was placed at the downstream end of the chute (at 0.0 m mark). This provided a
21-foot-long (6.4 m), straight chute, bounded by gates at both ends.

Sturgeon were given a 30-minute acclimation in the 20-foot (6.1 m) downstream end of the flume
between the sliding gate and the tailgate. VF was measured at the beginning and end of this period,
as an indicator of post-transport stress. At the end of the acclimation period, the sturgeon were
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gently guided into the chute using long-handled dip nets. The downstream gate of the chute was
then shut and the pumps and out flow tailgate were set to start the experiment. The first water
velocity was set at 1.5 feet per second (0.46 m/s). The velocity was increased every 20 minutes by
0.5 of a foot per second (0.15 m/s) increments. TBF and VF were recorded at 5-, 10-, 15-, and 20-
minute intervals for each velocity increment. The experiment ended and the flow was turned off
when the fish fatigued, defined as three impingements against the downstream barrier lasting more
than 30 seconds each. The maximum available water velocity ranged between 3.5 feet per second
(1.07 m/s) and 4.0 feet per second (1.22 m/s). If fish were resting or holding on the bottom, they
were not encouraged to swim by prodding or electrical shock as in other swimming performance
studies (for example, Peake and others 1997, Kynard and others 2003). The goal was to determine:
1) how fast the water velocity could be before the fish began to slip backwards with the current
inducing them to swim, and 2) their fatigue (critical swimming) velocity.

4.3.1 Flow Velocities 2004

Flow velocities were measured for each of the three flow regimes for the orifice, 4% ramp, and
8% ramp configurations. Point velocities in the x-direction (along the length of the flume) were
measured using a Swoffer Model 2100 Current Velocity Meter. Velocities were not measured while
the fish were in the flume. Velocities were measured at half the depth of flow.

4.4 2005 Baffle System Experiments

Existing fish passages were assessed with regard to the methods of energy dissipation and flow
characteristics. This information was combined with the information and data that had been
collected in the previous years of this study. It was determined that existing types of fish passage
structures would not meet the needs of up migrating adult white sturgeon. A trapezoidal baffle
design for the sturgeon passage study was developed, which consisted of a perpendicular flow
contraction that reduced the flume width to 2 feet (0.6 m), a 2-foot-long (0.6 m) slot opening,
angled surface faces at the downstream end of the slot, and adjustable height over-flow weirs, as
shown in Figure 7.

The objective of this study-year was to design a prototype “random midsection” of a sturgeon
passage ladder with the information gained from 2003 and 2004 and test the passage performance
of adult white sturgeon in a midsection of this ladder. The entrance, exit, and other components of a
ladder structure were not designed or tested.

The parameters to be tested in a midsection of a passage included:
° Flume slope of 4%

* Baffle design that provided the needed flow energy dissipation and would meet the
behavioral needs of white sturgeon

White sturgeon have demonstrated in the previous years of this study a need to have a clear path to
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the slot opening with flow providing guidance. Therefore, each baffle had a straight chute to
straighten the flow as it moved through the vertical slot. The angled surfaces of the downstream
side of the baffles prevented fish collisions with the baffles and reduced flow disturbance down-
stream of the baffle. The size of the slot opening was set with consideration for the size of the fish,
the velocity in the slot, and the need to dissipate flow energy. The over flow weirs functioned to
control flow and dissipate energy. The upstream face of the baffle was to remain perpendicular to
the flow to use flow contraction to maximize flow energy dissipation. The main functions of this
passage were to dissipate flow energy by contracting the flow, straightening the flow through the
face of the baffle to minimize turbulence and then expand the flow for additional energy dissip-
ation. The methods used to manage the flow using contraction, straightening and expansion (CSE)
will reference this sturgeon passage design as a CSE Sturgeon Passage Ladder.

The original study plan provided a schedule to start hydraulic tests and measurements in July 2004
with the CSE Sturgeon Passage Ladder and to have the baffles and flume tuned and balanced by
January 2005. This schedule would have allowed for the CSE Sturgeon Passage Ladder to be
hydraulically balanced in concert with the sturgeon migration period. Due to funding delays the
installation of the baffles did not start until January 2005. This did not allow time to pretest the
hydraulics and tune the baftles before placing sturgeon in the flume. Most of the hydraulic
measurements were collected after all the sturgeon runs were completed in April 2005. Because
sturgeon were collected during their migratory period starting in January and running through
April any further delays would have affected completion of the final year of study. It was decided
to run the fish and then collect and record the hydraulic data after all fish had been completed.
While this approach provides a basic baffle design it did not address a final product with a
hydraulically tuned passage ladder.

441 Baffle System Design

The initial CSE Sturgeon Passage Ladder configuration consisted of four sets of baffles with 2-
foot-wide (0.61 m), full-depth openings (slots), 16 feet (4.9 m) between baftles, and 2-foot-high
(0.61 m) overflow weirs (Figure 7, 8). The baffle and weir configurations were built on a false
wooden flume floor to aid construction and adjustments. The following upgrades to the aluminum
flume were completed before flume testing in 2005:

° A 60-cubic-feet-per-second (1.7 m3/s) variable speed pump was installed.
® A new head tank was constructed.

* The upstream end of the CSE Sturgeon Passage Ladder was raised to a bed-slope of 4%.

Depth of flow and velocities were controlled three ways:
° A variable-speed pump
* The lowering and raising the tailgate

The baffle configuration
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Figure 7. The baffle system used in 2005 experiments. Diagram shows plan view of random section of CSE Sturgeon
Passage baffles (top), and an upstream cross-section of a pair of baffles (bottom).

After pilot-testing with the initial flume configuration (Figure 8) with slow, medium, and fast
velocities, it was determined that an additional baffle would be required to reduce flow energy. The
fifth baffle was added as shown in Figure 9 for better energy dissipation, and fish were tested in
three standard scenarios (see Table 2) and several pilot scenarios with this configuration (see Table
3). S2 and S3 scenarios used the tailgate gate flow adjustment to represent the flow control of a
CSE baftle. This provided a true representation of a midsection of a flume but affected the fish
staging area.

The configuration consisted of five baffles with the distance between baffles set at about 12 feet
(3.66 m) (Figure 9). For all three standard scenarios S1, S2 and S3, as listed in Table 2, a dis-
charge of 31 cubic feet per second (0.88 m3/s) was supplied by a 50-horsepower pump motor
delivering about 19 cubic feet per second (0.54 m3/s) and an additional 200-horsepower pump
motor delivering about 12 cubic feet per second (0.34 m3/s) with the variable frequency drive
(VFD) set at 35 Hz.
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Figure 8. Rendered three-dimensional view of 2005 study-year flume configuration for pilot scenario PV1: 4% bed
slope, four baffles & pool length of 16 ft (4.88m). X-locations indicate the upstream face location of each baffle.

Figure 9. Rendered three-dimensional view of 2005 study-year flume configuration for scenario S1, S2 and S3 and
various pilot experiments: 4% bed slope, five baffles & pool length of 12 ft (3.66m). X-locations indicate the
upstream face location of each baffle.
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4.4.2 Experimental Methods

A 30-minute acclimation took place in the tail pool between the tailgate and baftle 1 before each
experiment. During Scenarios S1 and S2, a plastic mesh crowder was used at the beginning of acc-
limation and was replaced by a long-handled dip net shortly before the end of each acclimation to
remove the crowder exposed to the flow. The dip net was held over the exit slot of baffle 1 to pre-
vent the fish from moving through the baftle before the desired water velocity was achieved.
During the acclimation for Scenario S3, a sliding gate was used across the entrance to baffle 1
instead of the crowder or the long handled dip net to prevent fish from passing through the barrier
until the water flow stabilized to the desired velocity. The net gate was removed when the water
reached target velocities. Each experiment lasted an hour, unless the fish crossed all the baffles or
if the fish impinged twice on the tailgate. After an hour the fish passage success was measured by
how many baffles the fish passed moving up the flume.

The length of time for fish to swim upstream and pass the baffles was measured and recorded.
Observations were made of the hydraulics that seemed to influence the sturgeon swimming be-
havior. Location in the tail pool was divided into nine floor sections, and location of fish was ca-
tegorized into one of the nine sections every minute. Unlike previous years, individual fish were
not run at three different velocity regimes; instead a single predetermined flow was used. Fish were
given a two-day recovery before being used in another experiment.

Fish were examined for injury (visible anatomical damage to skin, scales, fins, eyes, or signs of
diseases) before each experiment under a modified Health Assessment Index (HAI) of Swanson
and others (2001). Morphometric characters were given numerical values (1 = no damage to 5-10
= severe damage, depending on anatomical feature) and summed to ascertain an overall fish injury
level. The injury level value was subsequently ordered into a three level index (low, medium, or
high) based on the distribution of the summed HAI values.

443 Video Recording

Underwater video cameras were installed in each baffle and around the tail pool to observe stur-
geon during an experiment (Figure 10). For Scenario S3, the addition of a real-time underwater
video recording system at the downstream portion of baffle 1 allowed for better observation of
fish behavior. Depth of fish when swimming through the slot at baffle 1 and the approach used to
the baffle (depth and lateral location) were observed by reviewing the recorded video of the exper-
iments. The water height was divided into three sections, and categorized as bottom, medium, and
top. The channel width was divided into three sections, and categorized as left side, center, and
right side (facing upstream) for analysis. Motion analyses of the video records from the exper-
iments were done by using the Peak Performance Technologies (Englewood, CO) Motus system.
Peak Motus™ is a motion-capture system that combines video to capture the coordinates of mov-
ing points. With this system, fish swimming velocity through the slot of baffle 1, in feet per second
in the X direction (horizontal direction) were calculated. The fish and water velocity vectors were
then summed to get the true fish swimming velocity through water.
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Table 2. Detailed description of the CSE ladder configuration for standard scenarios (S1, S2, and S3) in 2005

experiments
Test duration,
Scenarios Flume Configuration Flow conditions number of runs
and dates
5 baffles. Each baffle has | 31 cfs (0.88 m¥/s), high tail water. Averaged tail-water | 1 h.
s1 a2 ft (0.61 m) wide slot depth was 36 in (91.4 cm). Under the high tail-water 8 runs 3/15/2005
and two weirs with a condition water level drops at the downstream baffle to 3/18/2005
height of 2 ft (0.61 m). were less than those at the upstream baffle.
Same as S1 31 cfs (0.88 m’/s), low tail-water. Averaged tail-water 1h
$2 depth was 32 in (81.3 cm). Under the low tail-water 13 runs
condition water level drops through all baffles were 3/23/2005 to
approximately the same. 3/30/2005
Same as S1 with net gate | Same as S2 1h.
S3 installed in the 1* baffle. 34 runs
3/31/2005 to
4/29/2005

Note: Before March 31, 2005, a long-handled dip net was used to keep the fish from swimming upstream until the flow in the flume reached its
target flow condition at the beginning of the test. March 31, 2005 and afterward, a net gate was used to keep the fish from swimming upstream
until the flow in the flume reached its target flow at the beginning of the test.
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Figure 10. Camera locations and orientation for 2005 experiments

444

Flow Velocities 2005

Flow discharge in the flume was measured via discharge over a sharp-crested weir in the head tank
of the flume system. Velocities were measured using a Marsh-McBirney electromagnetic velocity-
meter (Model 253). Point velocities were measured every 0.5 foot (0.15 m) in depth, and at five
evenly spaced points along the width of the flume. In the narrow channel areas of the baffles,
velocities were measured at only three locations along the width. As in previous years of study,

velocities were not measured while fish were in the flume.

445

Cannulation

Five out of seven sturgeon were successfully cannulated using the caudal vein cannulation
technique (Belanger and others 2001). Surgery took place 24 hours before the experiment. This
short time was used to lower the chance of the cannula clotting or being accidentally pulled out by
fish movements in the holding tank, which happened with two fish. The fish were placed in the wet
transport-surgery sling. Fish were then rotated onto their dorsal side, and anesthetic water was re-
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circulated over the gills from the ventral operculum side. The anesthetic water contained 1.35
ounces (40 ml) C2H402, 6.0 ounces (170 g) NaHCO?2, 2.12 ounces (60 g) NaCl in 5.3 gallons (20
1) of well water at the appropriate temperature (Peake, 1998). A puncture was made using a 17-
gauge needle in the ventral midline area of the caudal peduncle 0.75-1.5 inches (2-4 cm) posterior
to the anal fin. A Touhy needle was then inserted into the puncture with 6.5 feet (2 m) of cannula
tubing attached. After insertion into the caudal vein the cannula tubing was fed into the vein 2 to 4
inches (5-10 cm). Care was taken to avoid inserting the needle too far into the fish and puncturing
the dorsal side of the vein. Once blood was visible it was drawn up through the entire cannula to
remove air bubbles. Heparinized saline was then pushed back through the cannula to prevent clot-
ting. The Touhy needle was then removed from over the cannula and a knot tied in the distal end to
prevent air from entering the tubing and to prevent bleeding (Deng 2000). The cannula was then
sutured down at the site of entry and anchored on the side of the caudle peduncle 0.75-1.2 inches
(2-3 cm) up the tubing.

Physiological stress responses to flow treatments and flume scenarios were assessed by measuring
blood hematocrit, plasma pH, chloride, cortisol, lactate, and glucose. Changes in plasma cortisol
levels provide direct assessment of the severity and duration of the primary (neuro-endocrine)
stress response. While changes in hematocrit, plasma pH, glucose, and lactate (secondary stress
responses) characterize the severity of stress and the time needed for recovery (Wedemeyer and
others, 1990). Hematocrit, plasma glucose, and chloride measurements define within-fish or fish-
environment fluid shifts, for example osmoregulatory dysfunctions, while plasma pH and lactate
define the degree and type (metabolic or respiratory) of acid-base imbalances.

Fish were run in experimental conditions identical to non-cannulated fish, and samples were taken
at four times: holding tank resting (T), post-acclimation (A), 15-minute post-experiment (E), and
24-hour post-experiment (R). For each sample the distal end of the cannula was retrieved without
alerting the fish and a 0.10 ounce (3 ml) blood sample was withdrawn, after initial removal of the
heparinized saline. Samples were distributed into heparinized capillary tubes and two 0.03-ounce
(1-ml) centrifuge tubes and immediately centrifuged (11,500 rpm for 5 minutes) for measurement
of hematocrit (IEC microhematocrit reader) and separation of plasma. Immediately after plasma
collection, pH was measured (Orion Model SA 720 Digital pH Multimeter), and plasma was fro-
zen for later analysis of cortisol (modified enzyme immunoassay, ELISA, Munro and Stabenfeldt,
1985), and lactate and glucose (YSI 2700 Select Biochemistry Analyzer, Yellow Springs Instru-
ments, Inc., Yellow Springs, OH). In addition, plasma samples were assayed for testosterone, 11-
keto-testosterone and 17-beta-estradiol using radioimmunoassay (Webb and others 2002) to
determine sex and reproductive maturity.
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Table 3. Flume configurations of the seven pilot scenarios, in 2005 experiments.

Test duration,
Scenarios Flume Configuration Flow conditions number of runs
and dates
PVI 4 baffles. Each baffle has | Variable tail-water depth. Discharge fixed at 21 cfs 20 min.
a2 ft (0.61 m) wide slot (0.60 m*/s). Tailpool depth was decreased in a 3-min 5 runs 3/1/2005
and two weirs with a time intervals from 35 in (88.9 cm) mark to the 31 in to 3/3/2005
height of 2 ft (0.61 m). (78.7 cm) mark, to 28 in (71.1 cm) mark.
Same as S1 (see Table 2) | Variable discharge. Discharge was decreased from 31 1h
V2 cfg (0.88 m?/s), to 26 cfs (0.74 m*/s), to 21 cfs (0.60 1 run 3/14/2005
m’/s). At the same time, the tailpool depth was
decreased from 35 in (88.9 cm) mark to the 31 in (78.7
cm) mark, then to 28 in (71.1 cm) mark.
PF1 Same as S1 (see Table 2) | Discharge fixed at 31 cfs (0.88 m?/s). Tailgate set so 1 h.
slot velocity in the 1% baffle was 8.5 ft/s (2.5 m/s). 1 run 3/10/2005
PF2 Same as S1 (see Table 2) | Discharge fixed at 31 cfs (0.88 m?/s). The depth 30 min.
reading was set to the 42 in (106.7 cm) mark. 2 runs 3/11/2005
Same as S1, except weirs | Discharge fixed at 31 cfs (0.88 m?/s). Depth set to the 30 min.
PF3 were closed off. 36 in (91.4 cm) mark with a fluctuation of +2 in (5.08 | 2 runs 3/18/2005
cm).
Same as S1 with net gate | Discharge fixed at 38 cfs (1.08 m’/s). Depth set to the 1 h.
PF4 installed in the 1* baffle. | 36 in (91.4 cm) mark with a fluctuation of +2 in (5.08 1 run 4/21/2005
cm).
5 baffles. All baffles had a | Discharge fixed at 35 cfs (0.99 m’/s). Water level drops | 30 min.
slot of 1 ft (0.30 m) through all baffles were approximately the same. Depth | 13 runs
PF5 opening at top and 2 ft was set to 45 in (114.3 cm) mark with a fluctuation of | 3/28/2005 to
(0.61 m) opening at +1 inch (2.54 cm). 5/3/2005
bottom and no weirs. A
net gate at 1* baffle.

Note: Before March 31, 2005, a long-handled dip net was used to keep the fish from swimming upstream until the flow in the flume reached target
flow condition at the beginning of the test. After March 31, 2005, a net gate was used to keep the fish from swimming upstream until the flow in the
flume reached its target flow condition at the beginning of the test.

5.0 Results
5.1 2003 Study

511 Velocities

Swimming experiments included three, 10-minute velocity segments: first at a slow water velocity

and then a random ordered medium and fast water velocity. The tests were run with two flume

configurations, see Figure 4.

The mean velocity at the downstream end of the flume for the slow velocity was 1.26 feet per
second (0.38 m/s) for the VV configuration and 1.5 feet per second (.46 m/s) for the HV con-

figuration.

The mean velocity at the downstream end of the flume for the medium velocity was 1.88 feet per
second (0.57 m/s) for the VV configuration and 1.77 feet per second (0.54 m/s) for the HV
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configuration.

The mean velocity at the downstream end of the flume for the fast velocity was 2.8 feet per second
(0.85 m/s) for the VV configuration and 2.5 feet per second (0.76 m/s) for the HV configuration.

5.1.1.1 VV Configuration Velocities

For the VV configuration, the highest velocities occurred at the baffle openings (Table 4). Back-
flow cells were measured just downstream of the upstream baffle (between each flume wall and
the jet) and downstream of the downstream baffle (between the two outside jets, in the center of
the flume).

In general, the velocity in the flume for the fast VV configuration was high in the regions between
baffle openings and at the downstream end of the flume, up to 4 feet per second (1.22 m/s) with
areas of strong back flow downstream of jets through baffle openings.

During the medium flow under VV configuration, back flow occurred in areas downstream of
both baffles, with a wider area of influence than for the fast VV configuration. At the down-
stream baffle higher velocities occurred at the left baffle [2.59 feet per second (0.79 m/s)] opening
than at the right.

In general, both the medium and slow VV configurations had lower velocities than the fast VV
ranging between: 0.5 to 1 feet per second (0.15-0.30 m), with large backflow regions downstream
of the upstream and downstream baffle, and concentrated regions of high velocity at the baffle
openings.

Table 4. Maximum velocities and locations near upstream barrier during 2003.

Upstream Velocity Length Width Depth above flume bottom
ft/s (m/s) ft (m) Location ft (m)
2.00 (0.61)
Fast VV 8.27 (2.52) Center 2.0 (0.61)
DS from USB
. 2.99 (0.91)
Medium VV 3.12 (0.95) Center 2.99 (0.91)
DS from USB
2.00 (0.61)
Slow VV 2.89 (0.88) Center 3.51(1.07)
DS from USB
2.00 (0.61)
Fast HV 6.59 (2.01) Center 0.98 (0.30)
DS from USB
. 0.98 (0.30) .
Medium HV 2.72 (0.83) Right 1.51 (0.46)
US from USB
2.00 (0.61) m i
Slow HV 1.74 (0.53) Right 2.99 (0.91)
US from USB

DS = downstream, USB = upstream baffle, US = upstream
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5.1.1.2 HV Configuration Velocities

The HV configurations (Table 4) showed higher velocities at the upstream baffle opening, be-
coming very slow in the mid-flume region, increasing over the downstream ramped horizontal
baffle, and remaining high until the downstream region. The fast HV showed the largest region of
high velocity at the upstream baffle, extending into the mid flume region. Backwater velocities
were higher for the medium HV than for the slow HV. This is likely due to the medium HV having
a higher water surface gradient between the areas upstream and downstream of the upstream ba-
ffle, which created a larger plunge pool just downstream of the baffle opening. This plunge pool
was substantially less for the slow HV because of the lower water surface gradient upstream and
downstream of the baftle.

The fast HV configuration showed high velocities on the upstream side of the ramped horizontal
baffle and just downstream of the peak of the baffle. Flow in this area was observed to be fast and
shallow. In this region one depth was used in the depth-averaged analysis. It is likely that the depth
chosen was within the boundary layer of the flow region, and, therefore, reflects a much lower vel-
ocity than what actually occurred. For the fast and medium HV, the highest velocities at the ram-
ped downstream baffle occurred near the peak of the ramp. Maximum velocity for the slow HV
was shown to concentrate along the right side of the flume.

The HV configurations in general showed three distinct regions: medium velocity in the upstream
region of the flume, a slow velocity and backwater region in the mid flume region, and faster vel-
ocity over and downstream of the ramped horizontal baffle. All maximum velocities in the HV
configuration occurred at the lowest depth measured. As in the case of the VV configuration, the
use of transitions downstream of the vertical slots likely would have minimized the downstream
turbulence by decreasing the velocity of the jet.

5.1.2 Fish Passage

A Pearson’s correlation analysis of tests found no significant correlations between swimming
performance and the number of experiments in which fish were used, the capture location, or the
number of days in captivity. Some fish were used in experiments as many as three times (six fish
were used two times each in pilot experiments, one time each in VV; five fish were used two times
each in VV; seven fish were used two times each in VV, one time each in HV; four fish were
used one time each in VV, one time in HV). In addition, one or two fish were used in each of the
pilot barrier configuration tests. The small sample sizes of the pilot tests precluded statistical
analysis.

5.1.2.1 VYV Barrier Configuration

Thirty-one experiments were completed with the VV barrier configuration. An additional seven
experiments were ended prematurely and removed from our analysis because sturgeon became
impinged at the downstream end of the flume. Although not found to be significant, the per-
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centage of successful sturgeon passage past the downstream baffle tended to be lower at the slow
velocity (48%) than at either the medium (74%) or the fast (71%) velocities (Table 5). A larger
sample size might have clarified the velocity-related passage success. Successful passage of the
upstream baffle was significantly lower (p < 0.05, Repeated ANOVA on ranks) at the slow (29%
passing) velocity, compared with both medium (61%) and fast (55%) velocities. A significant
difference was found in the successful sturgeon passage of the downstream and upstream baffles at
the slow velocity, but not at the medium or the fast velocities.

5.1.2.2 HV Barrier Configuration

Nine experiments were run with the HV configuration, and were analyzed. Two were removed
from analysis due to fish impingements. Results from the HV configuration were mixed: 44%
passed the ramped downstream baffle at the slow velocity, 11% (one fish) at medium, and 78% at
fast; whereas 22% passed the upstream baffle at slow and 11% (one fish) at each of the medium
and fast velocities (Table 5). Significant differences (p < 0.001, Repeated ANOVA on ranks) were
detected for successful passage among velocities, although pair-wise comparisons (Student-
Newman-Keuls test) of the groups were unable to distinguish differences among velocities,
presumably due to the small sample size.

Table 5. Percentage passage, mean and standard error of time to pass, for different barrier types and velocities tested
with white sturgeon in 2003 experiments.

Mean +SE
Barrier type; and velocity Passage time (seconds) Number of
’ Percentage experiments (fish)
to pass

DB1,Vertical, side slots; slow 48 133 +45 31 (20)
DB1,Vertical, side slots; medium 74 75+ 24 31 (20)
DB1,Vertical, side slots; fast 71 83 £26 31 (20)
UBI1,Vertical, wider central slot; slow 29 243 + 71 31 (20)
UB1,Vertical, wider central slot; medium 61 117+ 29 31 (20)
UB1,Vertical, wider central slot; fast 55 100 + 27 31 (20)
DR2,Horizontal, with ramps; slow 44 283 £118 909
DR2,Horizontal, with ramps; medium 11 14 99
DR2,Horizontal, with ramps; fast 78 48 +12 99
UB2,Vertical, narrower central slot; slow 22 118 + 58 99
UB2,Vertical, narrower central slot; medium 11 37 99
UB2,Vertical, narrower central slot; fast 11 38 99

VV configuration: DB1 = downstream baffle, UB1= upstream baffle, HV configuration: DR2: ramped downstream baffle, UB2: upstream baffle
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5.1.3 Combined Analysis

Combining the data collected across both types of barriers, the mean time taken to pass barriers
was always longest (p = 0.026, two-way ANOVA) at the slow velocity compared with the time at
either the medium or the fast velocities. No significant difference was found between the two con-
figurations in the amount of time taken to pass the two barriers (p = 0.076, two-way ANOVA). On
average, if fish passed the first barrier in the VV configuration it would also pass the second (Table
6). This was not true for the HV configuration. A mixed-model ANOVA was used to evaluate
differences in tail-beat frequency (TBF) among five flume sections (Table 7).

Table 6. Percentage of adult white sturgeon passing both barriers within a configuration, at three velocities tested in
2003 experiments.

Velocity Percentage passing both barriers Percentage passing both barriers
(VV configuration) (HV configuration)

Slow 29% (9 of 31) 22% (2 of 9)

Medium 61% (19 of 31) 11% (1 of 9)

Fast 55% (17 of 31) 11% (1 of 9)

Table 7. The five delineated regions within the flume along its length (X-direction), 2003.

Range along length of flume (X-direction)

Upstream limit Downstream limit
Region ft (m) ft (m)
1-Upstream 72.1) 17 (5.2)
2-Upstream barrier 23 (7.0) 33 (10.1)
3-Mid-flume 35(10.7) 45 (13.7)
4-Downstream barrier 48 (14.6) 58 (17.7)
5-Downstream 65 (19.8) 75 (22.9)

Analysis of TBF showed significant differences among velocities (p< 0.001) and among the five
flume sections (p < 0.001, Figure 11). TBF was higher near the barriers than in the upstream and
downstream ends regions, but was not significantly different from TBF in the mid-flume region.
Thus it may be inferred that the sturgeon were using the anaerobic, white muscle to burst-swim
through the high-velocity passages adjacent to the energy-dissipating baffles. We found no sig-
nificant difference in TBF between the two barrier configurations, VV and HV.
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Figure 11. Mean (+ SE) tail-beat frequency (TBF) of white sturgeon tested at UC Davis, in 2003 experiments, grouped
by flume section (1: upstream; 2: upstream barrier; 3: mid-flume; 4: downstream obstruction; 5: downstream). Letters
above bars indicate statistically significant groupings.

514 Observations

VV- Several fish swam back and forth between the first barrier and the tailgate, with several fish
colliding with the baffle. After fish passed the first vertical barrier, fish often moved up the flume
and some would collide into the second vertical barrier. The slot openings in the VV were not alig-
ned. Some fish stopped their upstream movement after a collision, but some swam through the sec-
ond barrier soon after the collision. After passing both barriers, most fish stayed in the upstream
end of the flume. The most tail touches and impingements on the flume’s tailgate were observed in
high velocity. There were 17 incomplete velocity segments due to fish impinging on the tailgate for
a prolonged period.

HYV - Several fish held a position downstream of the ramp barrier, and fish were observed to rest
on the ramp and not swim upstream from there. When fish collided with the second barrier, some
fish swam back downstream and some held a position downstream of the vertical barrier. When
fish passed both barriers they tended to stay at the upstream end of the flume.

There were fewer tail touches and impingements with the HV configuration with only three
incomplete experiments due to tailgate impingements.

5.1.5 2003 Pilot Studies

This first year of pilot experiments tested several types of configurations that include; no baffles,
dual horizontal un-ramped vertical barriers (HH), dual vertical VV pilot (VV?), the precursor to
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VV, and a single vertical (V) barrier (Table 8). None of the pilot experiments were ended early due
to impingements, or fish fatigue. In VVP, fish stayed at the upstream end after passing barriers,
however in V pilot, fish did not stay at the upstream end after passing the barrier. In the HH pilot,
fish resting upstream and downstream of barriers (possible low flow areas) was commonly
observed. The horizontal barriers caused vertical eddies and a backflow at the bottom of the flume
downstream of the barrier. One fish was observed to be orienting downstream behind first baffle
(2 feet tall) for about 20 minutes. Most sturgeon in HH remained upstream of the barriers after
passage.

During no-flow and slow velocity, fish generally milled in the flume, but many initiated upstream
movement within 10 minutes from start of the slow velocity. White and Mefford (2002) observed
adult shovelnose sturgeon (Scaphirhynchus platorynchus) milling when water velocity was less
than 2 or 2.5 feet per second (0.61 or 0.76 m/s).

In six pilot experiments with no baffles-barriers, slow velocity 2.59-2.60 feet per second (0.78-0.79
m/s), medium velocity 5.80 feet per second (1.77 m/s), and fast velocity 7.55 feet per second (2.3
m/s), a significant difference in sturgeon location and TBF within the four velocity regimes was
found (p<0.001, Repeated Measures ANOVA). No significant difference in fish location was
found between 0 flow and slow flow (p>0.05, Pair-wise test Holm-Sidak method). Fish location
was significantly changed from slow velocity to medium and medium to fast velocity (p<0.05).
Fish significantly moved upstream from slow to medium to fast, indicating fish cueing for higher
velocity (Figure 12). TBF in fast flow regime was significantly higher than all other velocity
regimes (p<0.05, Pair-wise test Holm-Sidak method). There was no significant difference in TBF
among 0 flow, slow velocity, and medium velocity (p>0.05). Fish in fast velocity had significantly
higher swimming effort compared with other lower velocities. There was no significant difference
in VF in four velocity regimes (P=0.189, Repeated Measures ANOVA).
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Figure 12. Mean (£ SE) of fish location and tail-beat frequency (TBF) for no baffle pilot configuration in 2003
experiments. The letters in the figure represent significant groups. Water velocities: slow = 2.59-2.60 feet per second
(0.78-0.79 m/s), medium = 5.80 feet per second (1.77 m/s), and fast 7.55 feet per second (2.3 m/s).

Table 8. Pilot barrier configurations and fish performance in 2003 experiments.

Fish with Fish with
multiple multiple
1" barrier 2" barrier  passage at 1  passage at 2"
Barrier type Velocity  passage (n)  passage (n) barrier (n*) barrier (n*)
. no flow 100% (4) 100% (3) 25% (4) 33% (3)
HH pilot (no ramp)
(Ist barrier 4.5 in & Slow 100% (2) 100% (4) 50% (2) 25% (4)
2nd barrier 8.0in) | \redium | 100% (1) 100% (3) 0% (1) 0% (3)
Fast - 100% (1) - 0% (1)
no flow 100% (2) 100% (2) 0% (2) 50% (2)
HH pilot (no ramp)
(1st barrier 2 ft & 2nd| _ Slow 0% (2) 0% (1) - -
barrier 1 ft) Medium 100% (1) 0% (1) 0% (1) -
Fast 100% (1) 0% (2) 0% (1) -
VVP pilot (Ist barrier | |, flow 0% (1) 50% (2) - 0% (1)
dual side slots & 2nd
barrier ss‘ﬁ)gt;e central | glow 100% (2)  100% (2) 0% (2) 0% (2)
V pilot (single side no flow 100% (1) 0% (1) 0% (1) -
slot)
Slow 0% (1) 0% (1) - -
Notes: *“- = no data; * Number of experiments with one fish passage or more
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5.1.6 2003 Results Summary
The results of the 2003 study showed that adult white sturgeon can:

° pass through vertical slots with widths ranging from 1.42 - 2.92 feet (0.43 - 0.89 m)

* negotiate over sloped ramps 8 feet (2.44 m) long at 12.5%
* pass through vertical-slot velocities up to 8.27 feet per second (2.52 m/s)
° pass over slopes with velocities as high as 6.59 feet per second (2.10 m/s)

Table 9 summarizes the peak velocities of the configurations and the passage success. The medium
VV configuration (double vertical baffle) showed the greatest passage percentage, with 61%
passing through both baffles. For this configuration, velocities reached 3.12 feet per second (0.95
m/s). For the HV configuration (vertical baffle with a downstream ramp), the ramp was passed by
78% of the test sturgeon at the fast velocity while only 11% also passed the upstream vertical
baffle [maximum of 6.59 feet per second (2.01 m/s)]. The ramped section of the horizontal baftle
was at 1 foot in comparison with the 1 foot horizontal vertical barrier pilot effort that resulted in no
passage. The results from the first year provided information on behavior, swimming performance
and velocity requirements. Information on physical attributes of the baffles, such as that the
vertical horizontal surfaces require ramps to support fish movement, and that the downstream
baffle face should be angled to reduce the possibility of fish collision was provided by the first year
study. In addition, the body size of the fish and flow characteristics are important to the upstream
movement of fish, as it is important that a fish can align its body with the opening and not have to
angle the body to the flow before entering the energy dissipating baffle.

Table 9. Summary of peak velocities and percent passage in 2003 experiments.

) First baffle
. Peak velocity Both baffles passed
Configuration passage only
ft/s (m/s) %
%

Slow VV 2.89 (0.88) 48 29 (9 of 31)
Medium VV 3.12(0.95) 74 61 (19 of 31)
Fast VV 8.27 (2.52) 71 55 (17 of 31)
Slow HV 1.74 (0.53) 44 22 (2 of 9)
Medium HV 2.72 (0.83) 11 11 (1 of 9)
Fast HV 6.59 (2.01) 78 11 (1 of 9)

The 2003 results indicated adult white sturgeon can pass at higher velocities through vertical slots
but require slightly lower velocities when passing over a sloped ramp at a 12.5% slope. This posed
the question: Could adult white sturgeon negotiate lower slopes with higher velocities? This was
investigated further in 2004.
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5.2 2004 Study
5.2.1 Velocities

The orifice evaluation used three velocity regimes and were measured at the orifice opening:
4.08 feet per second (1.2 m/s) for the slow flows, 8.11 feet per second (2.47 m/s) for the medium,
and 8.70 feet per second (2.56 m/s) for the fast (Figure 13). For both the medium and fast velo-
cities, the orifice was not submerged, and there was a significant head difference between the
orifice opening. During the slow velocity, the orifice opening was submerged, due to the control
required by the downstream tailgate to maintain water depths in the flume.

Peak velocity for each test using the 4% sloped ramp occurred at the top of the slope 2.71 feet per
second (0.83 m/s) for the slow flow, 3.35 feet per second (1.02 m/s) for the medium, and 3.78 feet
per second (1.15 m/s) for the fast. Velocities decreased along the length of the narrow sloped part
of the flume, and decreased sharply downstream of the short ramp (Figure 13).

Velocities for the 8% ramp-slope configuration show a substantial increase at the start of the slope
at X =40 feet (12.19 m): 3.49 feet per second (1.06 m/s) for the slow flow, 4.03 feet per second
(1.23 m/s) for the medium, and 4.38 feet per second (1.34 m/s) for the fast. The fastest velocity
was measured at X = 42 feet (12.8 m) (Figure 13).

10.0
9.0 1 —e— 4% - slow
—=— 4% - med
8.0 1 | 4 4% - fast
7.0 4 8% - slow
—%— 8% - med
g‘ 6.0 4 |—e—8% - fast
S —+— orifice - slow
g 5.0 1 orifice - med
§ 4.0 4 —<— orifice - fast
3.0
2.0
1.0
0.0 T
(0] 10 20 30 40 50 60 70 80
length along flume (ft)

Figure 13. Velocities measured along the length of the flume for the orifice, 4% slope and 8% slope in 2004
experiments.

For the swimming chamber tests the wooden chute used in the previous ramped studies was set at

0% slope and target velocities of 1.5 to 3.5 feet per second (0.46 to 1.07 m/s) were achieved in 0.5
feet per second (0.15 m/s) increments during the critical swimming velocity tests (Figure 14). Fish
location remained stable during each velocity. White sturgeon tested in the critical swimming tests
never reached fatigue at the velocities attained in the flume.
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Figure 14. Swimming chamber, 21 feet (6.4 m) velocities along the length of the swimming chamber placed inside the
experimental flume in 2004 experiments.

5.2.2 Fish Passage

5.2.2.1 Orifice Configuration

Successful passage of sturgeon through the orifice barrier occurred at the slow velocity. No fish
passed during the medium or fast water velocities. There were a total of three passage events, two
of which were by the same fish; therefore, just two out of 14 fish successfully passed. The mean (=
SE) passage time for the slow velocity was 318 seconds (+ 78.2 s). Failed attempts, defined as the
fish actively swimming upstream and ramming into the wall surrounding the orifice, occurred at
all three velocities. Several fish made multiple attempts at one or more velocities. There were more
attempts at the slow and fast velocities compared to the medium (Table 10). Failed attempts were
later estimated from recorded observations during experiments.

Table 10. White sturgeon performance in an orifice barrier configuration in 2004 experiments.

Veloci % Successful # Fish Mean time of passage Estimated failed
ty Passage Tested (s + SE) attempts

Slow 14 14 318 +78.2 18

Medium 0 14 - 2

Fast 0 12 - 14
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5.2.2.2 4% and 8% Sloped Ramps

The mean and standard error of passage times for the slow, medium, and fast velocities for the 4%
slope are shown in Table 11. There was no significant difference in mean passage time due to velo-
city (one-way ANOVA, p=0.975).

The medium velocity on the 4% slope yielded the highest percent (71%) of sturgeon passage. In
contrast, the slow and fast velocities had similar passage rates of 27% and 29%, respectively. The
percent passage at the medium velocity was significantly higher than those at the slow (Wilcoxon-
Mann-Whitney, p=0.0191) and the fast (p=0.0278) velocities, with no significant difference in
percent passage between the slow and the fast velocities (p=0.9326).

Fish experiments using the 8% slope had a sample size one-half that of the 4% slope (Table 11).
The mean passage time for the slow velocity was 192 sec and 150 & 90.0 sec for the medium velo-
city. No sturgeon passed during the fast velocity. The highest percent of successful sturgeon pas-
sage for the 8% slope was 29% at the medium velocity, followed by 14% at the slow velocity, and
0% for the fast velocity. There was no significant difference in percent successful passage due to
velocity (Kruskal-Wallis rank sum test, p=0.3292).

Table 11. Results for the 4% and 8% slopes in 2004 experiments.

Configuration Velocity Percent Successful Percent Entered N Mean Passage
Passage Slope Area Time + SE (sec)
4% slow 27 27 15 135+39.7
20-ft chute medium 7l 7l 14 141 +26.1
fast 29 36 14 150 +68.2
8% slow 14 29 7 192
20-ft chute medium 29 29 7 150 +90.0
fast 0 0 7 -

5.2.3 Tail-beat Frequency

Tail-beat frequencies were compared among four different sections of the flume for the 4% ramp
slope experiments. These sections are described in Table 12, from upstream to downstream. There
was a significant difference in mean TBF between the flume sections (p<0.001). The mean TBF (+
SE) was 30 = 2 in Section 1, 45 £ 3 in Section 2, 23 + 4 in Section 3, and 9 + 1 in Section 4. Upon
further analysis, performing pair-wise comparisons, there were significant differences between all
flume sections except Sections 1 and 3 (Holm-Sidak, p=0.145). TBF was significantly higher in
Section 2 and lowest in Section 4. There was no significant interaction between velocity and flume
section (two-way ANOVA, p=0.075).
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Table 12. The four delineated regions within flume along its length (X-direction) in 2004 sloped ramp
experiments.

Range along length of flume (X-direction)

. Upstream limit Downstream limit
Region ft (m) ft (m)
Section 1

. 0 (0) 19 (5.8)
(upstream resting pool)
Section 2
. L. 20 (6.1) 39 (11.9)
(slope decline/chute widening)
Section 3
econ s , 40 (12.2) 59 (18.0)
(slope incline/constricted chute)
Section 4
ection 60 (18.3) 80 (24.4)

(downstream resting pool)

TBF was compared using the same method for the 8% ramp slope. A one-way ANOVA showed
there was no significant difference in TBF due to position in the flume, possibly due to the high
variability and the relatively small sample size. The highest mean TBF occurred at the medium
velocity in Section 2.

5.2.4 Location Preference of Sturgeon within the Flume

Location preference of sturgeon was determined by comparing mean location for each velocity at
30 second intervals throughout the experiment. Mean locations for the 4% and 8% ramp slopes are
shown in Table 13. For the 4% ramp slope, there was a statistically significant difference in the
mean values of location with respect to velocity (two-way ANOVA, p<0.001). Pair-wise com-
parisons between velocities showed that there was a significant difference in mean location bet-
ween the slow and the medium velocities (Holm-Sidak, p<0.001) and between the medium and
fast velocities (p<0.001). There was no significant difference between the slow and fast velocities
(p=0.998). This shows that the sturgeon were located upstream more frequently at the medium
velocity than at the slow or fast velocities in the 4% slope (resulting from their successful passage
under these conditions).

Figure 15 illustrates the mean location averaged over 30-second intervals for each velocity. Values
below the dotted line at 60 feet (18.3 m) indicate sturgeon entering the slope, and at 40 feet (12.2
m), indicate successful passage.

There was also a significant difference in mean location with respect to time (two-way ANOVA,
p<0.001). A non-parametric test showed a significant interaction between velocity and time (two-
way ANOVA Kruskal-Wallis Rank Sum Test, p<0.0001). According to Underwood (1981)
ANOVA may be considered a powerful statistical technique even for multi-factorial, non-normal
biological experiments.
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There was no significant difference (4% and 8% slopes) in mean location of sturgeon with respect
to total length of the fish (two-way ANOVA, p=0.753). An ANOVA test was used even though the
data did not pass normality assumptions, but did have equal variances (Underwood 1981). The fish
did not display a position preference within the 4% apparatus according to their size.

For the 8% slope condition (Table 13), there was a significant difference in the mean location due
to velocity (two-way ANOVA, p<0.001). Pair-wise comparisons between velocities showed that
there was a difference in mean location between the fast and medium velocities (Holm-Sidak,
p<0.001) and the fast and slow velocities (p<0.001). There was no significant difference between
the slow and medium velocities (p=0.111). This shows that the sturgeon were located upstream
more frequently at the slow and medium velocities than at the fast velocity in the case of 8% slope.
There was no significant difference in mean location due to length of experiment (p=0.992), as
seen in Figure 15. There was no significant interaction between velocity and time (p=1.000).

Table 13. Mean (£SE) sturgeon locations in 4% and 8% ramp slope conditions in 2004 experiments.

Velocity 4% slope 8% slope
Slow 17.00 + 0.47 m 18.53 +£0.51 m
(55.76 + 1.56 ft) (60.79 + 1.67 ft)
Medium 11.95+0.48 m 17.37+0.51 m
(39.22 + 1.59 ft) (56.99 + 1.67 ft)
Fast 16.99 + 0.48 m 21.04+0.51 m

(5575 +1.58 1)

(69.03 + 1.67 ft)
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Figure 15. White sturgeon mean (+ SE) location in an experimental flume equipped with 4% and 8% sloped floor.

Location is along the length of flume, measured from the upstream end of the flume (x = 0 feet) in 2004 experiments.

5.2.5 Ucrit

Six fish were used for determining the critical swimming velocity of adult white sturgeon. The
maximum available water velocities were 3.5 - 4.0 feet per second (1.07 - 1.22 m/s) which were
not high enough to test their critical swimming velocity. None of the fish initiated burst swimming
within this water velocity range.

5.2.6 Observations

ORIFICE: Fish were observed trying to pass through the orifice structure, but continually col-
lided into the side wall of the orifice. Several fish were swept downstream by the jet stream
through the orifice. Many fish repeated swimming to the orifice only to be swept back down-
stream. After passing the orifice, one fish stayed at the upstream end of the flume, and one fish
repeatedly passed back and forth through the orifice, at slow velocities. The eddy, downstream of
the orifice structure, appeared difficult for the sturgeon to negotiate; several fish impinged after
being swept around in the eddy.
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4% AND 8% SLOPE : Several sturgeon were observed to hold position close to the entrance ridge
(downstream of the slope). After entering the slope, some fish swam back to the downstream pool
without exiting the slope and some stayed within the slope and did not swim upstream. Fish were
able to repeatedly exit and re-enter the slope from the upstream side. After fish exited the upstream
end of the chute, some went to the upstream end of the flume, but some fish stayed on or slightly
upstream of the upstream-slope. Compared with 4% slope, the 8% slope had more water
turbulence in the downstream slope entrance.

UCRIT: Fish typically rested at one place with minimal movement in the swimming chamber. In
faster water velocity fish tended to have more activity. Occasional tail touches on back gate and
nosing the upstream gate were observed. Fish contact with the back gate often resulted in burst
swimming.

5.2.7 2004 Results Summary

The results of the 2004 study showed that adult white sturgeon can negotiate 4% and 8% slopes
with 20 feet-long (6.1 m) chutes. The medium velocity held the greatest success with 71% passing
the 4% sloped ramp, and 29% passing the 8% sloped ramp. The velocity for the 4% configuration
for maximum passage was the medium velocity, 3.35 feet per second (1.02 m/s). No fish passed
the 8% fast configuration [peak velocity of 3.78 feet per second (1.15 m/s)] possibly because of a
severe hydraulic jump.

The study also showed that adult white sturgeon can pass through a submerged circular orifice at
a velocity of 4.08 feet per second (1.20 m/s). The orifice hydraulics, however, were controlled by
the downstream tailgate providing a backwater and would not represent a feasible hydraulic control
in a sturgeon fish ladder. The passage of the orifice was demonstrated by only two test fish (14
experiments each with slow and medium velocities, 12 experiments with the fast velocity). One of
the fish was used twice in experiments and successfully passed through the orifice both times. The
vena contracta associated with the flow characteristics of an orifice may result in poor passage re-
sults for the medium and fast velocities. This hydraulic condition of the orifice was reduced in the
slow velocity by the backwater of the tailgate.

No white sturgeon reached fatigue at the peak velocity of 3.5 feet per second (1.07 m/s) in the
swimming chamber. This was consistent with the velocities measured in 2003 through the vertical
slots (peak velocity of 8.27 feet per second [2.52 m/s]) and over the sloped ramp (peak velocity of
6.59 feet per second [2.01 m/s]), and measured in 2004 through the submerged orifice (4.08 feet
per second [1.20 m/s]).

Table 14 summarizes the velocities and passage success for 2004. The medium velocity was assoc-
iated with the best passage performance for both the 4% and 8% slopes. Most fish that entered the
sloped area passed through the sloped area for both slope configurations. However, a higher overall
percentage of fish passed through the 4% slope than for the 8% slope, indicating that the lower
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slope (and the lower associated peak velocity) allows better passage than does the higher slope
with a faster peak velocity.

Table 14. Summary of peak velocities and passage success in 2004 experiments.

Velocity Peak Velocity

Configuration Regime ft/s (m/s) Percent Entered Slope Area  Percent Successful Passage
4% slow 2.71 (0.83) 27 27
20-ft chute medium  3.35(1.02) 71 71
fast 3.78 (1.15) 36 29
R slow 3.49 (1.06) 29 14
20-ft chute medium 4.03 (1.23) 29 29
fast 438 (1.34) 0 0
slow 4.08 (1.2) N/A 14
Orifice medium  8.11(2.47) N/A 0
fast 8.70 (2.56) N/A 0

The 2004 effort provided guidance in providing the base design information for a sturgeon passage
ladder. The bed slope of the ladder would be set at 4% (2% above a natural fish passage) and
efforts would be taken to reduce the vena contracta as the fish entered the energy dissipater. Also,

adult sturgeon continued to demonstrate a collision issue with a vertical face of energy dissipating
baffles.

5.3 2005 Study

5.31 Velocities

Figure 16 shows the water surface profile along the centerline of the flume for Scenarios S1 and
S2/S3 (see Table 2 for the scenario details) of the 2005 studies. As can be seen from this figure, the
largest difference in water depth for the scenarios occurred around baffle 1 (the most down-stream
baffle resulting from the tailgate position). Scenario S1 was deeper at the downstream end of the
flume (depth of 3.33 feet [1.01 m]) than Scenario S2/S3 (depth of 3.00 feet [0.91 m]).
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Figure 16. Measured water surface profile for Scenarios S1 and S2/S3 during 2005. Baffle locations are shown.

Scenarios S2 and S3 utilized the same flow and low tail-water conditions. Thus, the only difference
between Scenarios S2 and S3 was the equipment used to restrain the movement of sturgeon at the
start of an experimental run, gate (S3) versus dip net (S2). All velocity measurements were
undertaken after stabilization of flow in the flume. During experiments neither sturgeon restraint
system was in the flow field after about 30 seconds, well before flow stabilization occurred. For
these reasons, Scenarios S2 and S3 will be used interchangeably in this report when discussing
hydraulics. The different sturgeon restraint systems (Scenarios S2 and S3) may be considered
separately when discussing sturgeon-swimming behavior.

The objectives of the study year 2005 were to dissipate the flow energy as needed for sturgeon
passage and study the effects of a baffle system and hydraulics on the behavior and passage of
adult white sturgeon at a “random midsection” passage facility. The regions downstream of the
first baffle provided information and requirements for the entrance of a sturgeon passage. The
regions downstream of baffle 1 and upstream of baffle 5 had different hydraulics due to the flume
configuration. The velocities shown in Figure 17 for Scenarios S1 and S2/S3 support the assertion
that the areas upstream of the last baffle and downstream of the first baffle differed from the
velocities of the internal baffles. The area upstream of baffle 5 and the area downstream of baffle
1 had slower average x-direction velocities for Scenarios S1 and S2/S3. The area downstream of
baffle 1 was the location of the net and then later the gate, used to prevent fish from entering the
passage structure before the hydraulic conditions stabilized. This inconsistency in baffle
performance resulted from the system hydraulic tuning in the flume. Later pilot efforts started to
address the required baffle tuning.

Figure 18 shows the plan view of the water depth contours in the flume for Scenarios S1 and
S2/S3. The depth was lower for Scenario S1 in the most upstream region by about 0.2 feet (0.06
m). Scenario S1 showed a depth of about 2.6 feet (0.79 m) through baffle 1, while Scenario S2/S3
showed a depth of about 2.2 feet (0.67 m). In general, Scenarios S1 and S2/S3 had about the same
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depth through the baffles, while S1 was significantly deeper through the downstream baffle.
However, Scenario S2/S3 was deeper in the upstream region of the baffle slots (constricted areas),
causing significant water depth differences between the upstream and slot sections of the baffles.
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Figure 17. Average x-direction velocities along the length of the flume for Scenarios S1 and S2/S3 during 2005. Baffle

locations are shown.
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Figure 18. In 2005 experiments, plan view contour plots of water depth for Scenario S1 (top) and S2/S3 (bottom).
Contours in feet with the color legend on the right, flow is from left to right. Baffle locations are shown in gray.
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Figure 19 shows the velocities for Scenario S1 at 0.5 feet, 1.0 feet, 1.5 feet, and 2.0 feet above the
bottom of the sloped flume. The figure shows the plan view of the velocity vectors, with direction
of flow from left to right. The complete length and width of the flume is shown, along with the
locations of the baffles. Flume length is indicated as X = 0 feet at the upstream end, and X = 80
feet at the downstream end. Width is indicated as Y = 0 feet at the center of the flume, and Y =
+3.46 feet at the sides of the flume. Velocities were measured between X = 10 feet and X = 75 feet,
at evenly spaced locations along the width.

Figure 19 shows the general trend of higher velocities concentrated at the narrow channels adjacent
to the baffles at all measured depths, with slower velocities in the regions immediately upstream
and behind baffles and downstream of baffles. Higher, downstream-directed flows typically
occurred in the center of the flume, even in the areas between baffles.

Figure 20 shows the plan view of velocity vectors within the flume for Scenario S2/S3 at 0.5 feet,
1.0 feet, 1.5 feet, and 2.0 feet above the bottom of the sloped flume. Flow depth and velocity were
not measured over the top of the baffles, and therefore are excluded from this figure. It may be
noted that there is a dramatic increase in velocity through the constricted, narrow region of flow
through the center of the baffles at all water depths, as in the case for Scenario S1.

Figure 21 shows the vertical velocity profiles for Scenarios S1 and S2/S3 at key locations of the
most downstream baffle. The velocity profiles for Scenario S1 have significantly lower maxima
than in the case of Scenario S2/S3.
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Plan view of velocity distribution at 2.0ft depth
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Figure 19. Plan view of velocity vectors for Scenario S1, at 0.5 ft, 1.0 ft, 1.5 ft, and 2.0 ft, in 2005 experiment. Baffles
are also shown along the full length of the flume.
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Figure 20. Plan view of velocity vectors for Scenario S2/S3 during 2005, at 0.5 ft, 1.0 ft, 1.5 ft, and 2.0 ft. Baffles
are also shown along the full length of the flume in 2005 experiments.
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Figure 21. Measured velocity distributions in key locations near the downstream baffle (baffle 1) for Scenarios S1

(left) and Scenario S2/S3 (right) during the 2005 study year.
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Figure 22. Water surface differentials measured under Scenario S1 and S2/S3 conditions in 2005 experiments. Baffle 1

is the most downstream baffle.

Figure 22 indicates head differentials between the adjacent baffles and relates energy dissipation

between the two scenarios.

A plan view of the region encompassing baffle 1 and its downstream area (tail pool) is shown in

Figure 23. Depth-average velocities in the specified tail pool areas of interest for Scenarios S1 and

S2/S3 are shown and further discussed in “Fish Passage” section regarding sturgeon distribution
preference. Highest velocities are shown in the center region for both scenarios, with higher
velocities occurring for Scenario S2/S3. The average values downstream of the right baffle for
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Scenario S2/S3 reflect the back flow eddy generated by the high flow through the constriction of
baffle 1. Table 15 shows a comparison of velocities through the baftle slots for Scenarios S1 and
S2/8S3 for study year 2005. Minimum and maximum range and depth-averaged velocities are
shown.
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Figure 23. Plan view of the downstream area of baffle 1 (“tailpool”’), with delineated areas of interest for scenarios S1
and S2/S3, in 2005 experiments. Average velocities in each section are shown in feet per second (m/s).

Table 15. Comparison of velocities through the baffle slots for Scenarios S1 and S2/S3 for study year 2005.
Minimum and maximum range and depth-averaged velocities are shown.

Minimum — Maximum Velocity Depth-Average Velocity
ft/s (m/s) ' ft/s (m/s)
Baffle number : Baffle number
Scenarios 1 2 3 4 5 1 2 3 4 5

4.9~6.0  5.5~6.8 58~69  63~79 4.2~6.7 55 6.3 6.3 6.8 55

S1 (15~1.8) (1.7~2.1) (1.8~2.1) (1.9~2.4) (1.3~2.0) (1.7) (1.9) (1.9 (2.1) (1.7

53~75 55~76 62~77 48~8.1 4.6~74 6.7 6.8 6.8 6.2 5.8

8283 (1623) (17~23) (1.9-23) (1.52.5) (14-23) (2.0) (2.1) (1) (19) (1.8)
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5.3.2 Fish Passage

5.3.2.1 Scenarios S1, S2, and S3

Eight experiments were performed using the Scenario S1 configuration. One fish was removed
from statistical analysis due to having only a 24-hour rest before its second experiment instead of
the required 48 hours. There was no significance found, among number of baffles passed, within
this scenario, with 63% of the fish passing the fifth baffle and 75% passing the fourth baffle
(Figure 24). The results could have been confounded by the low sample size, interestingly one of
the fish passed at the 59-minute mark of the hour-long experiment. This scenario contained fish
with HAI values of low and medium (i.e. relatively healthy fish).

Thirteen experiments were completed under Scenario S2 conditions. There were no significant
findings within this baffle configuration, with 54% of fish passing the fifth baffle, and 54% pass-
ing the fourth baffle (Figure 24). This scenario contained fish with HAI values of low and medium.
One fish was removed from statistical analysis due to not having a pectoral fin on its right side.
Scenario S3, hydraulically equal to S2, had the largest number of experiments. Only 13% passed
the fifth baffle and 46% passed the fourth baffle (Figure 24). This group contained fish with a
higher mean injury level [HAI values of low, medium, and high]. The results from S2 are very
positive using fish with a low mean HAI value compared to S3s high mean HAI.
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Figure 24. The percentage of white sturgeon that passed baffles 1 through 5 for each scenario during 2005. Baffle 1
was located at the downstream end and baffle 5 at the upstream end.
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A Hierarchal General Linear Model (GLM) was used to compare standard Scenarios (S1, S2, and
S3) with respect to the number of total baffles passed by a fish within configurations. There was no
significant relationship between configurations and number of baffles passed (p > 0.05, GLM,
Figure 25). Within this model; flume temperature, holding tank temperature, fork length, holding
time (days before first experiment), fish mass, VF at beginning of acclimation period (VFBA), VF
at end of acclimation period (VFEA), passage time, and HAI were entered as covariates with S1,
S2, and S3 as the factor levels with number of baffles passed as the response variable. HAI (p =
0.0002, GLM, Figure 26) and holding time (p = 0.01, GLM, Figure 27) are the only two signif-
icant variables within this model. As HAI value increased the number of baffles passed decreased,
and as holding time increased the number of baffles passed increased.
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Figure 25. Mean (= SE) number of baffles passed for each scenario in 2005 experiments.
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Figure 26. Mean (+ SE) health assessment index (HAI) versus successful baffle passage of adult white sturgeon for
scenarios S1, S2, and S3. The x-axis is labeled with the baffle numbers, 1 being the downstream baffle; and 5 being
the upstream baffle in the flume, “0” refers to passing no baffles (remained in the tail pool during experiment).
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Figure 27. Holding time (days before first experiment) and successful passage. Shown here is an increase in the mean
number of baffles passed for all three scenarios (S1, S2, S3) during 2005 when considering holding time.
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Binary Logistical Regression (BLR) was used to compare flume temperature, holding tank temp-
erature, date of experiment, VFBA, VFEA, mass, FL, scenario type, holding time, and HAI value
with total baffles passed. This model found that as HAI increased the number of baffles passed
decreased (p = 0.0057, BLR) and as holding time increased number of baffles passed increased (p
=0.0253, BLR). The BLR found that fork length does have a significant effect on initial first
baffle passage with the longer fork length having better passage performance (p = 0.0114, BLR).

Passage initiation time was calculated from the beginning of the experiment to the moment when
the caudal fin passed the opening of the first baffle. The mean and standard error (SE) for passage
times for different Scenarios are shown in Table 16. Significant difference in passage time between
scenarios was detected (p =0.011, ANOVA), with S1 having the latest mean time and largest varia-
bility. The later passage time in S1 was possibly correlated to the lower attraction water velocity in
the tail pool. S1 had slower mean tail pool velocity versus S2/S3.

Table 16. Percentage passing five baffles and four baffles, mean and standard error of time to pass first baffle, for
scenarios, S1, S2, S3 during 2005 experiments.

Mean + SE time

Scenario (seconds) to pass 1st Percentage Passing 5 Baffles Percentage Passing 4 Baffles
Baffle

S1 967 (+ 664) 63 75

S2 65 (+ 18) 54 54

S3 68 (+32) 13 46

Those fish that passed the fifth baffle remained upstream, of the fish that failed to pass all five
baffles all returned to the tail pool. Many of them stayed in this pool for the remaining time or
impinged. Few passed more than one baffle again after the first incomplete five-baftle passage.
The percentages of second and third baffle passage within the same experiment are shown in
Table 17.

Table 17. The percentage of second and third baffle passage attempts in the same experimental trial, after the first
incomplete baffle passage during 2005 experiments.

2™ Baffle passage 3" Baffle passage

i nd st 4o
Scenario after 1 attempt (n) after 2" attempt (n) Number of fish passed 1° time
S1 20%(1) 0%(0) 5
S2 9% (1) 0%(0) 11
S3 25% (5) 10%(2) 20
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For fish that were able to pass all five baffles, the mean and standard error of passing times from
the first to the fifth baffle are shown in Table 18. Scenario S1 had the longest passing times and
largest variability when compared to S2 and S3 (p = 0.043, Kruskal-Wallis one-way ANOVA on
ranks).

Table 18. Mean (+ SE) time fish took to pass from baffle 1 to baffle 5 during 2005 experiments.

Scenario Time (s) Number of fish
S1 88 (£ 43) 4
S2 22 (£ 11) 7
S3 37(£7) 4

5.3.3 Location of Sturgeon in the Tail Pool

The experiments were divided into four intervals: 0-15 minutes, 16-30 minutes, 31-45 minutes, and
46-60 minutes. The frequencies of fish occupation of each flume floor section (total of nine floor
sections in the tail pool) were calculated for each time interval. Figure 28 shows the location of
fish over the four intervals. For Scenarios S1 and S2, there was no significant change in the loca-
tion over time (p=0.915 and p=0.859 accordingly, Chi-square). For Scenario S3, fish showed
significant movement to the area immediately downstream and right of the first baffle (area with
the lowest mean water velocity in the tail pool) over the experimental time (p<0.001, Chi-square)
(Figure 23). The movement was significant from 0-15 minutes to 16-30 minutes (p = 0.003, Chi-
square) and from 16-30 minutes to 31-45 minutes (p=0.015), but not significant from 31-45
minutes to 46-60 minutes (p = 0.106). Thus, the location preference of white sturgeon in this tail
pool area may stem from fish minimizing the energetic demands of swimming or the lateral dis-
placement resulting from occupation of areas with strong currents.
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Figure 28. Location preference of white sturgeon in the tail pool over four time intervals for S1, S2, and S3 in 2005
experiments. X-axis represents longitude location in feet (65°-69°, 70°-75°, and 76°-80”). Y-axis represents lateral
location in three categories (right, center, and left), refer to Figure 24 for plan view of downstream baffle area. Z-axis
represents occupational frequency (%).
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5.3.4 Time spent in each pool

For Scenarios S1, S2, and S3, there was no significant difference in the amount of time that fish
spent in each pool (p>0.145 for all five pools, Kruskal-Wallis one-way ANOVA on Ranks). The
pools between baffles 1 and 5 were not used as resting pools by sturgeon. Fish swam through the
pools to reach an upper baffle, only spending a mean of less than 1.6% of time in the pools
between the first and last baffle. When fish failed to complete the passage, all fish returned to the
tail pool. Hydraulic conditions in these pools were observed to be more turbulent than those on the
tail pool. Fish completing passage of all five baffles remained upstream of the last baftle.

5.3.5 Swimming velocity and fish upstream/downstream behavior

Mean fish swimming velocity over the ground through the slot of baffle 1 was 1.85 feet per
second (0.57 m/s), as measured using the Peak Performance motion analysis system. The mean
true swimming velocity of the 10 fish was 8.55 feet per second (2.57 m/s). The video analyses of
sturgeon behavior and performance emphasizes the value of future studies incorporating increased
substrate roughness, thereby thickening the lower-velocity bottom boundary layer and providing
increased traction for ventrally oriented fins on substrate structures.

For Scenario S3, upstream passages of 10 fish (mean FL 151.2 + 6.5 cm) were analyzed by re-
viewing digitized underwater video of these experiments (Table 19). All 10 fish swam through the
slot passing baffle 1 at the bottom. When swimming through the slot, the tips of their ventrally
oriented fins (pelvic fins, anal fin, and bottom lobe of caudal fin) were mostly touching the flume
floor or held just above flume floor. However, their pectoral fins were always held parallel to the
flume floor and slightly angled posteriorly.

Downstream passage orientation and depth of eight fish were also observed by reviewing the
underwater video of the experiments. Most fish passed through the first baffle tail first (75%),
thereby exhibiting positive rheotaxis. Fish used various depths of the water column in their down-
stream movements (Table 19). Very little or no body undulations of the fish were observed during
their downstream passages.

Table 19. Over-the-ground swimming velocity, depth through the 1st baffle and direction of approach for n=10
(mean FL 151.2 + 6.5 cm) fish from S3 in 2005 experiments.

Over-Ground Velocity Depth of Direction of

Mean (+ SE) Passing depth Approach Approach Rheotaxis
U b 1.85 ft/s (+ 0.22) 100% bottom 80% bottom 20% left L00% »
pstream Passage 0.57 m/s (+ 0.086) 0% middle 20% middle 40% center o postiive
0% top 0% top 40% right
Downstream 25%bottom 75% positive
Passage 50% middle - - 25% negative
25%top e e
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5.3.6 Impingement

Fish that did not successfully pass all five baffles, always returned to the tail pool. After returning
to the tail pool, fish stayed within this pool for the remaining time of the experiment or ended the
experiment early due to two prolonged impingements on the back tailgate screen. Table 20 shows
the percent of impingements in experiments. In Scenarios S2 and S3, more experiments were in-
complete from fish impinging twice on the tailgate, compared to Scenario S1. Scenario S1 had a
high successful passage percentage (Figure 24) resulting in fewer opportunities for impinging.
After fish impinged once, it was rare for fish to pass any more baffles. Tail pool hydraulics in S1
were visually observed to be less turbulent than S2 and S3.

Table 20. Percent of fish impinged: none, once or twice in different scenarios in 2005 experiments.

. No impingements Impinged once (completed Impinged twice (stopped
Scenario R . .
(completed experiment) experiment) experiment)
S1 85.7% 14.3% 0%
S2 66.7% 0% 33.3%
S3 21.2% 15.2% 63.6%

5.3.7 Blood and Plasma Data from Cannulation

It is well documented that fish display stress-associated responses similar to those of other verte-
brates. The initial perception of stress results in primary (neuroendocrine), secondary (metabolic),
and tertiary (potentially life-shortening when the stress is extreme, either in severity or duration)
responses. In these experiments with adult white sturgeon, primary and secondary responses were
commonly associated with handling, swimming, and impingements. The short-term nature of these
experiments precluded identification of tertiary effects.

The low sample size and large variances among cannulated fish did not lend itself to statistical tests
(low statistical power). The Yolo fish was sampled twice before exposure to the flume, once in a
sling in the holding tank (Ts) and then an hour later in the tank (T). Fish 44 was not included in the
mean estimations for Bay fish because of an incomplete data set and it was apparently mounting an
immune response. For example, the hematocrit (packed cell percentage) for sturgeon 44 revealed a
thick layer of packed white blood cells (leukocrit 5%), which also is a characteristic of a secondary
stress response.

Synthesis and secretion of corticosteroids constitute a primary stress response in fish. Sturgeon
showed a marked increase in plasma corticosteroids (cortisol) when exposed to experimental
activity in the flume (Figure 29). The magnitude of stress can be correlated to the circulating levels
of cortisol in fish (Barton, 2002). Barton and others (1980) also found that the severity of the
stresssor affected the rate of cortisol increase, with a moderate stressor having slower increases in
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cortisol levels. The two sturgeon that crossed all five baffles showed the highest peak cortisol
values, 15-minute post-experiment (E). At 24 hours post-experiment (R), the mean cortisol levels
had not decreased to pre-handling in tank levels, but were not significantly different (p< 0.05,
Repeated-Measures ANOVA).

To test for linear relationships a Pearson product moment correlation coefficient between blood
variables was performed with an alpha of 0.05 on the means. Lactate and cortisol (p = 0.014) along
with osmolality and chloride (p = 0.046) showed positive relationships. Table 21 lists physical
measurements, capture location, and capture date for the five cannulated sturgeon. The hematocrit,
a secondary stress response, tends to increase with increasing activity. Figure 30 shows the hemat-
ocrit, packed red blood cell volume percentage, versus sampling time. WS-44’s hematocrit was
low due to an immune response, i.e. increased leukocrit (white blood cell volume percentage).
Plasma glucose, a secondary response stimulated by increased corticosteroids and catecholamines,
showed an increase with activity (ANOVA p<0.05; Figure 31). Figure 32 illustrates the mean (+
SE) relationships of glucose and hematocrit versus sampling time. The variability is large, in part
due to variability among the fish, and in part due to the small sample sizes. Mommsen (1999)
emphasized using care in relying on blood glucose as a sole stress indicator.

Accumulation of lactic acid in blood is an indicator of anaerobic metabolism caused by fright/
struggling or extreme exercise (Wedemeyer and others, 1990). Blood pH, with the accumulation of
hydrogen ions, decreases due to anaerobic metabolism (glycolysis). Thus, blood pH shows a de-
crease with burst swimming (anaerobic) activity (Figure 33). Figure 34 suggests that a negative
correlation exists between hematocrit and plasma pH. The opposite of pH’s trend is expected for
plasma lactate concentrations peaking in the sample period directly after experiments in fish from
the Bay (Figure 35). Figure 36 shows the expected, negative correlation between lactate and pH,
from the (metabolic) lactacidosis resulting from the (anaerobic) burst swimming. Another second-
ary stress response that indicates osmo-regulatory disturbances is plasma chloride concentrations.
The lack of a demonstrable response pattern in these five fish fails to elucidate any plasma electro-
lyte imbalances associated with exposure to the flume and its water currents.

The results indicate that the sturgeon were experiencing a moderate to high level of stress in the
flume. White sturgeon recruited fast-glycolytic white muscle to ascend the flume and pass the
baffles. Although these white muscle bursts are powerful, rest and recovery periods are necessary
to clear muscle H' and lactate build-ups and to restore glycogen stores for plasma glucose, which is
the fuel for anaerobic metabolism. For the Yolo fish, lactate concentrations peaked after the second
tank sample and remained high for the acclimation and experiment samples and declined at the
recovery sample (Figure 35). This may be due to a delayed response to the additional handling, and
associated struggling while obtaining the first blood sample.
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Table 21. Physical traits of the five successfully cannulated white sturgeon with corresponding ID codes in 2005

experiments.
Fork Length Total Length Mass Capture Capture
in (cm) in (cm) b (kg) date Location
WS-14 59 (149) 69 (175) 61(27.7) 3/11/2005 Yolo Bypass
WS-42 59 (150) 65 (164) 48.5 (22) 4/13/2005 SF Bay
WS-43 54 (138) 60 (152) 86.2 (39.1) 4/12/2005 SF Bay
WS-44 66 (167) 74 (187) 95 (43.1) 4/14/2005 SF Bay
WS-45 69 (174) 73 (185) 100.5 (45.6) 4/14/2005 SF Bay
140
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(Ts-Tank in sling, T-Tank, A-End acclimation, E-15 min post-experiment, R-24 h post-experiment)

Figure 29. Sturgeon cortisol levels from the Bay (solid symbols) and Yolo (open symbols). . A 24-hour post-experiment
sample for WS-44 during 2005 was not collected. WS-14 passed two baffles when cannulated, and did not impinge on
the tailgate. WS-42 passed all five baffles while cannulated. WS-43 passed all five baffles and was not previously
used in a trial. WS-44 passed no baffles and impinged twice and was found to have a high leukocrit count. WS-45
passed one baffle then returned to the tail pool then passed the fourth baffle and returned to the tail pool. Afterward
WS-45 impinged twice on the tailgate.
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Figure 30. Sturgeon hematocrit percentages for fish collected from the Bay (solid symbols) and Yolo (open symbols).
A 24-hour post-experiment sample for WS-44 was not collected. WS-14 passed two baffles when cannulated, and did
not impinge on the tailgate. WS-42 passed all five baffles while cannulated. WS-43 passed all five baffles and was
not previously used in a trial. WS-44 passed no baffles and impinged twice and was found to have a high leukocrit
count. WS-45 passed one baffle then returned to the tail pool then passed the fourth baffle and returned to the tail
pool. Afterward WS-45 impinged twice on the tailgate, 2005.
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Figure 31. Sturgeon plasma glucose concentrations for fish collected from the Bay (solid symbols) and Yolo (open
symbols).
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Figure 32. Mean and standard error for hematocrit and plasma glucose concentrations for three Bay fish, WS-42, 43,
and 45. WS-42 passed all five baffles while cannulated, and had been used previously, passing four baffles that trial.
WS-43 passed all five baffles and was not previously used in a trial. WS-45 crossed one baffle, then returned to the
tail pool, then crossed the fourth baffle and returned to the tail pool. Afterward WS-45 impinged twice on the tailgate.
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Figure 33. Sturgeon plasma pH for fish collected from the Bay during 2005.
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Figure 34. Mean and standard error for hematocrit and plasma pH for three Bay fish, WS-42, 43, and 45 during 2005.
WS-42 passed all five baffles while cannulated, and had been used previously passing four baffles that trial. WS-43
passed all five baffles and was not previously used in a trial. WS-45 passed one baffle, then returned to the tail pool,
then passed the fourth baffle, and returned to the tail pool. Afterward, WS-45 impinged twice on the tailgate.
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Figure 35. Sturgeon plasma lactate concentrations for fish collected from the Bay (solid symbols) and Yolo (open
symbols) during 2005.
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Figure 36. Mean and standard error for plasma pH and lactate concentrations for three Bay fish, WS-42, 43, and 45
during 2005. WS-42 passed all five baffles while cannulated, and had been used previously passing four baffles that
trial. WS-43 passed all five baffles and was not previously used in a trial. WS-45 passed one baffle, then returned to
the tail pool, then passed the fourth baffle, and returned to the tail pool. Afterward, WS-45 impinged twice on the
tailgate.
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Figure 37. Sturgeon plasma chloride concentrations for fish collected from the Bay (solid symbols) and Yolo (open
symbols)
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5.3.8 Ventilatory Frequency

A hierarchical GLM found no significant correlation between the passage success and ventilatory
variables measured (p > 0.05, GLM). Ventilatory frequency end-acclimation (VFEA) was signif-
icantly higher in scenario S1 when compared to scenario S2 and S3 (p < 0.05, One-way AVONA,
post-hoc Holm-Sidak pair-wise comparison), Table 22. Because VF may be considered a proxy for
aerobic metabolic rate in normoxic (near air-saturation conditions) fish, this difference may be due
to an expected, higher mass-specific (mean S1 fish length longer than S2) aerobic metabolic rate
for lower-mass fish (Fry, 1971).

A one-way, unstacked ANOVA was performed for sturgeon Ventilatory frequency begin-
acclimation (VFBA), Ventilatory frequency end-acclimation (VFEA), Ventilatory frequency
experiment-end (VFEE), all baffles crossed (VFES), first impingement, second impingement, and
Ventilatory frequency in holding tank (VFHT). VFEA and VFHT had significantly different
means (p<0.05 Tukey post hoc) (Figure 38).

Table 22. Mean (+ SE) gill ventilatory frequency at end of acclimation (VFEA) time in S1, S2, and S3. S1 had a
significantly higher VFEA than fish in S2 and S3 in 2005 experiments.

Scenario VFEA N
S7 51.2 (£ 2.6) strokes / min 5
S2 40.2 (+ 1.4) strokes / min 11
S3 38.5 (+ 1.0) strokes / min 20
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Figure 38. Interval plot of fish ventilatory frequency (strokes / min) from scenarios S1, S2, and S3 during 2005.
VFBA =beginning of acclimation to flume, VFEA =end of acclimation, VFEE = end of experiment, VFES5 = after
passing the fifth baffle (experiment completed), VF imp 1 = first impingement, VF imp 2 = second impingement,
VFHT = holding tank resting.
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5.3.9

Pilot Scenarios

Various modifications to the baffle system, such as slot widths, pool lengths, pool-water inflow
and discharge were tested before the five-baffle configuration was finalized. These modifications
were made to increase the total energy dissipated around and through the baffles. Six pilot scen-
arios with a five-baffle configuration (in addition to the promising PF5 configuration) and one
pilot scenario type with four baffles were tested (PV1). Table 23 shows the summary of baftle
passage for the seven pilot scenarios in 2005.

Table 23. Pilot experiment treatments results from 2005. Five baffles were used in all pilot experiments, except
PV1 which used four baffles. Refer to Table 1 for detailed summary of baffle set-ups/types for pilot experiments.

Passed Passed Passed Passed Passed Samole Size
Scenarios baffle 1 baffle 2 baffle 3 baffle 4 baffle 5 p
Slow 60% 60% 60% 40% N/A N=5
PV1 Med 0% 0% 0% 0% N/A N=3
Fast 33% 33% 33% 0% N/A N=3
31 cfs 100% 0% 0% 0% 0% N=1
PV2 26 cfs 0% 0% 0% 0% 0% N=1
21 cfs 100% 100% 0% 0% 0% N=1
PF1 0% 0% 0% 0% 0% N=1
PF2 100% 100% 100% 100% 100% N =1
PF3 100% 100% 100% 100% 100% N =1
PF4 100% 0% 0% 0% 0% N=1
PF5 70% 50% 40% 40% 40% N=10
5.3.9.1 Pilot PF5

Ten experiments were done using fish in their third experiment in the flume. Most of their previous
experiments were in S3 configuration. Table 23 shows the passage percentage for PF5. Fish in
PF5 and S3 had the highest pretest injury levels (HAI), being significantly higher than those in S1
and S2 (p< 0.01, One-way ANOVA). Despite this, 40% of fish in PF5 reached the upstream end of
the flume, compared to 13% in S3. PF5 had lower turbulence possibly due to the deeper pools
throughout the flume (visual observation). Thus, the visually-observed higher turbulence within the

standard scenarios may have decreased sturgeon passage.

There was no significant correlation between mean HAI of fish and the total number of baffles
passed (PF5, p=0.581 GLM). There is a trend, however, that the more injured fish (higher HAI)
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passed fewer baffles. Table 24, shows the minimum and maximum and the depth-averaged
velocities through the baffles. Figure 39 shows a detailed view of the experimental set-up for PF5.

Table 24. Velocities through the baffle slots for PF5 for the 2005 study year. Minimum and maximum velocity
range and depth-averaged velocities are shown.

Minimum — Maximum Velocity : Depth-Average Velocity
ft/s (m/s) ‘ ft/s (m/s)
7 Baffle number Baffle number
Scenario 1 2 3 4 s 1 2 3 4 5

5.7~7.4 57~74  4.6~75 5.7~7.5 6.7~7.8 6.8 6.8 6.6 69 7.0

PES  (1723) (1823) (14-23) (18-23) (20-24) (1) 2.1y (20 @1) Q1)

B
\ Legend:

B = Standard “S”scenario structures

@]

3 = PF5 pilot scenario structures
5 Bl = Flume
E ' Dimensions/descriptions:
A A =2-ft wide, 2-ft tall, 2-ft slot length,

and 45° face angle
B =2-fttall, 7-in wide trapezoidal column

bottom cut out

6.9t (2.1 m) D =Filler panels equaling 2-ft tall

E = Slot opening: bottom half 2-ft wide
top half 1-ft wide

12ft 3.6
\ b — \
D& A
Z \
C B —>
E flow direction —p
—

Figure 39. Baffle system with the PF5 pilot modifications used in 2005 experiments. The diagram shows the
upstream cross-section of a pair of baffles and a plan-view section of the passage structure.
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5.3.10 2005 Summary Observations

All the fish that passed the most upstream baffles, the fourth and fifth baffle, remained upstream
while the pumps were shutting down, which took several minutes. One sturgeon remained up-
stream for more than 10 minutes without going downstream. Under several pilot scenarios an
attempt was made to rerun the experiment giving the fish a 10-minute rest. This resulted in no
additional baffle passage, with several fish impinging twice.

With the deeper water in S1 a few fish tried to pass in both the upstream and downstream direction
over the side weirs. In all the scenarios some fish were seen impinging on the upstream corners of
the baffles in downstream movements and after fatiguing. There were frequent attempts to pass
the first baffle at beginning of experiments. There were fewer attempts when fish started to fatigue
toward the end of experiments. Many used the low velocity areas downstream of weirs to hold
their position. Several sturgeon were observed holding their positions facing downstream behind
the right-side weir. Collisions with baffles (from downstream movement) as well as on the tailgate
caused higher HAI of fish after experiments compared with fish before experiments. Sturgeon mo-
stly used the bottom water column during experiments. Especially during acclimation and be-
ginning of experiments, fish sometimes used the middle to top water column possibly to explore
the flume structure or search for places to rest.

One test fish only had a left pectoral fin. This fish passed two baffles without any problem at
beginning of the experiment, but was observed having trouble maintaining equilibrium in the
turbulent tail pool.

5.3.11 2005 Results Summary

Due to the small sample sizes tested for each scenario, passage success was not significantly aff-
ected by the scenario types (S1 vs. S2/S3). Relatively higher levels of stress (associated with hand-
ling and impingements) and high pre-test HAI of fish were key factors that caused lower passage
success. Percentage of fish passing to the upstream end of the flume (passing all baffles) in Scen-
ario S1 was 63% and in Scenario S2 was 54%. The passage success in Scenario S3 dropped to
13% in which fish of poor pre-test health were used. Water turbulence in the passage structure may
have been a factor affecting the passage success, from multidirectional cueing of the fish. Using
the fish from Scenario S3 (13% passage of baffle 5) in the PF5 pilot experiment with improved
tuning of energy dissipating baffles, successful passage increased to 40% (Table 23 and Figure 24).
Table 15 has the velocity ranges through the baffles for scenarios S1, S2, and S3.

Complete passage success (passed fifth baffle) tends to be lower, compared with success passing
the first four baffles. A significant drop in the water surface elevation was observed at baffle 5,
adjacent to the upper rest pool (Figure 16 and 22). Some fish were observed to have trouble ne-
gotiating the fifth baffle. In addition, excessive turbulence and eddies at the first baffle or entrance
to the passage structure probably masked the attraction water flow to the fifth baffle and resulted
in fish disorientation.
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6.0 Discussion
6.1 2003 Study

Previous work on swimming performance of adult shovelnose sturgeon found the critical swim-
ming velocity was 3.8 feet per second (1.16 m/s) (Adams and others, 2003). Burst swimming of
lake sturgeon (A. fulvescens) was measured as 5.25 feet per second (1.60 m/s) (Peake and others,
1997). This study results show adult white sturgeons are able to move upstream beyond
obstructions at water velocities as high as 8.27 feet per second (2.52 m/s).

Fish exposed to the slow velocity, on average, took the longest time to reach the upstream end of
the flume. Often, at the faster velocities, sturgeon bolted using burst swimming to the upstream end
sometimes occasionally hitting the upstream barrier.

Sturgeon were frequently observed holding in areas of relatively high velocity without any tail
movement. Instead they appeared to rely on their pectoral fins angled against the bottom, which
had an anchoring effect. While burst swimming can allow sturgeon to pass through shorter reaches
of high velocity, using this pectoral-fin-anchoring method of sustained holding in high velocities
may be an important part of successful upstream passage. Shovelnose sturgeon have been observed
to use this method of holding in swimming experiments by Adams and others (1997).

Sturgeon passed the narrower HV configuration less often than any of the other obstruction types.
The reason for this is difficult to explain, because there were some confounding factors. For
example, peak water velocities through the HV configuration opening were lower than those of
the somewhat wider VV configuration opening for all three-velocity regimes tested. Water-depth-
related instrumentation limitations and timing of the experiments, that is using fish later in the
spawning migration period, represent two factors that may have affected these results.

An attraction flow envelope of 0.33 to 1.32 feet per second (0.10 to 0.40 m/s) was identified for
the medium and fast VV treatments based on passage success. Velocities in this range for the VV
treatments stimulated upstream movement of sturgeon.

In 2003, a combination of two energy dissipating baffle types, vertical and horizontal, were tested
with 0% bed slope with three water-velocity regimes, slow, medium, and fast. Velocities ranged
from 1.74 to 8.27 feet per second (0.53 to 2.52 m/s). Dual vertical baffles with medium velocity
3.12 feet per second (0.95 m/s) produced the highest percentage of passage success (61%).

6.2 2004 Study

In 2004, fish swimming abilities on bed slopes of 4% and 8% with different velocities were tested.
The 2004 study suggests that white sturgeon have trouble negotiating areas of high turbulence.
Fish collided with the orifice barrier more frequently during the slow and fast velocities. When
sturgeon deviated even slightly from the center of the swimming channel, they would be swept into
one of two very large eddies on either side of the orifice propelling them into the barrier wall.
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White and Mefford (2002) found that as eddy size increased in either of the four-slot baffle
configurations, passage decreased for adult shovelnose sturgeon. In several of our experiments,
fish rheotactically responded to the eddies downstream of the orifice. Instead of orienting up-
stream, they would turn around facing downstream and appeared to rest, not making any effort to
swim. Migrating shortnose sturgeon (A. brevirostrum) have access to two fish lifts at the Holyoke
Dam on the Connecticut River. The tailrace lift was designed to pass fish attracted by the hydro-
electric turbine discharge. During years of increased flows the additional turbulence created multi-
directional cues resulting in confusion (Kynard 1993).

In pilot experiments, three sturgeon entered the 8% sloped ramp in various flow regimes. One fish
was able to pass the hydraulic jump under “fast” water velocities. Another fish attempted to swim
upstream but did not make it past the hydraulic jump at the upstream end of the ramp. After obs-
erving sturgeon behavior within turbulent conditions, the barrier was altered on the upstream side
to reduce water disturbance and create a more uniform flow.

In our regular experiments (Table 12), white sturgeon readily passed the 4% sloped ramp at the
medium velocity [2.86 - 3.35 feet per second (0.87 - 1.02 m/s)] at a significantly higher rate than
at the slow and fast velocities. Under most circumstances, the fish would settle in the upstream
resting pool [< 1.94 feet per second (0.59 m/s)] after passing through the 4% ramp. They would not
try to swim into the upstream fish screen. Sturgeon also were able to pass the 8% sloped ramp at
the slow and medium velocities. However, there was a higher passage rate at the medium velocity.
Also, the sample size was half that of the 4% sloped ramp runs, so this may not be representative
of white sturgeon ability to pass this higher slope.

The TBF in the upstream resting pool (section 1, Table 12) were usually sufficient for the fish to
maintain their position. Some fish would drift back toward the upstream entrance of the ramp, and
then swim slowly forward to the slower velocities of the upstream resting pool. It was expected
that the TBF would be highest in the sloped section of the flume where velocities were the fastest.
Results showed that the TBF was highest in section 2 (see Table 12) of the flume, just upstream of
the ramp. On average, the fish spent less time in this section. In most cases, they would move
through this section in less than 30 seconds. One explanation for the high TBF at section 2 is that it
is the transition region from the ramp to the resting pool area. This is the region close to the hyd-
raulic jump that occurred at the top of the ramp, just below the resting pool area. Under these circu-
mstances, the fish may have dashed from the stressful hydraulic jump section to the resting pool
area, rendering high TBF readings at section 2. It is also important to note that fewer TBF obser-
vations were made in section 3, most likely due to the observers taking data on passage time.

The critical swimming velocity for adult white sturgeon (n = 6) was not reached. The maximum
water velocities in the flume of 3.5 - 4.0 feet per second (1.07 - 1.22 m/s) were not high enough to
initiate burst swimming by adult white sturgeon. None of the sturgeon tested reached fatigue in the
maximum experiment time of 120 minutes. The velocities in the swimming channel for the 4% and
8% sloped ramp exceeded the attraction flow envelope identified in the 2003 study.
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6.3 2005 Study

The initial hydraulics to which fish are exposed is an important function in overall, baffled-passage
ladder performance. For example, starting sturgeon with no-flow and then reaching maximum flow
in a few minutes tended to disorient fish, especially while trying to simulate a middle section of a
fish passage structure. This problem was partially addressed in the case with S3 experiments, as
fish were held longer before the baffle gate was removed. Sturgeon spent most of the time in the
tail pool searching, in the large eddies of the tail pool, for lower turbulence. White and Mefford
(2002) found that adult shovelnose sturgeon passage decreased as eddy size increased.

S1 and S2/S3 (S2 = S3 hydraulically) experiments had similar mean depth-average baffle velocity
ranges, 5.5-6.8 feet per second (1.7 - 2.1 m/s) and 5.8-6.8 feet per second (1.8 - 2.1 m/s)
respectively. Due to several reasons, S3 sturgeon had high numbers of injured (using an injury
index from Swanson and others 2001) fish that correlated to decreased passage success. These S3
fish also tended to stay in the lowest mean velocity regions in the tail pool instead of swimming
upstream. The higher index was mainly derived from handling stressors involved with the wild
collection and transport of the sturgeon and fish being used in multiple experiments. Unsuccessful
passage attempts resulted in several fish hitting baffles while moving back downstream. White and
Meftford (2002) suggest that eyesight in shovelnose sturgeon is of little importance in fish ladders
due to the lack of response to light and the forceful collisions with baffles. During this study,
successful white sturgeon passage through the baffles occurred in water velocities ranging from
2.76 - 8.27 feet per second (0.84 - 2.52 m/s).

Sturgeon that did not pass the last, most-upstream baffle had a high percentage of tailgate impinge-
ments. Two impingements were allowed before discontinuing the experiments, but very few fish
passed any more baffles after the first impingement. Turbulent flow in the tail pool fatigued the
fish and caused many fish to search for less turbulent areas, resulting in downstream movements.
The downstream movements resulted in exposure to the extremely high exiting water velocities of
the tail pool section (the most downstream section of the flume), resulting in impingements. S3 had
high impingement percentage, possibly due to the low tail pool depth coupled with higher water
velocities. S1 had lower impingement rates due to less tail pool turbulence with the deeper tail pool
water. Fish that passed the last upstream baffle remained past the baftle until the water velocity
was stopped after several minutes. This behavior shows that upstream resting pools could be used
by white sturgeon in a large multi-sectioned fish ladder.

The overall success of trying to simulate a midsection of a passage structure was overshadowed by
fish fatigue in the tail pool, resulting in several impingements (Table 20) on the downstream
tailgate.

Many of the fish in this study seemed to rest in the slower velocity area before burst-swimming
through the baffle. This burst-rest-burst passage approach is also seen with a prototype spiral
flume study with lake sturgeon (Kynard and others, 2003) and in a rock fishway study with
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shovelnose sturgeon (White and Mefford, 2002).

Comparing S2/S3 to S1 experiments, S1 fish took the longest time to pass the first baffle and also
had the longest time interval to reach the upstream end of the flume after crossing the first baftle.
One explanation is that lower attraction flow in the tail pool from the second pool in S1 probably
did not cue fish to swim up in a short time. Adult white sturgeon are known to move upstream in
greater numbers and spawn in the Sacramento River when water flow is elevated (Schaffter, 1997).
From the study of White and Mefford (2002), average time that adult shovelnose sturgeon took to
reach to top of the flume was slowest in their slowest water velocity tested.

Increased holding time, defined as number of days between capture and first experiment, increased
the passage success as long as the HAI remained low. Handling stress seems to play an important
role in white sturgeon swimming performance. The VF and blood plasma data show a significant
response to handling, as well as to the baffle-passing swimming exercise. Schaffter (1997) sug-
gested one of the reasons migrating white sturgeon in the Sacramento River stopped proceeding
upstream after field tagging was due to the handling stress of tagging. Moser and Ross (1995)
mentioned that Atlantic and shortnose sturgeon might also cease upstream migration due to capture
and handling stress due to field tagging. The HAI shows that indeed stress (made clear by fish in
poor condition) affects swimming performance.

Longer sturgeon fork length correlates to better passage performance. Peake and others (1997)
found that the swimming endurance of lake sturgeon increased with size (TL) and was independent
of water velocity and temperature. Wolter and Arlinghas (2003) showed that freshwater fish with
longer total lengths have higher burst and critical swimming speeds. Longer sturgeon appeared to
be more successful in holding onto the bottom than shorter adult sturgeon, perhaps because of the
larger pectoral fins of the longer fish.

The mean body mass of the Yolo-collected fish (2003-2005) was found to be significantly less
than the Bay fish. Yolo Bypass fish are thought to be the reproductive migratory population, being
cued up the Yolo toe drain by Sacramento River water that overflows into the toe drain channel
from the Fremont weir. Spawning migrations from saline estuarine water to a non-saline river
causes osmotic stress for sturgeon to cope with while transitioning to freshwater (Martinez-
Alvarez, 2002). Hence, the fish may use more energy to maintain metabolic functions, reducing fat
stores. Over-bite clam shells were not found in the holding tanks for the Yolo sturgeon, compared
to Bay fish which released large amounts of shells during the holding periods. Fasting tends to be
one characteristic phase of pre-spawning migrations for anadromous sturgeon species. A wintering
group of Russian sturgeon, in the Volga River fasted for 10-12 months before spawning
(Baranikova, 1991, Sulak and Randall 2002).
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7.0 Synthesis

In this three-year study the first two years’ efforts focused on basic components of sturgeon
swimming performance and passage structure hydraulics, while the final year’s effort emphasized
passage design and performance (and associated stress indicators) in specific, random-midsection
structure designs and scenarios. The following are the most extreme conditions under which
sturgeon passage occurred during 2003 and 2004:

¢ Sturgeon can pass through vertical slots at velocities of 8.3 feet per second (2.52 m/s).

® Sturgeon can pass over 8-foot-long (2.44 m) ramps at a slope of 12.5% at velocities of 6.59 feet
per second (2.01 m/s).

® Sturgeon can pass over a 4% sloped ramp with peak velocities of 3.78 ft (1.15 m/s) and 4.03
feet per second (1.23 m/s) for 8% sloped ramp.

® Sturgeon passed through a circular orifice with water velocity 4.03 feet per second (1.34 m/s).

® Ucrit water velocity of 3.54 feet per second (1.07 m/s) is not high enough to fatigue adult
sturgeon.

® Perpendicular to flow, non-aligning fish passage slots caused several collisions with the
structure due to sturgeon’s benthic, straight-line-oriented swimming behavior.

The following conditions resulted in the highest passage percentage during 2003 and 2004:

® Dual vertical baffle configuration at a water velocity of 3.12 feet per second (0.95 m/s)
produced the best passage percentage (61%).

® Horizontal sloping vertical baffle configuration at a water velocity of 1.74 feet per second
(0.53m/s) produced a passage percentage of 22%.

® 4% bed slope with a water velocity of 3.35 feet per second (1.02 m/s) produced the best
passage percentage (71%).

® 8% bed slope with a water velocity of 4.03 feet per second (1.23 m/s) produced a passage
percentage of 29%.

The focus of the 2005 study year was to model the random-midsection of a sturgeon passage
structure; this excludes the entrance and exit transition regions. We designed a random midsection
in a sturgeon passage structure, as shown in Figures 7 and 9. This baffle design incorporated the
results of the previous two years of study:

® 4% flume slope
® Five energy-dissipating baffle structures

® Vertical walls on the upstream faces of the baffles to dissipate flow energy by contracting
the flow
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® Downstream baffle transitions

¢ Baffles with aligned slots

¢ Side overflow weirs on the baffles

The above described baffle system was used under three scenarios:

® §1I: tail pool depth of 3.3 feet (1.0 m); water velocity range through the baffles was 5.5 - 6.8
feet per second (1.7 - 2.1 m/s) with overflow weirs and dip-net

¢ §2: tail pool depth of 3.0 feet (0.91 m); water velocity range through the baffles was 5.8 - 6.8
feet per second (1.8 - 2.1 m/s) with overflow weirs and dip-net

® §3: tail pool depth of 3.0 feet (0.91 m); water velocity range through the baffles was 5.8 - 6.8
feet per second (1.8 - 2.1 m/s) with overflow weirs and net gate

The results of the 2005 baftle system led to this conclusion: Successful sturgeon passage is
achievable in the hydraulic/experimental framework of S1, and S2/S3 experiments, as shown in
Figure 24.
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8.0 Guidelines for passage structure design
and operation

The following structure dimensions, operating conditions, and velocities could be used in the
design and implementation of a sturgeon-friendly CSE Sturgeon Passage Ladder structure.

8.1 Slot Velocities

® Minimum 5.5 feet per second (1.7 m/s); maximum 7.0 feet per second (2.1 m/s). Fish are less
likely to pass through the slot if the water velocity is above this envelope.

® Sturgeon slot attraction water velocities of 1-3 feet per second (0.30 - 0.91 m/s) at entrance.

8.2 CSE Passage Ladder Design

¢ Minimum tail pool water depth 3.3 feet (1.0 m)

¢ Slot opening of 2 feet (0.61 m) + 2-in (0.05 m)

¢ Slot length 2 feet (0.61 m)

® Weir height minimum 2 feet (0.61 m)

® Pool length of 12 feet - 16 feet (3.66 m - 4.8 m).

® Aligned baffle slots with 45-degree downstream faces, to guide fish
¢ Side wall minimum 4-foot (1.22-m) tall

® Passage structure width minimum 6.9 feet (2.1 m)

® 4% Bed Slope

® This configuration is designed for a fixed 31 cubic feet per second discharge into the passage
structure and considers only one sturgeon in the flume. Consideration should be given to the
number of fish using this passage and the ladder sized to accommodate the number of fish
using the passage at a time.

® PFS5 experiments demonstrated that more modifications to this design could provide improved
passage.

® Some components of the CSE Sturgeon Passage Ladder system should be constructed to allow
for adjustment.

8.3 Additional suggestions to improve passage success

® A guiding device at the upstream side of baffles might reduce fish colliding with the baffles
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during downstream movements. The device should not interfere with the energy dissipation
mechanism of the baffles or impede the upstream movement of the fish. This study did not
consider downstream sturgeon migration.

Water temperature in Yolo bypass when white sturgeon were migrating up ranged from 9 to
21°C. Temperature might not affect white sturgeon passage, but Geist and Brown (2005)
showed temperature affects the swimming performance of juvenile white sturgeon.

Fish only experienced being in the structure for 30-60 minutes during our experiments. Longer
exposure of fish to the structure may increase passage success.

Our experiments were conducted during daytime. Recent research has shown adult white
sturgeon tend to use fish ladders in the Columbia river basin at night (M. Parsley, personal
communication).

No sharp edges - injured fish did not perform as well as uninjured fish.

Substrate roughness - additional roughness may increase sturgeon passage through multiple
sectioned ladders.

The study used one fish per experiment. Sturgeon are known to migrate in schools, their
passage rate in groups could be better in nature. The performance of individual fish may be
reduced due to the stress of isolation from a group.

All walls or turns perpendicular to the upstream movement of fish should be angled to provide
a non-perpendicular surface to prevent fish moving upstream from hitting walls or baffles. At
times fish would move rapidly through several baffles and walls perpendicular to the flow
resulting in the fish colliding with the wall.

The entrance of the passage should provide an attraction flow and a submerged energy
dissipation baffle.

Resting pools should be provided with a depressed bottom section at 80-foot (24.4 m) intervals.
Horizontal obstructions in the flume should be no greater than 6 inches (15.4 cm).

Flow lines should remain straight and horizontal, vertical eddies may confuse the fish and
result in a downstream orientation.

Consideration and evaluation should be given to the configuration, location and hydraulics at
the entrance to a sturgeon passage. This should include fish position relative to the entrance,
location of the entrance in the downstream channel and vertical and horizontal eddies.

77



Through-Delta Facility White Sturgeon Passage Ladder Study

9.0 Future Research Questions

1.

What is the critical swimming velocity (Ucrit) and swimming endurance for adult white
sturgeon? — Swimming performance tests

What is the optimal sturgeon passage bed slope for yielding highest passage percentage in
the shortest distance? The 2004 experiments only tested two slopes and were not intended
to find the optimal bed slope.

How to improve the most recent baffle design or configuration in order to improve fish
passage?

What are the passage performances of other fish species (chinook salmon, steelhead trout,
pacific lamprey, american shad, striped bass) under the current baffle design? Do these
other species also cue in on Sacramento River water diverted into the interior of the Delta
by a Delta Cross Channel, or a Through-Delta Facility?

What is the role of substrate (channel bottom roughness) in improving sturgeon passage?
That is, what is the optimal channel bed roughness, in terms of sand, cobble, rock, etc. to
maximize sturgeon passage?

Will the passage rate for groups of white sturgeon be higher than singular fish in the CSE
Sturgeon Passage Ladder design?

How should the existing passage design be modified in order to test and create optimal
attraction efficiency at the entrance of the passage structure?
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10.0 Information Exchange and Dissemination

In addition to the CALFED and IEP coordination, several presentations (both “platform” and
“poster”-types) have been made at American Fisheries Society meetings, both at the local (Cal-
Neva Chapter) and national (Madison, WI, in 2004 and San Francisco, CA, in 2007) levels. The
Cal-Neva meetings are attended by many California natural resource biologists, engineers, and
managers. The presentation at the Madison meeting was an invited talk, as part of a special
“sturgeon management and population restoration” symposium. An article describing preliminary
results has been published in the Transactions of the American Fisheries Society (136:402-408,
2007).

In addition, CALFED and the UC Davis Center for Aquatic Biology and Aquaculture (CABA) co-
sponsored a seminar presentation by a USGS biologist, Michael Parsley, and a USGS engineer,
Gary Barton, in late September, 2005, at UC Davis. Parsley has been working on white sturgeon
passage at Columbia River dams for several years, and Barton has been working on the riverine
hydraulic characteristics associated with white sturgeon movements and spawning in the Colum-
bia. These seminars, along with discussions with other researchers in the sturgeon- passage field,
such as Brent Mefford, USBR engineer, Denver, CO, and Stephen Peake, a University of New
Brunswick fish biologist, Fredericton, NB, Canada, facilitated the most rapid progress on solving
sturgeon passage issues, including the design of adult sturgeon passage structures.
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