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ABSTRACT

This review serves as a guide to improve multi-
species fish passage. Human development along
waterways in California during the last 160
years has adversely affected fish populations

in many watersheds. Conflicts in water usage
will only intensify with modern developments
and population growth. Since most past fish-
passage improvement efforts in California have
focused on salmonids, I summarize the published
studies and considerations that affect multi-
species fish passage. To be effective, conditions
in fishways need to meet the specific hydraulic
requirements, as well as abilities, behavior,

and size consideration for all fish species being
considered. Turbulence, water depth, velocity,
passage location, and design of a passage facility
are essential elements to successful fish passage.
Because of a lack of research on most of the
native species, species-specific passage criteria
are not fully defined, and it may be helpful to
use data for physically similar, surrogate species
found in similar habitats.
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INTRODUCTION

Many fish species undertake extensive
movements and depend on barrier-free streams
to access adequate spawning habitats and
maintain their distributions. Migration passage
of anadromous or potamodromous fishes in most
large and small rivers is impeded by a variety of
modifications such as water-diversion structures,
stream bed alterations, floodplain channelization,
dams, and weirs (Rochard et al. 1990; Sheer and
Steel 2006; Brown et al. 2013). Native fishes

in California have experienced significant
population declines that correlate to the degree
of artificial modification of the waterway and
passage impairments experienced over 150

years (Moyle 2002; Katopodis and Williams
2012). Habitat connectivity through improved
fish passage is one important component of the
conservation of stream-resident and anadromous
fishes (Labbe and Fausch 2000; Dobbs et al. 2004;
Jager et al. 2016).

Fish ladders in North America date back
200 years. Designs were developed to mimic
conditions in which the fish were found. Most
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fish-passage facilities designed by state and
federal agencies of the Pacific states and British
Columbia, Canada, were designed for salmonid
passage (see “Additional Resources”) and have
led to the development of five main types

of fishways: pool-and-weir, baffle, vertical-
slot, natural bypass, and fish elevators. Many
variations of these types of structures have
been built, many don’t work as planned or limit
passage of target species, and few have been
planned or built to protect the diverse ecology of
the stream (Brown 1991; DVWK 2002; Thiem et
al. 2011).

Little is known about the behavior and passage
needs of non-salmonid North American native
fishes (Katopodis and Williams 2012). Fish ladders
designed specifically for migrating salmonids may
impede passage of other fish species (Katopodis
and Williams 2012). For instance, 28.7% inclined
Denil fishways 0.56 m wide and longer than 15

m at a flow of 0.16m3s~! impede the passage of
American Shad Alosa sapidissima and Northern
Pikeminnow Ptychocheilus oregonensis (Slatick
and Basham 1985). Most fish-passage structures
are ineffective for sturgeons and lampreys to pass
through because of these species’ sizes, behaviors,
and physiologies (Daigle et al. 2005; Thiem et al.
2011; Goodman and Reid 2017; Katopodis et al.
2019).

The following summarizes the available data
for two of the species groups thought to face
the greatest passage challenges in the region:
anadromous sturgeons and lampreys. I also
examine other important non-salmonid fishes,
the non-native anadromous American Shad
Alosa sapidissima and native potamodromous
fishes such as Sacramento Splittail Pogonichthys
macrolepidotus, Sacramento Blackfish Orthodon
microlepidotus, Sacramento Pikeminnow
Ptychocheilus grandis, Sacramento Sucker
Catostomus occidentalis, Hitch Lavinia
exilicauda, and Hardhead Minnow Mylopharodon
conocephalus.

The overall emphasis is on California’s Central
Valley watershed, the epicenter of many of the
most serious resource-management issues in
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the region (Service 2007). Although I obtained
substantial passage information from other
geographical areas, the data should still be
relevant to regional issues.

STURGEON

Most species (23 of 28) in the Order
Acipenseriformes, to which sturgeons belong,

are at risk of extinction (Birstein et al. 1997;
Katopodis et al. 2019). Blocked migratory routes
and reduced availability of spawning habitat are
probably the greatest factors that contribute to the
population declines of most sturgeon species (Auer
1996; Jager et al. 2016; Katopodis et al. 2019).

In the Pacific coastal waters from Mexico to
Alaska, two species of sturgeon are found

and both occur in California: White Sturgeon
Acipenser transmontanus with populations
declining (CDFG 2014), and the federally listed as
threatened Green Sturgeon Acipenser medirostris
southern distinct population segment (Fed Regist
20009).

Most adult sturgeons in a riverine environment
tend to be strong swimmers and prefer deeper
waters. As an example, adult Gulf Sturgeon
Acipenser oxyrinchus desotoi, another riverine
sturgeon that prefers swift waters for spawning,
are found in waters with velocities near 2.5 ms™!
(Cech and Doroshov 2004). Spawning White
Sturgeon require deep areas in rivers with gravel
or larger rocks along the bottom and swift water
velocities of up to 2.8ms! (Parsley et al. 1993;
McCabe and Tracy 1994; Moyle 2002), mean
water-column velocities from 0.5ms™! to 2.5ms™!
(Parsley et al. 1993), with near-bed laminar flow
velocities averaging 1.7ms™! (Perrin et al. 2003).
Green Sturgeon need spawning pools with fast
waters and eddy flows in depths greater than
3.0m, and substrates ranging from clean coarse
sand to bedrock (Moyle 2002).

Swimming Performance and Endurance
Warren and Beckman (1993) found that some
White Sturgeon were able to use the fish ladders
on the Columbia River that were designed for
the smaller salmonids and had water velocities



SEPTEMBER 2020

White Sturgeon 979

Acipenser transmontanus

Green Sturgeon @9

Acipenser medirostris

Chinook Salmon®

Oncorhynchus tshawytscha

Steelhead °f

Oncorhynchus mykiss

Sacramento Splittail "

Pogonichthys macrolepidotus

American Shad bf

Alosa sapidissima

Sacramento Pikeminnow | NoInfo
a. Adams et al. (2003).

Ptychocheilus grandis b. Bell (1990).
Sacramento Sucker® ¢. CDWR (2007).

Y S d. Katapodis (1992).
Catostomus occidentalis e. Mesa et al. (2003).
Lampreys b® f. Moyle (2002).

------------------ g. Peake et al. (1997).
Lampetra sp. (Entosphenus sp.) h. Young and Cech (1996).

0 1.2 2.4 3.7 4.9 6.1 7.3

Velocity in m s

Figure 1
Bell's Table Classes
Cruising speeds  ~ ('Sustained’ for more than 200 minutes)
Sustained speeds ~ (‘Prolonged’ for more than 0.33 minutes)
Darting speeds ~ ('Burst’ for less than 0.33 minutes)

of 2.4ms~! (Figure 1). This does not demonstrate
that salmonid ladders are effective at passing
sturgeon, just that individuals can ascend the
ladders at those velocities. In reporting results of
a metal flume study, Webber et al. (2007) suggest
that for 2.0-m total length (TL) White Sturgeon
adults, successful passage structures should
incorporate rapid-velocity sections with flows of
up to 2.52ms~! between somewhat slower sections
of approximately 0.7 ms™! for rest and recovery.
That study was limited in its scope by its physical
dimensions and a maximum velocity of 2.52ms™!.

Laboratory measurements of fish stress-related
variables showed that adult White Sturgeon
swimming 24 m against a current of 2.5ms”
physiologically recovered within 24h (Cocherell et
al. 2011), like the pattern shown in Rainbow Trout
(Milligan and Wood 1986). A study with Rainbow
Trout found that they recover faster when held at

1

Relative swimming speeds of select California adult fishes
Literature classes by Webb (1975) and Beamish (1978)

sustained swimming speeds of 0.9body lengths
per second (BLs™!) compared to fish in still

water (Milligan et al. 2000). This is equivalent to
1.2ms™! for smaller migrating White and Green
Sturgeon. However, laboratory swimming tests
may not be comparable to the more complex
environmental conditions and behaviors observed
in the field (Castro-Santos 2004).

White and Green Sturgeon are thought to have
swimming performance comparable to other
riverine sturgeon of the same size (Adams et
al. 2003; CDWR 2007; Katopodis and Gervais
2016). Nonetheless, sturgeons were found to be
one of the native riverine fishes to have the
most difficulty ascending structures with high
speed gradients and turbulent flows, even though
the velocities do not exceed their capabilities
(USFWS 1995). Migrating sturgeon are very
large when compared to salmonids, with White

https://doi.org/10.15447/sfews.2020v18iss3art6
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Sturgeon reaching 3.2mTL (Moyle 2002) and
Green Sturgeon reported at 3.1mTL (2013 email
from M. Manuel, Pacific States Marine Fisheries
Commission, to Z. Matica, unreferenced, see
“Notes”); and are primarly a benthic-cruising
“non-jumping” fish, so structures such as weirs or
diversions, and fishways designed for salmonids,
can impose significant constraints on sturgeon
migration (Cech and Doroshov 2004; Webber et al.
2007).

As within most fish families (Figure 2),
swimming speed and endurance in sturgeon
generally increases with fish length (Wolter
and Arlinghaus 2003; Katopodis and Gervais
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2016). Although sturgeon have lower endurance
when compared to salmon and trout of the same
size, adult sturgeon are much larger and have
comparable endurance at sustainable swimming
velocities to adult salmonids (Katopodis 1992;
Peake et al. 1997; Katopodis and Gervais 2016).
Field studies with adult 1.2-m-fork length (FL)
Lake Sturgeon Acipenser fulvescens, a weaker
swimmer than similarly sized young adult
White Sturgeon, were found to be capable of
swimming 100 m against a current of 1.1 ms™!
and 6.0 m against a current of 1.5ms~! before
needing a water velocity refuge (LeBreton 2004).
Observations of radio-tagged White Sturgeon in
San Francisco Bay by California’s Department
of Fish and Wildlife (CDFG unpublished)
and swimming performance studies in

" U, e = 0.028 * TLO7® flumes have documented a sustained
R? = 0.77, p<0.001 ) ability to swim against a 1.8ms™! current
and short bursts of up to 2.4ms~! to
": 3.7ms™! (Katopodis 1992; Peake et al.
E 1997; Katopodis and Gervais 2016). In a
§ _ _ laboratory flume, adult (1.5-m FL) White
& ;:c:pe"s_:"dae Sturgeon swam at 2.57ms~! for 20m
g . E:::;:e (Cocherell et al. 2011).
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water diversions, water temperature
increases, and migration impediments
(Beamish 1980; Moyle et al. 2009). The
US Fish and Wildlife Service (USFWS), in
collaboration with Native American tribes
and other federal, state, and local agencies,
recognized the need for a comprehensive
plan to conserve and restore Pacific
Lamprey, by creating the Pacific Lamprey
Conservation Initiative, with California a
signatory.

+ Esocidae

Only Pacific Lamprey Entosphenus
tridentata and River Lamprey Lampetra
ayresii are anadromous in California and
addressed in this report. Data suggest that
these lampreys migrate in surges at night



during elevated flows after a winter rain with

a large spring run and a smaller fall run, and
construct gravel nests at the head of riffles where
water velocities are 0.2ms™! to 0.85ms™! and
depths are 0.3 m to 1.5m (Moyle et al. 2009). Little
information is available on the River Lamprey.

Passage Observations from the Wild

and Fishways

A key consideration for lamprey passage is their
ability to squeeze through small spaces, ascend
vertical or near-vertical structures by attaching to
smooth surfaces, and their nocturnal lifestyle. The
single most important factor that affects passage
success appeared to be water velocity (Figure 1).
While lampreys key in on some turbulence, they
have difficulty negotiating fishways as a result

of turbulence and water velocities that exceed
1.2ms™! (Mesa et al. 2003; Moser et al. 2005; Kirk
et al. 2017).

Entrances at the lower Columbia River dams, with
approximately 0.46 m of hydraulic head, passed
no more than 1 out of 10 lamprey successfully
(Zobott et al. 2015). Decreasing the head level

at the entrance to 0.152m increased nighttime
passage rates by 39%. Reducing flows at
entrances produced the most notable improvement
in lamprey movement (Katopodis and Gervais
2016). Clay (1995) found that velocities at fishway
entrances usually approach or exceed 2.0ms™!,
surpassing the swimming abilities of these fish.
When confronted with high velocities, adults use
their suctorial disc to hold fast to the substrate,
surge forward, then reattach, and rest between
intervals of burst swimming. This saltatory mode
of movement is most pronounced in velocities
greater than 0.6ms™! (Daigle et al. 2005;
Katopodis and Gervais 2016).

While rounding the entrance edges of structures
to a minimum radius of 0.102m significantly
improved lamprey entrance efficiency, passage
times, and passage by 30% (CRBLTW 2004), the
addition of attachment plates in the transition
area produced equivocal results (Daigle et al.
2005). Laboratory experiments indicated that
attaching a 0.305-m-wide metal plate over the
grating (diffuser plates) allowed lamprey to
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attach near, and pass through, an orifice opening
with >2.4ms™! velocity flow (Daigle et al. 2005;
Figure 3). In a field study of a pool-and-weir
fishway designed to pass lamprey, Ackerman et
al. (2019) found that with rounded corners with

a radius of 1.15m, flush-mounted weir gates,
chamfered corners, and flush orifices, passage
efficiency ranged from 84% to 98%. Daigle et

al. (2005) found that few lampreys passed a

weir using the overflow section, although those
that did so passed the weir more quickly, in

38s, than those passing via submerged orifices,
averaging 3m 20s (Figure 3). They also found
that the presence of steps, seams, or other surface
irregularities at the base of orifices inhibited
passage.

Providing lower-velocity paths for passage
appears to be beneficial for adult lampreys. For
pool-and-weir type fishways, the addition of
velocity refuges within orifices, by securing
artificial rocks to the bottom, decreased the
amount of time that lampreys took to pass
through the orifice, and increased the proportion
that made use of the orifice, although overall
passage rate was unaffected by the addition of
refuges (Daigle et al. 2005; Figure 3). Without
refuges in place, 92% of lampreys passed all
three of the Daigle et al. (2005) test weirs in
2-hour trials, and 66% of lampreys passed in
1-hour trials. Refuges at orifices reduced flows
at the base of the orifice from about 2.0ms™!
to 1.0ms™!, allowing more fish to pass via the
orifice.

Bunches of plastic bristles affixed to the base of
the Isohaara fishway in the Kemijoki River in
northern Finland were used to reduce velocities
through the vertical-slot section (Laine 2001)

and help the passage of European River Lamprey
L. fluviatilis. Hard plastic bristles or natural or
synthetic branches have also been used on sloped
ramps to help catadromous eel migrate (Clay
1995). In these designs, the elvers undulated their
way up the ramp in much the same way a snake
would climb a slope.

Goodman and Reid (2017) found that improved
pool-and-weir fishways provide a low passage

https://doi.org/10.15447/sfews.2020v18iss3art6
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Figure 3 Diagram showing placement and structure of overflow weirs, orifices, a diffuser panel, and velocity refuges in an

experimental pool-and-weir fishway. Source: Daigle et al. (2005).

efficiency at 44% with an average passage time
of 5.2h, while a lamprey passage structure (LPS)
tube and culverts provided the highest efficiency,
with average times of 0.26h. Also, modifying a
dam fishway with a variable-width weir and flow
disruptors created velocity heterogeneity but did
not improve passage, although installing an LPS
saw a significant increase in lamprey passage
success (Moser et al. 2019).

Swimming Performance and Endurance

Pacific lampreys have critical swimming speeds
(Figure 1) of about 0.85ms™! (Bell 1990; Mesa

et al. 2003), and swimming speed is positively
related to temperature (range 5 °C to 15 °C). For
example, the maximum sustained swimming
speed of adult Sea Lampreys Petromyzon marinus
at 15 °C is about 0.35ms™!, but only 0.23ms"!

at 2 °C (Beamish 1974). A workshop report by T.
McAuley (as cited in C. Katopodis et al. 1994)
states that Sea Lamprey at 14 °C to 20 °C have
a maximum sprint velocity of 4.0ms™! with an
endurance of 30s at a water velocity of 1.6ms™!
(Figure 4), and that at 10 °C endurance was the
inverse of the cube of swimming velocity. The
endurance curve improves substantially as water
temperatures increase. However, lamprey have
limited endurance compared to teleost fishes
(Katopodis and Gervais 2016).

AMERICAN SHAD

Shad, an introduced species, are included in this
paper because they are a popular sport fish and
are important as a food source to the recovery

of sturgeon and salmon populations (Close et al.
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2002; UCWSRT 2002). Two species (Threadfin

and American) are found in the northeastern
Pacific from Canada to Mexico. This discussion
focuses on American Shad Alosa sapidissima
(Shad), introduced to California in 1871 and to the
Columbia River in 1885, its population in decline
for years (Lochet et al. 2009).

Shad are found from March through June,
correlating to rises in temperatures and river
outflows (Quinn and Adams 1996), in many of
the streams and rivers that support anadromous
fishes (Moyle 2002). Shad are relatively strong
swimmers (Figure 1) and preferred spawning
habitats deeper than 1.0m and with velocities less
than 1.0ms™1. However, Shad also ascend high-
velocity shallow riffles with depths equal to their
body depth (Haro et al. 2004).

Passage Observations from the Wild

and Fishways

Because of their strong schooling behavior, Shad
are reluctant to separate at structures or in high-
velocity zones (Larinier and Travade 2002). Shad
do not leap when ascending water drops, but
instead sprint through in the upper water column
(Larinier and Travade 2002; Haro et al. 2012).

Shad have difficulty ascending fish ladders and
may be stopped by even a relatively low dam
with a fish ladder (CDFG 2007). In observations
on the Columbia River, Shad were found to be
reluctant to enter submerged orifices in a fishway
(Monk et al. 1989). Unlike salmonids, Shad and
most other species have much more difficulty in
dealing with the helical current patterns inside
baffled fishways (Larinier and Travade 2002)
and prefer laminar or streaming flows. They
mostly avoid flows with significant turbulence,
air entrainment, hydraulic jumps, and upwelling
(Larinier and Travade 2002).

Shad do attempt passage through existing fish
ladders, but the duration of passage is highly
variable and can affect survival (Lochet et al.
2009). On the Columbia River, Shad can pass
through Denil fishways up to 11.9m long (Slatick
and Basham 1985), but stop in longer fishways, in
holding ponds, and at fishway turns (Haro et al.
2012). Passage success rates at most fish-passage
structures are low (Lochet et al. 2009; Haro et al.
2012). Modifications to fishways on the Columbia
River with partial-width overflow slots and/or
partial-depth side slots greatly improved Shad

https://doi.org/10.15447/sfews.2020v18iss3art6
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passage and benefitted salmonid passage (Monke
et al. 1989; Petersen et al. 2003).

Swimming Performance and Endurance

In an open-channel flume study, 86% of Shad

in the staging area entered the flume when the
velocity was 1.74ms™!, and 71% entered when the
velocity was 3.43ms™! (Haro et al. 2012). Shad
can swim at burst speeds of up to 20BLs™! for
4.5s (Castro-Santos 2005; Katopodis and Gervais
2016), exceeding the burst speed, relative to body
length, of salmon. In laboratory open-channel
flume studies with very little turbulence, Haro et
al. (2004) found that Shad can sustain a velocity
of 4.5ms™! for approximately 5m. Weaver (1965)
found they can sustain 4.15ms™! for 6.1 m, and
3.47ms! for 19.8 m.

SACRAMENTO SPLITTAIL

Only one species of splittail minnows is in
California; the potamodromous Sacramento
Splittail Pogonichthys macrolepidotus (Splittail).
It is endemic to the low-elevation river channels
below valley rim dams of the Central Valley

and San Francisco Bay (Young and Cech 1996;
Sommer et al. 2008). Splittail, in a long-term
decline (Moyle 2004), was listed as threatened in
1999, but the USFWS remanded this in 2003 as a
result of improved information about the species
(Fed Regist 2003; Sommer et al. 2007).

Most Splittail migrate upstream between January
and March during high flow events (Moyle et al.
2004; Sommer et al. 2014). Field studies suggest
that they prefer shallow water habitats of 0.9m to
6.7 m deep (Meng and Moyle 1995; Sommer et al.
2002; Sommer et al. 2008).

Swimming Performance

Splittail are strong swimmers but it is unclear
if they can effectively use existing salmonid
fishways (Moyle et al. 1995). The critical
swimming velocity of adults (Figure 1) is
interpolated from the literature at up to 1.37ms"
(3BLs™!) (Young and Cech 1996). Danley et al.
(2002) measured Splittail (age-0, 4-cm to 7-cm
standard length) swimming velocities of up to
0.523ms™! in a laboratory flume. Young and

1
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Cech (1996) also report that they can tolerate
holding velocities of 0.305ms™! to 0.913ms™! in
laboratory conditions. No literature was found
that defined Splittail’s prolonged swimming
interval, burst swimming limit, or endurance
criteria.

OTHER NATIVE FISHES

Although there are no published studies on
swimming or passage performance for other
adult native minnows (Hardhead, Hitch, and
Sacramento Pikeminnow), some patterns can be
inferred from anecdotal information, observations
by the author, assumptions from surrogate data,
and from physiological studies on juveniles. In
natural conditions, Hardhead and Sacramento
Pikeminnow are commonly observed swimming
near the bottom alongside salmonids and prefer
the swifter waters of riffles and the glides at the
tail end of pools (personal observation). Waters
in these areas are typically in the 0.6-m-s~! to
1.2-m-s~! range. Katopodis (1992) noted that
swimming performance is generally similar
across species relative to size, when fish are
grouped by swimming physiology (Katopodis
and Gervais 2016). Limited information is
available on the Sacramento Sucker, generally
found in slower waters than the Sacramento
Pikeminnow (Figure 1) and could suggest that
the Sacramento Pikeminnow has higher critical
and sustained speeds. These minnows and the
Sacramento Sucker have been observed darting
upstream away from disturbances, and have been
documented swimming up moderately inclined
Denil fish ladders up to 15.2m long (Slatick and
Basham 1985). Myrick and Cech (2000) found
that 0.2m to 0.3 m Hardhead, Hitch, Sacramento
Pikeminnow, and Sacramento Sucker had similar
swimming performance at select temperatures,
and that Hitch were significantly (11%) faster at
higher temperatures.

Some inferences can be made based on size

or taxonomic group. For example, Wolter and
Arlinghaus (2003) compiled a model using data
from several studies, and compared critical
and burst speeds to body length (Figure 2).
The model generalizes performance within



a family of fish relative to body shapes and
sizes. The families represented in their model
include Acipenseridae (sturgeon), Salmonidae
(salmon and trout), Esocidae (pikes), Percidae
(perches), and Cyprinidae (minnows). Katopodis
and Gervais (2016) use fish length, speed, and
endurance to derive generalized curves. Some of
the species groups are the same between Wolter
and Arlinghaus (2003) and Katopodis and Gervais
(2016). Estimates of speed and endurance for

all species from Katopodis and Gervais (2016)
can be made through Swim Performance Online
Tools (SPOT; see “Additional Resources”). Using
the performance values of the modeled families,
the models can be used here to allow predictions
for local fishes that represent, respectively, the
following Central Valley species: Green and
White Sturgeon, Chinook Salmon and Steelhead,
Sacramento Pikeminnow and Hardhead, Blackfish
and Sacramento Splittail, and the Sacramento
Sucker. From this graph, inferences can be made
on the swimming capabilities of represented
adults that are longer than those depicted in the
graph, such as adult White and Green sturgeon.

ADDITIONAL CONSIDERATIONS FOR
PASSAGE CRITERIA

Designing fish-passage structures to meet several
species’ behavioral needs, as well as the largest
fish and the weakest swimmers, will improve
passage success for a wider variety of species,

as is being considered in the San Joaquin River
restoration project (Table 1). The historically
narrow focus on salmonid passage has not been
effective for other species. On the Columbia River,
a 1938 passage elevator designed to help adult
salmon get past a dam was found to be ineffective
for this purpose and was decommissioned in 1971,
even though it was very successful at passing
sturgeon (Warren and Beckman 1993). Designing
a traditional fishway to effectively and equally
accommodate sturgeons, lampreys, salmonids,
shads and other natives may not be feasible at
some sites (Daigle et al. 2005). Well-designed
Denil-type fishways (Figure 5) can pass salmonids
and a few other species, but not most native fish
species (Slatick and Basham 1985; Katopodis et

al. 1991). Extensive modifications created the
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Ice Harbor Fishway design (Figure 6) with a
partial-depth side slot to improve overflows that
resulted in greatly improved Shad passage and
some improvement to salmon passage (Monk et al.
1989; Petersen et al. 2003). Although challenging
to design fishways for multiple species, recent
research provides optimism that knowledge,
experimental and field studies, computational
tools (e.g., computational fluid dynamics [CFD]
software), and data-based swimming performance
curves for many species are better now than 10
or 30 years ago (Katopodis and Williams 2012;
Silva et al. 2012; Katopodis Ecohydraulics Ltd.
2013; Marriner et al. 2016; Amaral et al. 2018;
Katopodis et al. 2019; Quaranta et al. 2019).

Multi-Path Considerations

A primary challenge in developing an effective
fishway is how to separate lamprey from other
species if the LPS is independent of the primary
fish passage structure. Some options are to
develop a passageway within a fishway to help
lamprey and/or other non-salmonids pass. A
fishway can be designed as an asymmetrical
passage structure with reduced turbulence and
partial baffles on one side; or by adding an LPS
tube (Figure 7), a culvert; or constructing a
parallel passageway that provides the complexity
of natural riverine channels (Wildman et al.
2005; Goodman and Reid 2017).

Passage slot size and location, maximum
velocities, baffling for velocity refuges, conditions
of turbulence, and surface features of fish passage
structures need to consider all the species that
require passage, (e.g., appropriately modified fish
ladders may increase the passage success of many
species [DVWK 2002]).

Behavioral Issues

Fish-passage design criteria must allow for the
behavioral needs of each species. Long baffled
fishways and fish ladders with turning basins
(switchbacks) can significantly reduce passage
efficiency for some species, including shad and
sturgeon (Thiem et al. 2011; Haro et al. 2012).
Many species have difficulty in dealing with
the helical current patterns associated with the
baffles and orifices found in most fishways.
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Table 1 San Joaquin River Restoration Project native fish attributes table. Source: SURRP Fish Management Work Group. Source:
SJRRP Native Fish Attributes Table, revised May 14, 2013. http./restoresjr.net/
g
=] =
S 2
E 7]
b — 3 £
3£ BT
Desired Min =3 Sustained = E
Life stage migration | depth g 2 speed® i
and direction | frequency by | of Max fish £ T | Cruising (ms™) Burst Non- EE
(primary/ Water Year | flow | Jump | jumpheight | 3 £ | speed” (max speed® | leaping | 8.2
Species Migration time secondary) type (m)?2 (Y/N) (m) e 2 (ms™') |sustained)| (ms™') | passage | = £
N wetted
Pacific Mar-Jun (primary)® adult US all excent (but can ramp
Aug-Oct (secondary) | ammocetes DS n P 0.30 B n/a n/a 0.46P 0.86P rounded | 0.85
Lamprey CL climb) q
corners
White or .
Mar-Apr (primary)S | Adult (US/DS) .
Green® - S NW and W q e swim
Sturgeon Feb-May (fringe) juvenile DS only 1.00 N n/a n/a 1.23-2.26 e 2.01
Central Valley | Oct-March (adult) | adult (US/DS)
. - I all except £ 0.46—
Steelhead Oct-May (juvenile) juvenile DS oL 0.37 Y 2.44-3.66" | 0.469 1.04 418 8.08 n/a 122
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Table 1

a. Based on 1.5 times body depth or 1-foot depth, whichever is
greater, unless otherwise noted.

b. Calculated from Bell (1990) from relationship on page 6.2 unless
otherwise noted: Cruising speed=1/6 V_, Sustained swimming
speed=1/2 V___relative to Burst or Darting speed (V)

c. White Sturgeon were considered a valid surrogate for Green
Sturgeon for the purposes of determining swimming performance
(CDWR 2007).

d. CDWR 2007; Webber et al. 2007, Recommended velocities are: U/S
movement: 2.03-2.54ms"!, resting: 0.51-0.68ms!

e. Adams et al. 2003.

Bjornn and Reiser (1991).

. NMFS (2008). Recommended velocities for Columbia and Snake
River Fish Passage Facilities for upstream passage of juvenile
salmon:
0.46-0.76 ms™! for 46-65mm juveniles, 0.91-1.37ms™! for
80-100 mm.

Myrick and Cech (2000).

Based on field observations by T. L. Taylor or L. Wise.

Inferred from Myrick and Cech (2000).

Young and Cech 1996.

Non-migratory behavior for spawning, but will utilize high flow
connectivity.

. Recommended average maximum velocities for fish passage
facilities.

Every year except Critical Low water years.
Workman (2001).

Moser and Mesa (2009).

USFWS (2010).

Wet, Normal Wet, and Normal Dry years.

Harrell and Sommer (2003); Webber et al. (2007).

Notes

qo ™

CHEE N G

yomazors

Studies on the Columbia River at the dam fish-
passage facilities found that shad avoided passing
through the submerged orifices in the fish-ladder
baffles. Also, it should be noted that some species
are documented as avoiding longer culverts (a
dark tube). Passage performance of native fishes
under these conditions is less well understood.

Substrates and Surface Features

Substrates are more significant to bottom fishes
than to midwater fishes. A passage channel with
anchored rounded baffles (Figure 3), such as
boulders, could increase sturgeon passage success.
Adult sturgeon can more easily pass rock ramps
with scattered boulders than ladders with vertical
or horizontal baffles (White and Mefford 2002).

Lampreys, the weakest swimmer reviewed
(Figures 1 and 4), typically swim up high-
velocity corridors by using their oral discs to

11
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attach to suitable substrates in a burst-and-attach
behavior. Lamprey-friendly structures need
adequate smooth anchorage surfaces and rounded
edges with a radius of no less than 0.15m,

to allow them to use their unique burst-and-
attach behavior (USFWS 2014; Ackerman et al.
2019). Lampreys are most vulnerable in the time
between successive attachments.

Velocity and Fatigue

The velocity-limiting factor in a multi-species
fish-passage structure is defined by the smaller,
weaker swimmers. For fish facility structures to
effectively pass lampreys they need to provide
low turbulence and passage velocities <1.4ms™1.
The distance through a structure, or from
velocity refuge to refuge, and the turbulence

and size of eddies compared to fish length, are
important factors that affect passage success
(Table 2 in CDFG 1998; Silva et al. 2012). Even
with velocity refuges, successive exposure of a
species to peak performance conditions creates
accumulative fatigue (Silva et al. 2012). Passage
studies in tightly controlled laboratory swimming
tests may not directly compare to the more
complex environmental conditions and behaviors
observed in the field (Castro-Santos 2004). Models
presented by Bell (1990) and Clay (1995) are based
on the assumptions that fish would swim at near-
maximal speeds, fish will swim to fatigue, and
that interspecific and intraspecific variation is
negligible. This is never true in nature, and it
prompted research to develop fish performance
models based on distance traversed (Weaver 1965;
Castro-Santos 2002; Haro et al. 2004; Katopodis
and Gervais 2016) and on swim speed-fatigue
time relationships that allow for variations

in water velocities and fish swimming speeds
(Castro-Santos 2006; Katopodis and Gervais
2016).

Water Depths

For sturgeon, water depth along the passageway
needs to be at least 0.6 m, and depths >0.9m

are preferred. Sturgeons during migrations were
observed passing over shallow riffles of 0.6m

on the Yuba River in California (2012 in-person
conversation between A. Seesholtz, CDWR, and Z.
Matica, unreferenced, see “Notes”).
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Figure 5 A cross-section view of a Denil fishway resting pool and baffle. Source: USFWS (2017).
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Figure 6 Ice Harbor fishway standard dimensions, where B, is the overflow weir crest width, B is the non-overflow baffle width,
A, is the area of the orifice opening, S is the floor slope, L is the pool length, W is the pool width, P is the overflow weir crest height,
t,, is the overflow weir crest thickness, and ¢ is the distance from the center of the orifice to the side wall. Source: USFWS (2017).
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Figure 7 Schematic of typical LPS major components and parts. Source: Zobott et al.( 2015).

For fish not well studied, using data from field
observations and generalizations can provide
some design considerations (Katopodis and
Gervais 2016). For Shad, the preferred spawning
habitat is > 1.0m deep, but Shad are also seen
ascending high-velocity shallow riffles with
depths equal to their body depth (Haro et al.
2004), indicating that they can pass through
structures where the water depth is <1.0m.

Fish Size

Most fish ladders are designed to accommodate
salmonid-sized fishes, not the larger sizes of
adult sturgeons. Warren and Beckman (1993)
state that the typical length of sturgeon that use
existing fish ladders is 0.5m to 1.2m, and that
larger sturgeon would have difficulty negotiating
the orifices of fishways on the Columbia River.
Scaled-up structures would improve sturgeon
passage.

RECOMMENDATIONS

The minimum length of a fish-passage structure
is dictated by the necessary elevation change at
the site and by the specifics of the ladder type
chosen. So, high-head dams may compound
physiology- and behavior-inhibiting effects

13

with some species. The primary parameters in
the design of a -species fish-passage structure
through a low-head control weir will be velocity,
field and intensity of turbulence, adequacy of
substrate and side surfaces, and the design,
spacing, and placement of velocity reduction
baffles.

Considerations for multi-species fish-passageway
design should include the following:

e Mimic natural channels.

e Minimize turbulence at water entrance and
exit flows.

e Reduce helical current patterns inside baffled
fishways.

e Scale turbulence and size of eddies to body
lengths.

e Ensure side surfaces are smooth and regular

and provide an open pathway to pass
lampreys.

https://doi.org/10.15447/sfews.2020v18iss3art6
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e Ensure bottom surfaces are smooth and
regular, or have hemispherical baffles, so as
not to obstruct lamprey and sturgeon passage.

e Ensure bottom passage through or around
baffles are a minimum of 0.75m wide and
0.6m high to accommodate large sturgeon.

e Ensure attraction water velocities are between
0.3ms ! and 0.9ms 1.

e (Create, via baffling, slow-velocity zones of
0.6ms~! to allow smaller and weaker fishes to
rest and recover.

e Keep velocities to less than 2.3ms™!
to optimize sturgeon passage, or, more
conservatively 1.5ms™!, to increase the success
of smaller sturgeon and lamprey passing. The
critical swimming speed of lamprey suggests
a velocity maximum of 1.4ms~! but with low
turbulence, a clear passageway, and smooth
anchoring surfaces, lamprey can handle
velocities of up to 2.0ms™.

e Offset orifices to provide the highest rates of
passage in the corresponding lowest times.

e Reduce Reynolds shear with offset and
straight orifices to improve fish transit times.

e Use a deflector bar arrangement to reduce
eddies found in straight orifices to similar in
size to a fish’s length (Silva et al. 2012).

e Align (do not offset) baffles, which offer
velocity refuges, to allow straight swimming
paths of >0.6m widths (Webber et al. 2007),
and space them a minimum of 1.5BL, or 4.5m
and a maximum of 5.5m to accommodate
large and small fishes. As a reference, the
minimum baffle spacing for Chinook Salmon
to pass in a pool-vertical slot fishway is 1.5BL
or 1.5m.

e Keep unbaffled velocities to less than 1.8ms~ 1,
to pass smaller sturgeon when present.

14
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e Velocity refuges should provide velocities
in the sustained velocity range of a species.
Webber et al. (2007), suggests a velocity
of 0.68ms™! for rest and recovery for
White Sturgeon. That appears to be overly
conservative, but lamprey would benefit from
refuge velocities near 1.0ms™! (Daigle et al.
2005).

e Keep water depth >1.0m to facilitate sturgeon
and shad passage.

e Construct fish ladders without turning basins
(Thiem et al. 2011).

e Round the corners of edges and transition
angles with a radius of at least 0.15m to
improve lamprey passage efficiency (CRBLTW
2004; Ackerman et al. 2019).

e Fasten plastic bristles into the bottom of
vertical slots (Laine et al. 1998) to help
lampreys pass.

e Provide alternate passage routes, such as LPSs,
for lamprey (Goodman and Reid 2017; Moser et
al. 2019) (Figure 7).

A design option that could meet these conditions
would need to be more complex than current
designs, and may have multiple channels to

pass water and fish along its sides, the bottom,
and through overtopping slots with reduced
turbulence. For fish to transition to and beyond
the facility, passage channels should have
extended flared approach and departure zones

to dissipate energy, reducing velocities and
turbulence. Passage channels for multiple -species
that need velocity-reduction devices (baffles)
should have movable baffles and adequate anchor
points (bolt sites) built into the channels’ surfaces.
The spacing, size, and shape of these devices
could be altered to enhance the passage of any

of the target species and fine-tune a structure

to the species and the site. Channels could have

a portion of their widths free of obstacles that
create turbulence, as well as have turbulence-
dampening structures, large bottom and side



orifices, and overflow slots, to allow lamprey,
shad, and sturgeon to pass.

The literature presented here underscores the

lack of data and the uncertainty of how to best
improve multi-species fish passage. Because fish-
passage data are limited or lacking for many
species, and their status as species of concern may
limit availability of some for study, generalizations
and appropriate surrogate species may need

to be considered (Cahoon et al. 2005; USFWS
2014; Katopodis and Gervais 2016). Swimming
performance tends to be generally similar across
species with similar life histories when grouped,
relative to their size, by swimming physiology
(Katopodis 1992; Katopodis and Gervais 2016).
Additional studies, and analysis of successful
structures and of the modifications to existing
fishways, are needed to improve confidence and
success in future designs or modifications of
multi-species fish-passage structures.

ACKNOWLEDGEMENTS

The views and opinions expressed in this paper
are those of the author and do not necessarily
reflect the official policy or position of the
California Department of Water Resources
(CDWR). Inputs from Patty Finfrock (CDWR) and
Ted Sommer (CDWR) were especially helpful.

REFERENCES

Ackerman NK, Pyper BJ, David MM, Wyatt GJ,
Cramer DP, Shibahara TM. 2019. Passage
effectiveness at a pool-and-weir fishway designed to
accommodate Pacific Lampreys. N Am J Fish Manag.
[accessed 2019 Jun 25];39(3):426-440.
https://doi.org/10.1002/nafm.10281

Adams SR, Adams GL, Parsons GR. 2003. Critical
swimming speed and behavior of juvenile
Shovelnose and Pallid Sturgeon. Trans Am Fish Soc.
[accessed 2019 Jun 25];132(2):392-397. https://doi.
0rg/10.1577/1548-8659(2003)132<0392:CSSAB0>2.0
.CO;2

15

SEPTEMBER 2020

Amaral SD, Branco P, Katopodis C, Ferreira MT,
Pinheiro AN, Santos JM. 2018. To swim or jump?
passage behavior of a potamodromous cyprinid over
an experimental broad-crested weir. River Res Appl.
[accessed 2019 Jun 25];34:174-182.
https://doi.org/10.1002/rra.3232

Auer NA. 1996. Importance of habitat and migration
to sturgeons with emphasis on Lake Sturgeon. Can
J Fish Aquat Sci. [accessed 2020 Jul 16];53(S1):152-
160. https://doi.org/10.1139/f95-276

Beamish FWH. 1974. Swimming performance of
adult Sea Lamprey, Petromyzon marinus, in relation
to weight and temperature. Trans Am Fish Soc.
[accessed 2019 Jun 25];103(2):355-358. https://doi.
0rg/10.1577/1548-8659(1974)103<355:SPOASL>2.0.
CO;2

Beamish FWH. 1978. Swimming capacity. In:

Hoar WS, Randall, DJ, editors. Fish physiology.
Vol. 7. New York (NY): Academic Press. p. 101-187.

Beamish RJ. 1980. Adult biology of the River Lamprey,
Lampetra ayresi, and the Pacific Lamprey, Lampetra
tridentata, from the Pacific coast of Canada. Can J
Fish Aquat Sci. [accessed 2020 Jul 16];37(11):1906-
1923. https://doi.org/10.1139/f80-232

Bell MC. 1990. Fisheries handbook of engineering
requirements and biological criteria. Portland (OR):
US Army Corps of Engineers, North Pacific Division.
Fish passage Development and Evaluation Program.
[accessed 2019 Jun 25]. 352 p. Available from:
https://www.fs.fed.us/biology/nsaec/fishxing/fplibrary/
Bell_1991_Fisheries_handbook_of _engineering_
requirements_and.pdf

Bjornn TC, Reiser DW. 1991. Habitat requirements
of salmonids in streams. In: Meehan WR, editor.
Influences of forest and rangeland management
on salmonid fisheries and their habitats. American
Fisheries Society Special Publication 19. Bethesda
(MD): American Fisheries Society. p. 83-138.

Birstein VJ, Bemis WE, Waldman JR. 1997. The
threatened status of acipenseriform species: a
summary. Environ Biol Fish. [accessed 2020 Jul
16];48(1-4):427-435.
https://doi.org/10.1007/0-306-46854-9_33

Brown JJ, Limburg KE, Waldman JR, Stephenson K,
Glenn EP, Juanes F, Jordaan A. 2013. Fish and
hydropower on the US Atlantic coast: failed fisheries
policies from half-way technologies. Conserv Lett.
[accessed 2019 Jun 25];6(4):280-286.
https://doi.org/10.1111/conl.12000

https://doi.org/10.15447/sfews.2020v18iss3art6


https://doi.org/10.15447/sfews.2020v18iss3art6
https://doi.org/10.1002/nafm.10281
https://doi.org/10.1577/1548-8659(2003)132<0392:CSSABO>2.0.CO;2
https://doi.org/10.1002/rra.3232
https://doi.org/10.1139/f95-276
https://doi.org/10.1577/1548-8659(1974)103<355:SPOASL>2.0.CO;2
https://doi.org/10.1139/f80-232
https://www.fs.fed.us/biology/nsaec/fishxing/fplibrary/Bell_1991_Fisheries_handbook_of_engineering_requirements_and.pdf
https://doi.org/10.1007/0-306-46854-9_33
https://doi.org/10.1111/conl.12000

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

Brown RL. 1991. Bioengineering problems in river
systems of the Central Valley, California. In:

Colt J, White RJ, editors. Proceedings of the 10th
Annual Fisheries Bioengineering Symposium of

the American Fisheries Society; 24-28 Oct 1988,

Portland. p 19.

Cahoon JE, McMahon T, Stein O, Burford D, Blank M.
2005. Fish passage at road crossings in Montana
watersheds providing Bull and Cutthroat Trout
habitat. FHWA/MT-05-002/8160. Helena (MT):
Montana Department of Transportation. [accessed
2019 Jun 25]. 39 p. Available from: https://www.mdt.
mt.gov/research/projects/env/fish_passage.shtml

Castro-Santos T. 2002. Swimming performance
of upstream migrant fishes: new methods, new
perspectives [dissertation] January 1, 2002.
[Amherst (MA)]: University of Massachusetts
Ambherst. [accessed 2019 Jun 25]. 185 p. Available
from: https://scholarworks.umass.edu/dissertations/
AAI3056208/

Castro-Santos T. 2004. Quantifying the combined
effects of attempt rate and swimming capacity on
passage through velocity barriers. Can J Fish Aquat
Sci. 61:1602-1615. https://doi.org/10.1139/f04-094

Castro-Santos T. 2005. Optimal swim speeds for
traversing velocity barriers: an analysis of volitional
high-speed swimming behavior of migratory fishes.
J Exp Biol. [accessed 2019 Jun 25];208:421-432.
https://doi.org/10.1242/jeb.01380

Castro-Santos T. 2006. Modeling the effect of varying
swim speeds on fish passage through velocity
barriers. Trans Am Fish Soc. [accessed 2019 Jun
25];135:1230-1237. https://doi.org/10.1577/T05-262.1

[CDFG] California Department of Fish and Wildlife.
1998. California salmonid stream habitat restoration
manual. Sacramento (CA): CDFW. [accessed 2019 Jun
25]. 525 p. Available from:
https://wildlife.ca.gov/Grants/FRGP/Guidance

[CDFG] California Department of Fish and Wildlife.
2007. American Shad. Sacramento (CA): CDFG.
[accessed 2019 Jun 25]. 62 p. Available from: https://
nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=39208

[CDFG] California Department of Fish and Wildlife.
2014. Sturgeon study-project overview. Sacramento
(CA): CDFW. [accessed 2019 Jun 25]. Available
from: http://www.dfg.ca.gov/delta/projects.
asp?ProjectID=STURGEON

16

VOLUME 18, ISSUE 3, ARTICLE 6

[CDWR] California Department of Water Resources.
2007. Through-Delta facility White Sturgeon passage
ladder study. Sacramento (CA): CDWR, Bay Delta
Office. [accessed 2019 Jun 25]. Available from:
https://doi.org/10.13140/RG.2.2.18370.73926

Cech JJ, Doroshov SI. 2004. Environmental
requirements, preferences, and tolerance limits
of North American sturgeons. In: LeBreton GTO,
Beamish FWH, McKinley RS, editors. 2004.
Sturgeons and paddlefish of North America. Fish &
Fisheries Series, Volume 27. Netherlands: Springer,
Kluwer Acad Pub. p. 73-86.

Clay CH. 1995. Design of fishways and other fish
facilities, 2nd edition. Ottawa (CAN): Department of
Fisheries of Canada. Boca Raton (FL): CRC Press, Inc.
248 p.

Close DA, Fitzpatrick MS, Li HW. 2002. The
ecological and cultural importance of a species
at risk of extinction, Pacific Lamprey. Fisheries.
[accessed 2020 Jul 16];27(7):19-25. https://doi.
0rg/10.1577/1548-8446(2002)027<0019:TEACIO>2.0
.CO;2

Cocherell DE, Kawabata A, Kratville DW,

Cocherell SA, Kaufman RC, Anderson EK, Chen
7ZQ, Bandeh H, Rotondo MM, Padilla R, et al. 2011.
Passage performance and physiological stress
response of adult White Sturgeon ascending a
laboratory fishway. J Appl Ichthyol. [accessed 2020
Jul 16];27:327-334.
https://doi.org/10.1111/].1439-0426.2010.01650.x

[CRBLTW] Columbia River Basin Lamprey Technical
Workgroup. 2004. Passage considerations for Pacific
Lamprey. Portland (OR): Columbia Basin Fish and
Wildlife Authority. 7 p.

Daigle WR, Peery DA, Lee SR, Moser ML. 2005.
Evaluation of adult Pacific Lamprey passage and
behavior in an experimental fishway at Bonneville
Dam. Portland (OR): US Army Corps of Engineers,
Portland District. Technical report 2005-1. [accessed
2019 Jun 25]. 41 p. Available from: https://usace.
contentdm.oclc.org/digital/collection/p16021coll3/
id/453/

Danley ML, Mayr SD, Young PS, Cech JJ. 2002.
Swimming performance and stress response of
Splittail exposed to a fish screen. N Am J Fish
Manag. [accessed 2019 Jun 25];22:1241-1249. https://
doi.org/10.1577/1548-8675(2002)022<1241:SPAPSR>
2.0.C0o;2


https://doi.org/10.1139/f04-094
https://doi.org/10.1242/jeb.01380
https://doi.org/10.1577/T05-262.1
https://wildlife.ca.gov/Grants/FRGP/Guidance
https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=39208
https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=39208
http://www.dfg.ca.gov/delta/projects.asp?ProjectID=STURGEON
https://doi.org/10.1577/1548-8446(2002)027<0019:TEACIO>2.0.CO;2
https://doi.org/10.1111/j.1439-0426.2010.01650.x
https://usace.contentdm.oclc.org/digital/collection/p16021coll3/id/453/
https://doi.org/10.1577/1548-8675(2002)022<1241:SPAPSR>2.0.CO;2
https://scholarworks.umass.edu/dissertations/AAI3056208/
https://www.mdt.mt.gov/research/projects/env/fish_passage.shtml
https://doi.org/10.13140/RG.2.2.18370.73926

[DVWK] Deutscher Verband fUr Wasserwirtschaft
und Kulterbau e.V. 2002. Fish passes - design,
dimensions and monitoring. United Nations Food
and Agriculture Organization with DVWK. Rome
(Italy): FAO/DVWK. [accessed 2019 Jun 25]. 119 p.
Available from: http://www.fao.org/docrep/010/
v4454e/y4454e00.htm

Federal Register (US). 2003. Endangered and
threatened wildlife and plants; notice of remanded
determination of status for the Sacramento
Splittail (Pogonichthys macrolepidotus). Final rule.
September 22, 2003. Rules and Regulations. Fed
Regist. [accessed 2019 Jun 25];68(183):55140-55166.
Available from: https://www.gpo.gov/fdsys/pkg/
FR-2003-09-22/pdf/03-23919.pdf

Federal Register (US). 2009. Endangered and
threatened wildlife and plants: final rulemaking
to designate critical habitat for the threatened
southern distinct population segment of North
American Green Sturgeon. Friday, Oct. 9, 2009.
Rules and Regulations. Fed Regist. [accessed 2019
Jun 25];74(195):52300-52351. Available from: https://
www.federalregister.gov/documents/2009/10/09/
E9-24067/endangered-and-threatened-wildlife-
and-plants-final-rulemaking-to-designate-critical-
habitat-for-the

Goodman DH, Reid SB. 2017. Climbing above
the competition: innovative approaches and
recommendations for improving Pacific Lamprey
passage at fishways. Ecol Eng. [accessed 2019 Jun
25/;107(2017)224-232.
https://doi.org/10.1016/].ecoleng.2017.07.041

Haro A, Castro-Santos T. 2012. Passage of American
Shad: paradigms and realities. Mar Coast Fish.
[accessed 2019 Jun 25];4(1):252-261.
https://doi.org/10.1080/19425120.2012.675975

Haro A, Castro-Santos T, Noreika J, Odeh M. 2004.
Swimming performance of upstream migrant fishes
in open-channel flow: a new approach to predicting
passage through velocity barriers. Can J Aquat Sci.
[accessed 2020 Jul 16];61(9):1590-1601.
https://doi.org/10.1139/f04-093

Harrell WC, Sommer TR. 2003. Patterns of adult
fish use on California’s Yolo Bypass floodplain.

In: Faber PM, editor. California riparian systems:
Processes and floodplain management, ecology, and
restoration. Proceedings of the 2001 Riparian habitat
and floodplains conference of the Riparian Habitat
Joint Venture; 12-15 Mar 2001, Sacramento.

17

SEPTEMBER 2020

Jager HI, Parsley MJ, Cech JJ, McLaughlin RL,
Forsythe PS, Elliott RF, Pracheil BM. 2016.
Reconnecting fragmented sturgeon populations in
North American rivers. Fisheries. [accessed 2019 Jun
25];41:141-148.
https://doi.org/10.1080/03632415.2015.1132705

Katopodis C. 1992. Introduction to fishway design.
Winnipeg, Manitoba (CAN): Freshwater Institute,
Central and Arctic Region, Department of Fisheries
and Oceans. Technical report. [accessed 2019
Jun 20]. 70 p. Available from: https://www.engr.
colostate.edu/~pierre/ce_old/classes/ce717/Manuals/
Fishway%20design%20Katopodis/1992%20
Katopodis%?20Introduction%?20to%20Fishway%20
Design.pdf

Katopodis C, Cai L, Johnson D. 2019. Sturgeon
survival: the role of swimming performance and
fish passage research. Fish Res. [accessed 2020 Jun
26];212:162-171.
https://doi.org/10.1016/].fishres.2018.12.027

Kapopodis C, Derksen AJ, Christenseen BL. 1991.
Assessment of two Denil fishways for passage of
freshwater species. Colt J, White RJ, editor. Am Fish
Soc Sym 10:306-324.

Katopodis C, Gervais R. 2016. Fish swimming
performance database and analyses. DFO Can Sci
Advis Sec Res Doc. 2016/002 vi + 550 p. [accessed
2020 Jun 26]. Available from: https://waves-vagues.
dfo-mpo.gc.ca/Library/362248.pdf

Katopodis C, Koon EM, Hanson L. 1994. Sea Lamprey
barriers: new concepts and research needs. May
1994 project completion report. Great Lakes Fishery
Commission workshop; 1994 Feb 11-13, Minneapolis.
Minneapolis (MI): Great Lakes Fishery Commission.
[accessed 2019 Jun 25]. 70 p. Available from: https://
www.fs.fed.us/biology/nsaec/fishxing/fplibrary/
Katopodis%20and%20others-1994.pdf

Katopodis C, Williams JG. 2012. The development of
fish passage research in a historical context. Ecol
Eng. [accessed 2020 Jun 26];48:8-18.
https://doi.org/10.1016/j.ecoleng.2011.07.004

Katopodis Ecohydraulics Ltd. 2013. Fish passage
considerations for developing small hydroelectric
sties and improving existing water control
structures in Ontario. Winnipeg (MB): Canada.
[accessed 2020 Jun 26]. 95 p. Available from:
http://www.ontarioriversalliance.ca/wp-content/
uploads/2014/08/2013-05-Fish-Passage-
Considerations-for-Small-Hydro-MNR.pdf

https://doi.org/10.15447/sfews.2020v18iss3art6


https://doi.org/10.15447/sfews.2020v18iss3art6
https://www.federalregister.gov/documents/2009/10/09/E9-24067/endangered-and-threatened-wildlife-and-plants-final-rulemaking-to-designate-critical-habitat-for-the
https://doi.org/10.1016/j.ecoleng.2017.07.041
https://doi.org/10.1080/19425120.2012.675975
https://doi.org/10.1139/f04-093
https://doi.org/10.1080/03632415.2015.1132705
https://www.engr.colostate.edu/~pierre/ce_old/classes/ce717/Manuals/Fishway%20design%20Katopodis/1992%20Katopodis%20Introduction%20to%20Fishway%20Design.pdf
https://doi.org/10.1016/j.fishres.2018.12.027
https://waves-vagues.dfo-mpo.gc.ca/Library/362248.pdf
https://www.fs.fed.us/biology/nsaec/fishxing/fplibrary/Katopodis%20and%20others-1994.pdf
https://doi.org/10.1016/j.ecoleng.2011.07.004
http://www.ontarioriversalliance.ca/wp-content/uploads/2014/08/2013-05-Fish-Passage-Considerations-for-Small-Hydro-MNR.pdf
http://www.fao.org/docrep/010/y4454e/y4454e00.htm
https://www.gpo.gov/fdsys/pkg/FR-2003-09-22/pdf/03-23919.pdf

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

Kirk MA, Caudill CC, Syms JC, Tonina D. 2017.
Context-dependent responses to turbulence for
an anguilliform swimming fish, Pacific Lamprey,

during passage of an experimental vertical-slot weir.

Ecol Eng. [accessed 2020 Jun 26];106:296-307.
https://doi.org/10.1016/].ecoleng.2017.05.046

Labbe TR, Fausch KD. 2000. Dynamics of
intermittent stream habitat regulate persistence
of a threatened fish at multiple scales. Ecol Appl.
[accessed 2020 Jul 16];10(6):1774-1791. https://doi.
0rg/10.1890/1051-0761(2000)010[1774:DOISHR]2.0.
CO;2

Laine A. 2001. Restoring salmonid stock in
boreal rivers: problems of passage at migratory
obstructions and land-derived loading in production
areas [Doctoral dissertation]. [Oulu (FIN)]: University
of Oulu. [accessed 2019 Jun 25]. 35 p. Available
from: http://jultika.oulu.fi/files/isbn951425953X.pdf

Laine A, Kamula R, Hooli J. 1998. Fish and lamprey
passage in a combined Denil and vertical slot
fishway. Fish Manag Ecol. 5(1):31-44.

Larinier M, Travade F. 2002. The design of fishways
for shad. Bull Franc Péche Piscic. [accessed 2019 Jun
25];364(Supplement):135-146. Available from: http://
www.kmae-journal.org/articles/kmae/pdf/2002/04/
kmae2002364s135.pdf

LeBreton GTO, Beamish FWH, McKinley RS. 2004.
Sturgeons and paddlefish of North America. Fish &
Fisheries Series, Volume 27. Netherlands: Springer,
Kluwer Acad Pub. p. 1-323.

Lochet A, Boutry S, Rochard E. 2009. Estuarine phase
during seaward migration for Allis Shad Alosa alosa
and Twaite Shad Alosa fallax future spawners. Ecol
Freshw Fish. 18(2):323-335.
https://doi.org/10.1111/j.1600-0633.2008.00350..x

Marriner BA, Baki ABM, Zhu DZ, Cooke SJ,

Katopodis C. 2016. The hydraulics of a vertical slot
fishway: a case study on the multi-species Vianney-
Legendre fishway in Quebec, Canada. Ecol Eng.
[accessed 2020 Jun 26];90:190-202.
https://doi.org/10.1016/].ecoleng.2016.01.032

McCabe GT Jr, Tracy CA. 1994. Spawning and
early life history of White Sturgeon, Acipenser
transmontanus, in the lower Columbia River. NMFS
Fish Bull. [accessed 2019 Jun 25];92:760-772.
Available from: https://spo.nmfs.noaa.qov/sites/
default/files/pdf-content/1994/924/mccabe.pdf

18

VOLUME 18, ISSUE 3, ARTICLE 6

Meng L, Moyle PB. 1995. Status of Splittail in the
Sacramento-San Joaquin Estuary. Trans Am Fish
Soc. [accessed 2019 Jun 25];124(4):538-549. https://
doi.org/10.1577/1548-8659(1995)124<0538:SOSITS>2
.3.C0;2

Mesa MG, Bayer JM, Seelye JG. 2003. Swimming
performance and physiological responses
to exhaustive exercise in radio-tagged and
untagged Pacific Lamprey. Trans Am Fish Soc.
[accessed 2019 Jun 25];132(3):483-492. https://doi.
0rg/10.1577/1548-8659(2003)132<0483:SPAPRT>2.0
.CO;2

Milligan CL, Hooke GB, Johnson C. 2000. Sustained
swimming at low velocity following a bout of
exhaustive exercise enhances metabolic recovery
in Rainbow Trout. J Exp Biol. [accessed 2019 Jun
25];203:921-926. Available from: http://jeb.biologists.
org/content/jexbio/203/5/921.full.pdf

Milligan CL, Wood CM. 1986. Tissue intracellular acid-
base status and the fate of lactate after exhaustive
exercise in Rainbow Trout. J Exp Biol. [accessed
2019 Jun 25];123:123-144. Available from: http://jeb.
biologists.org/content/jexbio/123/1/123.full.pdf

Monk B, Weaver D, Thompson C, Ossiander F. 1989.
Effects of flow and weir design on the passage
behavior of American Shad and salmonids in an
experimental fish ladder. N Am J Fish Manag.
[accessed 2019 Jun 25];9(1):60-67. https://doi.
0rg/10.1577/1548-8675(1989)009<0060:EOFAWD>2.
3.C0O;2

Moser ML, Corbett SC, Keefer ML, Frick KE,
LopezJohnston S, Caudill CC. 2019. Novel fishway
entrance modifications for Pacific Lamprey.

J Ecohydraulics. [accessed 2020 Jul 16].
https://doi.org/10.1080/24705357.2019.1604090

Moser ML, Mesa MG. 2009. Passage considerations
for anadromous lampreys. In: Brown LR, Chase C,
Mesa M, Beamish R, Moyle P, editors. Biology,
management, and conservation of Lamprey in North
America. American Fisheries Society Symposium 72;
04-08 May 2008, Portland. p. 115-124.


http://www.kmae-journal.org/articles/kmae/pdf/2002/04/kmae2002364s135.pdf
https://doi.org/10.1111/j.1600-0633.2008.00350.x
https://doi.org/10.1016/j.ecoleng.2016.01.032
https://spo.nmfs.noaa.gov/sites/default/files/pdf-content/1994/924/mccabe.pdf
https://doi.org/10.1577/1548-8659(1995)124<0538:SOSITS>2.3.CO;2
https://doi.org/10.1577/1548-8659(2003)132<0483:SPAPRT>2.0.CO;2
http://jeb.biologists.org/content/jexbio/203/5/921.full.pdf
http://jeb.biologists.org/content/jexbio/123/1/123.full.pdf
https://doi.org/10.1577/1548-8675(1989)009<0060:EOFAWD>2.3.CO;2
https://doi.org/10.1080/24705357.2019.1604090
https://doi.org/10.1890/1051-0761(2000)010[1774:DOISHR]2.0.CO;2
http://jultika.oulu.fi/files/isbn951425953X.pdf
https://doi.org/10.1016/j.ecoleng.2017.05.046

Moser ML, Ogden DA, Peery CA. 2005. Migration
behavior of adult Pacific Lamprey in the lower
Columbia River and evaluation of Bonneville Dam
modifications to improve passage, 2002. US Army
Corps of Engineers, Portland District. Contract
E96950021, June 2005. [accessed 2019 Jun 25].

65 p. Available from: https://www.nwfsc.noaa.gov/
assets/26/332_07212010_102910_Moser.et.al.2005a-
rev.pdf

Moyle PB. 2002. Inland fishes of California. Davis
(CA): University of California Press. 502 p.

Moyle PB, Baxter RD, Sommer TR, Foin TC, Matern
SA. 2004. Biology and population dynamics of
Sacramento Splittail, Pogonichthys macrolepidotus,
in the San Francisco Estuary: a review. San Franc
Estuary Watershed Sci. [accessed 2020 Jul 16];2(2).
https://doi.org/10.15447/sfews.2004v2iss2art3

Moyle PB, Brown LR, Chase SD, Quinones RM. 2009.
Status and conservation of lamprey in California.
In: Biology and Conservation of Lamprey in North
America. Proceeding of the 72nd symposium of
the American Fisheries Society; 2007 Sept 6; San
Francisco. [City? (State?)]: Publisher?. p. 279-292.

Moyle PB, Yoshiyama RM, Williams JE,
Wikramanayake ED. 1995. Fish species of special

concern in California, 2nd ed. Rancho Cordova (CA):

California Department of Fish and Game, Inland
Fisheries Division. [accessed 2019 Jun 25]. p. 1-272.
Available from: https://nrm.dfg.ca.gov/FileHandler.
ashx?DocumentID=83919

Myrick CA, Cech JJ. 2000. Swimming performances

of four California stream fishes: temperature effects.

Environ Biol Fish. [accessed 2020 Jul 20];58(3):289-

295. https://doi.org/10.1023/A:1007649931414
[NMFS] National Marine Fisheries Service. 2008.

Anadromous salmonid passage facility design.

Portland (OR): NMFS, Northwest Region.

[accessed 2020 Sept 23]. Available from:

https://repository.library.noaa.gov/view/noaa/4045
Parsley MJ, Beckman LG, McCabe GT Jr. 1993.

Spawning and rearing habitat use by White

Sturgeon in the Columbia River downstream

from McNary Dam. Trans Am Fish Soc.

[accessed 2020 Jul 20];122:217-227. https://doi.

0rg/10.1577/1548-8659(1993)122<0217:SARHUB>2.3

.CO;2

19

SEPTEMBER 2020

Peake S, Beamish FWH, McKinley RS, Scruton DA,
Katopodis C. 1997. Relating swimming performance
of Lake Sturgeon, Acipenser fulvescens, to fishway
design. Can J Fish Aquat Sci. [accessed 2020 Jul
20];54(6):1361-1366. https://doi.org/10.1139/f97-039

Perrin CJ, Rempel L, Rosenau M. 2003. White
Sturgeon spawning habitat in an unregulated
river: Fraser River, Canada. Trans Am Fish Soc.
[accessed 2019 Jun 25];132(1):154-165. https://doi.
0rg/10.1577/1548-8659(2003)132<0154:WSSHIA>2.0
.CO;2

Petersen JH, Hinrichsen RA, Gadomski DM, Feil DH,
Rondorf DW. 2003. American Shad in the Columbia
River. In: Limburg KE, Waldman JR, editors.
Biodiversity, status, and conservation of the world’s
shads. Am Fish Soc Symp 35. Bethesda (MD):
American Fisheries Society. p. 141-155.

Quaranta E, Katopodis C, Comoglio C. 2019. Effects of
bed slope on the flow field of vertical slot fishways.
River Res Applic. [accessed 2020 Jun 26]. 13 p.
https://doi.org/10.1002/rra.3428

Quinn TP, Adams DJ. 1996. Environmental changes
affecting the migratory timing of American Shad
and Sockeye Salmon. Ecology. [accessed 2020 Jul
20];77(4):1151-1162. https://doi.org/10.2307/2265584

Rochard E, Castelnaud G, Lepage M. 1990. Sturgeons
(Pisces: Acipenseridae); threats and prospects. J Fish
Biol. [accessed 2019 Jun 25];37:123-132.
https://doi.org/10.1111/j.1095-8649.1990.tb05028.x

Service R. 2007. Delta blues, California style. Science.
[accessed 2020 Jul 20];317(5837):442-445.
https://doi.org/10.1126/science.317.5837.442

Sheer MB, Steel EA. 2006. Lost watersheds: barriers,
aquatic habitat connectivity, and salmon persistence
in the Willamette and lower Columbia River
basins. Trans Am Fish Soc. [accessed 2020 Jul
20];135(6):1654-1669.
https://doi.org/10.1577/T05-221.1

Silva AT, Katopodis C, Santos JM, Ferreira MT,
Pinheiro AN. 2012. Cyprinid swimming behavior in
response to turbulent flow. Ecol Eng. [accessed 2020
Jul 20];44:314-328.
https://doi.org/10.1016/].ecoleng.2012.04.015

Slatick E, Basham LR. 1985. The effect of Denil
fishway length on passage of some non-salmonid
fishes. Mar Fish Rev. [accessed 2019 Jun
25];47(1):83-85. Available from:
https://spo.nmfs.noaa.gov/content/effect-denil-
fishway-length-passage-some-nonsalmonid-fishes

https://doi.org/10.15447/sfews.2020v18iss3art6


https://doi.org/10.15447/sfews.2020v18iss3art6
https://doi.org/10.1577/1548-8659(1993)122<0217:SARHUB>2.3.CO;2
https://doi.org/10.1002/rra.3428
https://doi.org/10.1577/1548-8659(2003)132<0154:WSSHIA>2.0.CO;2
https://doi.org/10.2307/2265584
https://repository.library.noaa.gov/view/noaa/4045
https://doi.org/10.1126/science.317.5837.442
https://doi.org/10.1577/T05-221.1
https://doi.org/10.1016/j.ecoleng.2012.04.015
https://spo.nmfs.noaa.gov/content/effect-denil-fishway-length-passage-some-nonsalmonid-fishes
https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=83919
https://www.nwfsc.noaa.gov/assets/26/332_07212010_102910_Moser.et.al.2005a-rev.pdf
https://doi.org/10.15447/sfews.2004v2iss2art3
https://doi.org/10.1023/A:1007649931414
https://doi.org/10.1139/f97-039
https://doi.org/10.1111/j.1095-8649.1990.tb05028.x

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

Sommer T, Baxter R, Feyrer F. 2007. Splittail revisited:
how recent population trends and restoration
activities led to the “delisting” of this native
minnow. In Brouder MJ, Scheuer JA, editors. Status,
distribution, and conservation of freshwater fishes
of western North America. Am Fish Soc Symp 53.
Bethesda (MD): American Fisheries Society. p 25-38.

Sommer TR, Conrad L, O’Leary G, Feyrer F, Harrell
WC. 2002. Spawning and rearing of Splittail
in a model floodplain wetland. Trans Am Fish
Soc. [accessed 2019 Jun 25];131(5):966-974.
Available from: https://doi.org/10.1577/1548-
8659(2002)131%3C0966:SAR0OSI%3E2.0.

CO;2

Sommer TR, Harrell WC, Feyrer F. 2014. Large-bodied
fish migration and residency in a floodplain of the
Sacramento River, California, USA. Ecol Freshw
Fish. [accessed 2020 Jul 20];23(3):414-423.
https://doi.org/10.1111/eff.12095

Sommer TR, Harrell WC, Matica Z, Feyrer F. 2008.
Habitat associations and behavior of adult and
juvenile Splittail (Cyprinidae: Pogonichthys
macrolepidotus) in a managed seasonal floodplain
wetland. San Franc Estuary Watershed Sci. [accessed
2020 Jul 20];6(2):3.
https://doi.org/10.15447/sfews.2008v6iss2art3

Thiem JD, Binder TR, Dawson JW, Dumont P, Hatin D,
Katopodis C, Zhu DZ, Cooke SJ. 2011. Behavior and
passage success of upriver-migrating Lake Sturgeon,
Acipenser fulvescens, in a vertical slot fishway
on the Richelieu River, Quebec, Canada. Endanger
Species Res. [accessed 2020 Jul 20];15(1):1-11.
https://doi.org/10.3354/esr00360

[UCWSRT] Upper Columbia White Sturgeon Recovery
Team. 2002. Upper Columbia White Sturgeon
recovery plan. Vancouver (BC): Report to Upper
Columbia White Sturgeon Recovery Initiative,
Government of BC. November 28, 2002. [accessed
2019 Jun 25]. 90 p. Available from: http://a100.
gov.be.ca/appsdata/acat/documents/r41308/White_
Sturgeon_Recovery_1390843972966_0840969431.pdf

[USFWS] US Fish and Wildlife Service. 1995. Working
paper on restoration needs: habitat restoration
actions to double natural production of anadromous
fish in the Central Valley of California. Anadromous
Fish Restoration Program Working Paper (AFRP) on
Restoration Needs. Vol. 2. May 9, 1995. Sacramento
(CA): USFWS. [accessed 2019 Jun 25]. 293 p.
Available from: http://www.waterboards.ca.gov/
waterrights/water_issues/programs/bay_delta/wq_
control_plans/1995wqcp/exhibits/doi/doi-exh-16d.pdf

20

VOLUME 18, ISSUE 3, ARTICLE 6

[USFWS] US Fish and Wildlife Service. 2010. Best
management practices to minimize adverse effects to
Pacific Lamprey (Entosphenus tridentatus). Portland
(OR): USFWS, Region 1. 25 p.

[USFWS] US Fish and Wildlife Service. 2014. Strategic
conservation management in Oregon’s Willamette
Valley; Surrogate Species Pilot 1.0 Review Copy.
Portland (OR): USFWS Region 1. [accessed 2019
Jun 25]. 48 p. Available from: https://www.fws.qov/
oregonfwo/documents/SurrogateSpeciesPilot1.0.pdf

[USFWS] US Fish and Wildlife Service. 2017. Fish
Passage Engineering Design Criteria. Hadley (MA):
USFWS Northeast Region R5. [accessed 2020
Jul 1]. 224 p. Available from: https://www.fws.gov/
northeast/fisheries/pdf/USFWS_R5_2017_Fish_
Passage_Engineering_Design_Criteria.pdf

Warren JJ, Beckman LG. 1993. Fishway use by White
Sturgeon to bypass mainstem Columbia River dams.
Seattle (WA): USFWS. Sea Grant Extension Project,
Columbia River Series WSG-AG 93-02. 13 p.

Weaver CR. 1965. Observations of the swimming ability
of adult American Shad (Alosa sapidissima). Trans
Am Fish Soc. [accessed 2019 Jun 25];94(4):382-385.
https://doi.org/10.1577/1548-8659(1965)94[382:00TS
A0]2.0.C0;2

Webb PW. 1975. Hydrodynamics and energetics of
fish propulsion. Bull Fish Res Board Can 190. 159 p.
[accessed 2020 Sep 16]. Available from:
https://waves-vagues.dfo-mpo.gc.ca/Library/1486.pdf

Webber JD, Chun SN, MacColl TR, Mirise LT,
Kawabata A, Anderson EK, Cheong TS, Kavvas L,
McRotondo MG, Hochgraf KL, et al. 2007. Upstream
swimming performance of adult White Sturgeon:
effects of partial baffles and a ramp. Trans Am Fish
Soc. [accessed 2019 Jun 25];136(2):402-408.
https://doi.org/10.1577/T06-064.1

White RG, Mefford B. 2002. Assessment of behavior
and swimming ability of Yellowstone River sturgeon
for design of fish passage devices. [accessed 2019
Jun 25]. 40 p. Available from: https://www.usbr.gov/
gp/mtao/loweryellowstone/assessment_of _behavior.pdf

Wildman L, Parasiewicz P, Katopodis C, and
Dumont U. 2005. An illustrative handbook on
nature-like fishways. [accessed 2019 Jun 25]. p.1-21.
Available from: https://elibrary.ferc.gov/IDMWS/
common/OpenNat.asp?fileID=11849161


http://a100.gov.bc.ca/appsdata/acat/documents/r41308/White_Sturgeon_Recovery_1390843972966_0840969431.pdf
http://www.waterboards.ca.gov/waterrights/water_issues/programs/bay_delta/wq_control_plans/1995wqcp/exhibits/doi/doi-exh-16d.pdf
https://www.fws.gov/oregonfwo/documents/SurrogateSpeciesPilot1.0.pdf
https://doi.org/10.1577/1548-8659(1965)94[382:OOTSAO]2.0.CO;2
https://doi.org/10.1577/T06-064.1
https://www.usbr.gov/gp/mtao/loweryellowstone/assessment_of_behavior.pdf
https://elibrary.ferc.gov/IDMWS/common/OpenNat.asp?fileID=11849161
https://doi.org/10.15447/sfews.2008v6iss2art3
https://doi.org/10.3354/esr00360
https://www.fws.gov/northeast/fisheries/pdf/USFWS_R5_2017_Fish_Passage_Engineering_Design_Criteria.pdf
https://waves-vagues.dfo-mpo.gc.ca/Library/1486.pdf
https://doi.org/10.1577/1548-8659(2002)131%3C0966:SAROSI%3E2.0.CO;2
https://doi.org/10.1111/eff.12095

Wolter C, Arlinghaus R. 2003. Navigation impacts on
freshwater fish assemblages: the ecological relevance
of swimming performance. Rev Fish Biol Fish.
[accessed 2020 Jul 20];13(1):63-809.
https://doi.org/10.1023/A:1026350223459

Young PS, Cech JJ. 1996. Environmental tolerances
and requirements of Splittail. Trans Am Fish Soc.
[accessed 2019 Jun 25];125:664-678. https://doi.
0rg/10.1577/1548-8659(1996)125<0664:ETAR0S>2.3
.CO;2

Workman ML. 2001. Lower Mokelumne River upstream
fish monitoring conducted at Woodbridge Irrigation
District Dam August 2000 through July 2001.
Unpublished EBMUD report. Lodi (CA): East Bay
Municipal Utility District. 18 p + appendix.

Zobott H, Caudill CC, Keefer ML, Budwig R, Frick K,
Moser M, Corbett S. 2015. Design guidelines for
Pacific Lamprey passage structures. Technical report
2015-5. Portland (OR): US Army Corps of Engineers.
[accessed 2020 Jul 1]. 54 p. Available from: https://
www.uidaho.edu/~/media/Uldaho-Responsive/Files/
cnr/FERL/technical-reports/2015/2015-5-LPS-Design.
ashx

NOTES

Manuel M. 2013. Email communication to Zoltan
Matica regarding fieldwork sampling of sturgeon in
the Sacramento River.

Seesholtz A. 2012. In-person conversation with Zoltan
Matica on staff observations on the Yuba River.

ADDITIONAL RESOURCES

British Columbia forest practices code stream
crossing guidebook for fish streams. Available
from: https://www2.gov.bc.ca/assets/gov/farming-
natural-resources-and-industry/natural-resource-use/
resource-roads/fish-stream_crossing_web.pdf

California Department of Fish and Wildlife. Home
page. Available from: https://www.wildlife.ca.gov/

Design guidelines for Pacific Lamprey passage
structures. Tech. Rep. 2015-5. Prepared for the US
Army Corps of Engineers. 49 p. Available from:
https://www.uidaho.edu/~/media/Uldaho-Responsive/
Files/cnr/FERL/technical-reports/2015/2015-5-LPS-
Design.ashx

21

SEPTEMBER 2020

FishXing software and learning systems for the
analysis of fish migration through culverts.
Available from: https://pdfs.semanticscholar.org/18e8/
b84a8a2b424fc0164a185bdac181ba80be88.pdf

National Marine Fisheries Service Southwest Region.
Available from: https://www.st.nmfs.noaa.qgov/
science-centers/southwest-region/

NOAA Fisheries design guidelines for nature-like
fish passage. Available from: https://www.fws.
gov/northeast/fisheries/pdf/NMFS_2016_Federal_
Interagency_NLF_Passage_Design_Guidelines.pdf

Oregon road/stream crossing restoration guide, with
ODFW criteria. Spring 1999. Available from: https://
digital.osl.state.or.us/islandora/object/osl:104568

SPOT Swim performance online tools. Available from:
http://www.fishprotectiontools.ca/

Sturgeon biodiversity and conservation. 1997.

Birstein VJ, Waldman J, Bemis W, editors. Available
from: http://awsassets.panda.org/downloads/2_2007_
sturgeon_biodiversity_and_cons_birstein_at__al__
usa.pdf

USDA Forest Service water-road interaction technology
series documents. Available from: https://www.fs.fed.
us/biology/nsaec/assets/writs-intro.pdf

USFWS fisheries program. Available from: http://wiwiw.
fws.gov/midwest/fisheries/fish-passage-program.html

Washington Department of Fish and Wildlife fish
passage technical assistance. Available from: https://
wdfw.wa.gov/species-habitats/habitat-recovery/
fish-passage/about

https://doi.org/10.15447/sfews.2020v18iss3art6


https://doi.org/10.15447/sfews.2020v18iss3art6
https://www.fws.gov/northeast/fisheries/pdf/NMFS_2016_Federal_Interagency_NLF_Passage_Design_Guidelines.pdf
https://digital.osl.state.or.us/islandora/object/osl:104568
http://www.fishprotectiontools.ca/
http://awsassets.panda.org/downloads/2_2007_sturgeon_biodiversity_and_cons_birstein_at__al__usa.pdf
https://www.fs.fed.us/biology/nsaec/assets/writs-intro.pdf
http://www.fws.gov/midwest/fisheries/fish-passage-program.html
https://wdfw.wa.gov/species-habitats/habitat-recovery/fish-passage/about
https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-industry/natural-resource-use/resource-roads/fish-stream_crossing_web.pdf
https://www.wildlife.ca.gov/
https://www.uidaho.edu/~/media/UIdaho-Responsive/Files/cnr/FERL/technical-reports/2015/2015-5-LPS-Design.ashx
https://pdfs.semanticscholar.org/18e8/b84a8a2b424fc0164a185bdac181ba80be88.pdf
https://www.st.nmfs.noaa.gov/science-centers/southwest-region/
https://doi.org/10.1023/A:1026350223459
https://doi.org/10.1577/1548-8659(1996)125<0664:ETAROS>2.3.CO;2
https://www.uidaho.edu/~/media/UIdaho-Responsive/Files/cnr/FERL/technical-reports/2015/2015-5-LPS-Design.ashx



