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Executive Summary

Declines in abundance of Pacific Lamprey (Entosphenus tridentatus) and low passage
rates at lower Columbia River dams have prompted a series of modifications to fishway
structures and operations. In 2018, our adult lamprey research and monitoring project
addressed two recent structural and operational modifications at lower Columbia River dams:
(1) experimental reductions in nighttime fishway velocity at Bonneville and The Dalles dams;
and (2) construction of a new Lamprey Passage Structure (LPS) inside the Washington-shore
fishway at Bonneville Dam.

Adult lamprey sample summary

In 2018, 595 adult Pacific Lampreys were collected and double-tagged with a radio
transmitter and HD-PIT tag and another 578 lampreys were tagged with only HD-PIT tags at
the adult fish facility (AFF) at Bonneville Dam and released downstream. Movements of
radio-tagged lampreys were monitored with fixed-site aerial and underwater antennas
attached to radio receivers deployed in the tailraces and at the four lower Columbia River
dams. HD-PIT and dual-PIT (PTAGIS) antennas in dam fishways, lamprey passage systems
(LPSs), and in some tributaries were used to monitor movements of the HD-PIT tagged
sample and augment movement histories of radio-tagged lampreys. Lamprey behaviors and
passage metrics from 2018 were compared to those from previous studies.

Fishway entrance velocity reductions at Bonneville and The Dalles dams

Fishway head was experimentally manipulated at night to reduce water velocity at the
Bonneville A- and B-branch fishway openings (i.e., the fishway entrances) and at The Dalles
east fishway openings. Radio-tagged lampreys that approached fishways were significantly
more likely to enter the three fishways during the reduced velocity treatment than during the
‘normal’ treatment. Lamprey entrance times were also faster during the reduced treatment.
In proportional hazards regression models, the instantaneous likelihood of fishway entry by
lampreys was higher during the reduced treatment by ~2.1 times at the Bonneville A-branch
fishway, by ~2.8-3.3 times at the Bonneville B-branch fishway, and by ~2.2-2.3 times at The
Dalles east fishway. While the reduced velocity conditions increased both the proportion of
lampreys that entered fishways and the rate at which they entered, the reduced treatment did
not substantively affect lamprey passage success after they entered a fishway because many
fish turned around upstream from the head control points. Fishway passage success (the
number of lamprey entrance events that resulted in dam passage) did not statistically differ by
velocity treatment at the time of fishway entry at either dam.

Lamprey behavior near the UMTJ-LPS at Bonneville Dam

A dual-ramp lamprey passage structure (LPS) was recently installed in the Washington-
shore fishway at Bonneville Dam near the upstream migrant tunnel junction (UMTJ) with the
overflow-weir section of the fish ladder. Behaviors of radio-tagged and PIT tagged lampreys
near the UMTIJ-LPS indicated that 4% of radio-tagged and 6% of PIT-tagged lampreys passed
the dam via the UMTJ-LPS. PIT-only fish were more likely to pass the dam via the combined
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UMT]J and auxiliary water supply (AWS) LPSs, whereas radio-tagged lamprey were more
likely to pass via the serpentine weir section of the fishway. Route passage was 9.4% UMTIJ-
LPS, 46.5 % AWS-LPS, and 44.0% ladder for PIT-tagged lampreys and was 6.5%, 32.3 %,
and 61.3%, respectively, for radio-tagged lampreys. In the radio-tagged group, fish with
shorter dorsal distance were more likely to use the UMTIJ-LPS.

Lamprey behavior near count stations and serpentine weirs at Bonneville Dam

Serpentine weir sections of the fish ladders presented significant challenges to lamprey
passage in 2018. Movements of radio-tagged lampreys near the count windows, serpentine
weirs, and AWS channels of the Washington (WA)-shore and Bradford Island (BI) fishways
at Bonneville Dam indicated that 35-38% of fish that reached these areas did not pass the
dam, consistent with findings from previous years. Among non-passing lampreys 64% (WA-
shore) and 80% (BI) had their highest ascensions (and turnaround points) in the serpentine
weirs.

Fishway approach and entry rates

On average, lampreys approached Bonneville fishway openings 15.6 times per fish,
entered fishways 2.3 times per fish among entrants, and of those that exited fishways into the
tailrace 2.4 times per fish (1.8 times per fish among unique fishway entrants). At Bonneville
Dam, the largest numbers of fishway approaches, entries, and exits were at Powerhouse 2
(PH2). Means at The Dalles Dam were 3.1 approaches, 1.6 entries among entrants, and 1.8
exits per fish among fish that exited (0.9 exits per fish among unique fishway entrants). Most
approaches and entries at The Dalles occurred at the West powerhouse and East fishway
openings, respectively. At John Day Dam lamprey approached 1.6 times, entered 1.8 times
and exited 2.1 times per fish on average. Means at McNary Dam were 1.5 approaches, 1.2
entries, and 1.2 exits per fish.

Fishway and dam passage efficiency and effectiveness estimates

Dam passage efficiency (the number of tagged lampreys that passed the dam divided by
the number that approached a fishway) were 43-44% (n = 517-532 approached) at Bonneville
Dam (first number excludes 15 recaptured fish). Dam passage efficiency was ~72% (n = 152)
at The Dalles Dam, 69% (n = 68) at John Day Dam, and 87% (n = 23) at McNary Dam.
Fishway passage efficiencies (the number of tagged lampreys that passed a dam divided by
the number that entered a fishway) were 50-52% at Bonneville Dam (n = 442-457 entered),
77% (n = 142) at The Dalles Dam, 76% (n = 62) at John Day Dam and 87% (n =23) at
McNary Dam.

Fishway entrance efficiencies (the number of tagged lampreys recorded entering a fishway
divided by the number recorded approaching the same site) at Bonneville Dam were highest
at the Cascades Island (CI) spillway entrance (~81%) and were lowest at PH2 north entrances
(~31%). Entrance efficiencies at The Dalles Dam were highest at the north entrance (99%)
and lowest at the west powerhouse entrance (46%). Entrance efficiencies at John Day Dam
ranged from 78% at the north entrance to 50% at the south-shore entrance. At McNary Dam
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site-specific fishway entrance efficiencies ranged from 100% at the north and south entrances
to 67% at the north powerhouse entrance.

Fishway and dam passage times

Median dam passage times (i.e., the interval between first tailrace record and last
detection at the ladder top) were 6.7 d at Bonneville, 3.3 d at The Dalles, 2.0 d at John Day,
and 0.9 d at McNary dams. Median times from first fishway entrance to exit from the top of a
ladder were 2.9 d at Bonneville, 1.1 d at The Dalles, 1.0 d at John Day, and 0.4 d at McNary
dams. Many lampreys passed quickly through collection channels, transition pools, and
ladders, but some took several days or weeks to pass.

Lamprey fallback

Fallback percentages (number of unique lamprey that fell back at a dam divided by the
unique number that passed a dam) were ~2% at Bonneville Dam, 5% at The Dalles Dam, and
13% at John Day Dam. No tagged fish were detected falling back at McNary Dam. Two of
four lamprey reascended fishways after falling back at Bonneville, one of five did so at The
Dalles Dam, and four of six reascended after falling back at John Day Dam.
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Introduction

Populations of Pacific Lamprey (Entosphenus tridentatus) have declined throughout much of
their native range (Close et al. 2002; Moser and Close 2003; Luzier et al. 2011; Clemens et al.
2017). Dam passage can be difficult for adult migrants and upstream passage failure is believed
to have contributed to population declines (e.g., Beamish and Northcote 1989; USFWS 2004;
Mesa et al. 2009). In the Columbia River basin, a multi-year series of radiotelemetry and PIT-
tag studies have described lamprey passage behavior, passage efficiency, and passage
bottlenecks at dams (Moser et al. 2002a, 2002b, 2005; Boggs et al. 2009; Johnson et al. 2009;
Keefer et al. 2009a, 2009b, 2011, 2012, 2013a, 2013b, 2014; Clabough et al. 2015). These and
other studies have identified many locations where lamprey have difficulty passing Columbia
River dams, including fishway entrances, transition pools, count stations, and serpentine weirs.
A variety of steps have been taken to improve lamprey passage, these include development of
lamprey-specific passage structures (LPS, Moser et al. 2006, 2011), physical modifications to
fishway entrances and fishway floors (Clabough et al. 2010a; Keefer et al. 2010; USACE 2014),
and reduction of fishway water velocities (Boggs et al. 2010; Johnson et al. 2010, 2012).

In 2018, our adult lamprey research and monitoring project addressed two recent structural
and operational modifications at lower Columbia River dams: (1) experimental reductions in
nighttime fishway velocity at Bonneville and The Dalles dams; and (2) construction of a new
LPS (UMTIJ-LPS) inside the Washington-shore fishway at Bonneville Dam. These
modifications were implemented as part of the Pacific Lamprey Passage Plan 2008-2018
(USACE 2014) and were designed to provide easier passage routes for adult Pacific Lamprey via
improvements to existing entrances (reduced water velocities) and by providing separate lamprey
passage routes.

A series of radiotelemetry and experimental fishway studies have shown that adult lampreys
have difficulty entering fishway openings (Moser et al. 2002a; Keefer et al. 2010, 2013b). High
water velocities at the entrances designed to attract adult Pacific salmonids (Oncorhynchus spp)
appear to restrict adult lamprey entry (Moser et al. 2002b; 2005; Daigle et al. 2005). Fishway
entrances often have water velocities that exceed 2.0 mesec™!, which are considerably higher than
the estimated critical adult lamprey swimming speed of 0.8 mesec™ (Mesa et al. 2003), and are
higher than velocities found to impede lamprey passage in experimental studies (> 1.2 mesec™!,
Keefer et al. 2008). In response, entrance velocity was experimentally reduced at night at
Bonneville Dam Powerhouse 2 entrances in 2007, 2008, and 2009. Johnson et al. (2012)
reported that lamprey entrance efficiency was significantly higher in the reduced-velocity
treatment (26-29%) than in the control (13-20%) or standby (5-9%) treatment. Subsequently,
reduced nighttime head (velocity) was incorporated into the fish passage plan for Powerhouse 2.
Similar experimental reductions in nighttime velocities were conducted at Bonneville’s Bradford
Island fishways (Powerhouse 1 and B-branch entrances) and at The Dalles east fishway in 2018.

Construction and installation of LPS systems to provide a bypass route has been a core
component of fishway improvements for Pacific Lamprey. In the winter of 2016-2017, U.S.
Army Corps of Engineers (USACE) installed a new LPS in the Washington (WA)-shore fishway
at Bonneville Dam. The LPS was built with two ramps extending into the WA-shore fishway
downstream from the adult count station and upstream from the upstream migrant tunnel (UMT)



junction with the main WA-shore fishway. The new structure, named the UMTIJ-LPS, connects
to an existing LPS in the adjacent auxiliary water supply channel (AWS). The combined system
allows adult lamprey to bypass the adult count station and the serpentine weir section of the WA-
shore fishway. At Bonneville Dam, the serpentine weir sections of the fishways have been
identified as particularly challenging areas for adult lamprey passage. In recent studies,
approximately one-fifth to nearly one-third of radio-tagged lampreys that were detected reaching
the serpentine weirs failed to pass (Keefer et al. 2013b, 2014; Clabough et al. 2015).
Additionally, improved passage would likely reduce poorly understood milling behavior near the
adult count stations and serpentine weirs that contributes to enumeration uncertainty in these
locations (Clabough et al. 2012).

We used radiotelemetry and HD-PIT telemetry to adress several complimentary objectives in
2018. In this report, we present results on: (1) the fishway velocity experiments at Bonneville
and The Dalles dams; (2) lamprey use of the new UMTJ-LPS at Bonneville Dam; (3) lamprey
behavior near the count windows, serpentine weirs and AWS channels at Bonneville Dam, and
(4) lamprey dam passage and fishway use metrics at the four lower Columbia River dams.
Results were compared to previous fishway use and dam passage studies (e.g., Keefer et al.
2012; Clabough et al. 2015). System-wide summaries of lamprey behaviors, escapement, and
distribution are reported separately (see Keefer et al. 2019). Results from experimental flume
studies and a pilot accelerometer tag evaluation will also be provided in a separate report (see
Hanchett and Caudill 2019).



1. Lamprey Collection, Tagging, and Monitoring
Tagging and monitoring

Adult lamprey used in this study were collected at Bonneville Dam (Columbia River
kilometer [rkm] 235). Fish were collected in two traps located at the Washington shore fishway:
(1) the trap near the Adult Fish Facility (AFF) and (2) the Lamprey Flume System (LFS). The
AFF trap was installed in May 2018 and consists of a climbing ramp leading to terminal trap box
on the upper fishway deck (Figure 1). The ramp gained ~6.1 m (~20 ft) in total elevation from
the fishway floor and was ~5.8 m (~19 ft) long, with a slope of ~55 degrees. The LFS is located
outside of the north downstream entrance (NDE) of the Washington-shore fishway and served as
an entrance modification to provide a lamprey-specific entrance and passage route from the
tailrace. The LFS is comprised of two large lamprey-specific entrances, one along the bottom of
the fishway floor and another higher up in the water column, neither of which can be entered by
adult salmonids. Lamprey then ascend an LPS to a trap at the tailrace deck of the dam.

In 2018, a total of 1,499 lamprey were tagged at Bonneville Dam for four study groups. The
first group included 599 tagged with radio transmitters (RT) and half-duplex passive integrated
transponder (HD-PIT) tags in which 595 were released downstream from Bonneville Dam near
Hamilton Island (n = 305; rkm 232.5) and near Tanner Creek (n = 290; rkm 232.0). Three radio-
tagged lamprey died before release (0.2% of the tagged samples) and were censored from all
analyses. One radio-tagged fish was accidentally released at the Stevenson boat ramp and was
also excluded from all analyses. The second group had 578 (n=265 Tanner Creek, n=313
Hamilton Island) that were tagged with HD-PIT tags only and were released downstream from
the dam for general migration evaluations. The third group had 309 lampreys that were PIT
tagged, used in experimental flume studies, and released upstream from Bonneville Dam at
Stevenson boat launch (rkm 242.7). The fourth group was a pilot accelerometer tag evaluation
that included 13 fish that were released from the AFF back into the Washington-shore fishway.
Results from the experiments and pilot study were reported separately (see Hanchett and Caudill
2019). The PIT-tagged lamprey were randomly sampled from collected lamprey. However, we
note that it was unknown whether lamprey collected inside Bonneville fishways were
representative of the run at large.

All lamprey were anesthetized in ~60 ppm (3 mLx50 L-1) of AQUI-S 20E (AquaTactics,
Kirkland, WA), measured for length (mm), distance between dorsal fins (mm), weight (g), and
girth (mm), and evaluated for muscle lipid content (% fat) with a non-invasive Distell fish fat
meter (Distell Inc., West Lothian, Scotland). While under anesthesia, lamprey were placed
ventral side up in a wetted, 12-cm diameter polyvinyl chloride (PVC) cradle with a T-end. A
portion of the pipe was cut away to allow access to the ventral surface of the animal for surgery.
The PVC cradle and surgery tank were disinfected prior to use each day (15 min submersion in
chlorinated water solution of 7.8mleL). Lamprey selected for radio tagging had a girth
circumference > 9 cm (at the insertion of the dorsal fin) and received uniquely-coded radio
transmitters following protocols described in Moser et al. (2002a) and Johnson et al. (2012). We
used Lotek NTC-4-2L (167 MHz) radio transmitters (18.3 mm length, 8.3 mm diameter, and 2.1
g in air) with a burst rate of 5.1-6 s and an expected tag life of 69 d (Lotek Wireless Inc.
Newmarket, Ontario). All radio-tagged fish were also tagged with a uniquely-coded, glass-



encapsulated HD-PIT tag (Texas Instruments, 4%x32 mm, 0.8 g). HD-PIT only fish had tags
surgically implanted in the body cavity through a small incision (< 1 cm) along the ventral
midline and in line with the anterior insertion of the first dorsal fin as described in Moser et al.
(2006). Collection and tagging protocols were reviewed and approved by the University of
Idaho Institutional Animal Care and Use Committee.

Figure 1. Overhead view of Adult Fish Facility (AFF) lamprey trap in the Washington shore fish
ladder at Bonneville Dam.

In 2018, we tagged and released 595 radio and HD-PIT tagged adult Pacific Lamprey (May
17-Sep 11) and 578 HD-PIT lamprey (May 17-Sep 10) (Figure 2) downstream from Bonneville
Dam. The total ‘corrected’ adult Pacific Lamprey count at Bonneville Dam including night and
LPS passage estimates through 31 December 2018 was 131,268 (Zorich et al. 2019).
Downstream-released PIT-tagged lamprey represented ~0.44% of the total corrected count and
double-tagged lamprey represented ~0.45% of the count at the dam in 2018.
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Figure 2. Number of adult Pacific Lampreys counted passing Bonneville Dam during the day (solid
lines) and the numbers that were collected and tagged (bars) in 2018. ‘Total count’ is the corrected total
from daytime counts at windows, night video at windows, and LPS passage estimates through 31
December. Top panel shows fish released downstream from Bonneville Dam with HD PIT tags only.
Middle panel shows fish that were HD PIT-tagged, used in experimental flume trials, and then released
upstream from the dam near Stevenson, Washington. Bottom panel shows fish that were double-tagged
(HD PIT and radio) and released downstream from the dam near Hamilton Island or Tanner Creek.
Radio-tagged fish used in the accelerometer tag pilot study are not shown.

Monitoring Sites

Radiotelemetry monitoring — Radio-tagged lamprey movements were monitored using arrays
of fixed-site antennas and receivers at Bonneville, The Dalles, John Day, and McNary dams
(Figures 3-7). Receivers were equipped with digital spectrum processors (DSPs) to receive
transmissions on multiple frequencies simultaneously. Aerial antennas were used to monitor
tailraces at each dam (except McNary). One or more underwater coaxial cable antennas were
positioned at fishway entrances (also referred to as fishway ‘openings’) and inside fishways,
transition pools and fish ladders to detect when lamprey approached a fishway entrance, entered
a fishway, moved within a fishway, and exited a fishway. It is important to note that the



Powerhouse 1 (PH1), Powerhouse 2 (PH2) and Cascades Island (CI) entrances at Bonneville
Dam were monitored using an aerial Yagi antenna in 2014 and 2018 (due to limited access to
underwater locations in winter 2012-2013) whereas these sites were monitored using underwater
antenna arrays historically (Figures 3 and 4). Data from previous evaluations at entrance
locations with both underwater and aerial Yagi antennas in 2009-2010 indicated qualitatively
similar resolutions between antenna types. Radiotelemetry monitoring at McNary Dam in 2018
only included fishway entrances and top-of-the-ladder-exits.

HD PIT tag monitoring — We monitored lamprey movements at Bonneville, The Dalles, and
John Day dams with half-duplex antennas (Table 1). Additional PIT data was queried from dual
(full and half) PIT tag sites on The Columbia Basin PIT Tag Information System (PTAGIS) (See
October 2018 PTAGIS newsletter for specific site list: https://www.ptagis.org/docs/default-
source/ptagis-newsletter-archive/vol-16-no-2-october-2018.pdf?sfvrsn=4).

Table 1. Half-duplex PIT tag interrogation sites (antennas) used to monitor lamprey passage at lower
Columbia River dams in 2018. Note: additional HD monitoring sites were operated at Priest Rapids,
Wanapum, and Rocky Reach dams (by Public Utility Districts) and in Hood River, Mill Creek,
Fifteenmile Creek, and Deschutes River (Confederated Tribes of Warm Springs) and at Lower Columbia
and Snake river dams (PTAGIS).

Number of
Site Location antenna(s)
Bonneville Dam PH 2, WA-shore LFS 5
PH 2, WA-shore ladder 4
PH 2, WA-shore UMT Junction channel 1
PH 2, WA-Shore UMTIJ-LPS 4
PH 2, WA-Shore AWS-LPS 2
PH 2, WA-shore exit 1
Cascades Island entrance 4
Cascades Island lamprey LPS 1
Cascades Island AWS 1
PH 1, Bradford Island lamprey AWS-LPS 4
PH 1, Bradford Island exit 1
The Dalles Dam East ladder below count window 4
North ladder exit 3
John Day Dam South fish ladder trap near count station 1
South ladder exit 1
North ladder entrance 4
North ladder exit 2
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Environmental conditions at Bonneville Dam

Environmental conditions at Bonneville Dam during the 2018 lamprey migration were
characterized by above average flow and spill in May compared to the 10-year average and near-
average flow and spill thereafter (Figure 8). Water temperatures at the water quality monitoring
(WQM) site in 2018 were slightly warmer than the 10-year average in July and August. A
maximum water temperature of 23.1 °C occurred on 9 August and was 1.4 °C warmer than the
10-year average maximum.

11



600
— 2018

= 10 yr av
500 - yravg

400 ~

300 -

Flow (kcfs)

200 ~

100 -

350

300 -

250 ~

200 ~

150 -

Spill (kcfs)

100 -

50 -

25

20 A ,\

15 A

Temperature (C)

10 -

5 T T T T T T T
10-May 30-May 19-Jun  9-Jul  29-Jul 19-Aug 9-Sep 29-Sep

Figure 8 Mean daily Columbia River discharge (flow, kcfs), spill (kcfs), and water temperature (C) at
Bonneville Dam in 2018 and the ten-year average (source: http://www.cbr.washington.edu/dart/query
/river_daily).



2. Nighttime fishway velocity experiments

Methods
Fishway operations

Nighttime entrance water velocities were altered between ‘normal’ and ‘reduced’ conditions
in a randomized block design from 1 June through 31 August in 2018 at the Bradford Island
fishways (Powerhouse 1 and B-Branch) at Bonneville Dam and from 4 June to 31 August at The
Dalles east fishway (Figures 10-11). Water velocities through fishway entrances were
manipulated by adjusting the difference in elevation (head) between the inside of the fishway
(e.g., the collection channel) and the tailrace. The two target head differences were 0.45 m for
the control condition (normal) and 0.15 m for the treatment condition (reduced) at Bonneville
Dam and 0.45 m and 0.21 m, respectively at The Dalles Dam. In a previous study by Johnson et
al. (2012), head differentials in this range at Bonneville Dam corresponded to mean fishway
entrance velocities of >1.96, and 1.2 m sec™!, respectively. On nights when the reduced treatment
occurred, the operation was for six hours from 22:00 h to 04:00 h.

Changes in head at fishway entrances at Bonneville PH1 and B-branch (spillway entrance)
were achieved by altering operation of fish valves that controlled discharge through diffusers at
the north end of the PH1 collection channel (FV1-1), in the transition area of the A-branch
fishway (FV3-8), and near the turnpool at the base of the B-branch fishway (FV4-3 and FV4-4).
No changes were made to the discharge from two valves near the top of the Bradford Island fish
ladder (FV3-7 and FV3-9). Consequently, experimental effects were limited to the lower
sections of the Bradford Island fishways and lamprey encountered ‘normal’ operational
conditions from the transition areas to the top-of-ladder exit (similar to conditions in Johnston et
al. 2012 at PH2). In addition to the records of fishway operations maintained by the Corps, we
tracked the experimental changes in fishway head using four water level loggers (Hobo U20-
001-02 and HOBO U20L-01; Onset, Bourne, MA) at Bonneville Dam. Loggers were deployed
in the B-Branch tailrace, inside the B-Branch fishway below the turn pool, in the PH1 tailrace,
and in the PH1 collection channel. At The Dalles Dam, the east entrance weirs were adjusted to
adjust nighttime entrance head (i.e., there were no changes in discharge and the experimental
effects were restricted to the entrance areas). Two water level loggers (Hobo U20-001-04) were
installed at The Dalles Dam, one in the tailrace outside the east entrance and one downstream of
the junction pool inside the east ladder. All level logger data was collected at a five minute
interval.

Data analyses

We used several methods to evaluate the effects of the fishway head (e.g., velocity) reduction
on radio-tagged lamprey behaviors. The principal objectives of the head reductions were to
increase the proportion of lampreys that enter the fishways and to reduce the amount of time
between fishway approach and fishway entry events. The analyses required several elements
because lamprey behaviors around the fishway openings were sometimes complex, with many
individual lampreys approaching, entering, and exiting the fishways multiple times. In addition,
individual fish and individual passage attempts, or ‘events’, could potentially include lamprey
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exposure to both fishway velocity treatments. We therefore structured most of the analyses at
the event scale (e.g., Keefer et al. 2012, 2013b), which incorporated treatment conditions at the
start and end of each event as well as event duration (Figure 9).

S Enter (t,)

P A RN
/

A
,I Approach (t,)

So
Undetected
(t,=0.5h)

Initial fishway

Re-approach (t,)
? approach (t,)

Lamprey approach ‘event’ behaviors and times

Figure 9. Schematic of a lamprey approaching a fishway opening and subsequent behaviors. Each
approach event could be followed by one of four behaviors: 1) fishway entry; 2) fishway approach at
another opening at the same fishway; 3) re-approach at the original opening; and 4) no further detection at
the fishway. ‘Event’ duration was calculated from each approach time (#) to the subsequent detection
time (#, entry, re-approach, approach); duration was censored at 30 min (a conservative value near the
median approach-to-entry time for successful entrants) for the undetected category. Experimental
treatments and environmental covariates could change between ¢, and 2.

To test for effects of the reduced treatment on entry proportions we calculated two metrics:
1) the number of unique lampreys that were detected entering a fishway divided by the number
of unique fish detected approaching a fishway opening, by treatment; and 2) the proportion of
fishway entry events divided by the number of fishway approach events, by treatment. The
individual-based metric has been reported in many previous lamprey studies (e.g., Keefer et al.
2012), but was somewhat less appropriate for the experimental design. The events-based metric
better captured the overall behavior of lampreys around the fishways openings; we note that all
approach events that could be assigned to a fishway were included, including those where the
first detections were on antennas inside the fishway (i.e., when detections on outside antennas
were missed). We tested for treatment effects using 2-way contingency tables and y tests.

While the proportions of lampreys entering during each treatment are useful metrics, the rate

(or instantaneous probability) of fishway entry is also important (Castro-Santos and Perry 2012).
We therefore used time-to-event analysis, also known as Cox proportional hazards regression
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(Therneau and Grambsch 2013), to analyze lamprey event passage times in relation to the
experimental treatments and other potential covariates. Time-to-event analysis was appropriate
because it can account for time-varying covariates like the changes in treatment that some
lampreys encountered as well as changes in river environment during events.

We used PHReg in SAS v.9.2 (SAS Institute, Cary, North Carolina) to compare a series of
models that included combinations of fishway treatment, event date, river discharge, spill, water
temperature, tailrace elevation, and lamprey weight at the start and end of each approach event.
Event start and end times were rounded to the nearest 5 min and matched with fishway
treatment. We used mean daily environmental data at the dams (source: Columbia River DART)
for the other environmental covariates, as these conditions varied very little within day. Because
the experimental focus was on treatment effects, all models included treatment at either the event
start or end time. In addition to treatment-only models, we evaluated models that included
treatment plus date, treatment plus lamprey weight, treatment plus individual environmental
covariates, and several 3-term models with treatment, date, weight, or an environmental term.
More complex models were discarded after exploratory analysis indicated little improvement in
model fit. In addition, models with event time-of-day were excluded because time was
confounded with nighttime treatment. Because individual lampreys could make multiple
attempts, events were potentially not independent and we therefore also tested models where fish
identification was included as a random effect.

The fishway head manipulations affected water velocities only in the most downstream
fishway segments. Therefore, we expected that impacts on lamprey behaviors would also
manifest mainly near the fishway entrance areas, as occurred in previous experiments (e.g.,
Johnson et al. 2012). We did, however, assess the proportions of entry events that resulted in
dam passage and identified where lampreys that did not pass the dam (i.e. “non-passers”) turned
around inside fishways in relation to treatment at the time of fishway entry.

Results
Experimental treatments

The randomized manipulation of fishway entrance head levels was successful at all three
study sites (Figures 10 and 11). During the experimental period at Bonneville Dam (22:00 —
04:00, 1 June — 31 August), the reduced treatment occurred 41% (Powerhouse 1) and 38% (B-
Branch) of the time (Table 2). When daytime hours were included, the reduced condition at
Bonneville occurred 10-11% of the time. Reduced treatments were less frequent at The Dalles
Dam, occurring on 20% of the nighttime experimental period and 6% of the combined day and
night.

The water level logger data indicated that conditions near the B-Branch entrance at
Bonneville Dam were more seasonally variable than at the Powerhouse 1 entrances, likely
reflecting effects of spillway discharge and higher turbulence in the spillway tailrace. Water
levels also fluctuated somewhat at the east fishway opening at The Dalles Dam, where some
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reduced treatment conditions were less pronounced than others. The variation added some
uncertainty to the treatment assignments and experimental evaluation (Figure 11).
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Figure 10. Head height (m) measured with water level loggers (mean hourly) inside and outside the
A) Bradford Island B-Branch and B) Bradford Island Powerhouse 1 entrances during the randomized
normal and reduced velocity conditions throughout the experimental period (1 June to 31 August) at
Bonneville Dam in 2018.
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Figure 11. Head height (m) measured with water level loggers (mean hourly) inside and outside the
Dalles east fishway entrance during normal and reduced velocity conditions throughout the experimental
period (4 June to 31 August) at The Dalles Dam in 2018.
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Table 2. Total number of days that normal, reduced, and transition conditions occurred at Bonneville
and The Dalles dams during the reduced entrance velocity experiment at night (22:00-04:00 h) and 24 h
period (day and night) from 1 June (Bonneville) an 4 June (The Dalles) through 31 August.

Time period Location Normal (d) Reduced (d) Transition' (d)
Night Bonneville Dam

Powerhouse 1 15.7 (58%) 11.0 (41%) 0.1 (1%)

B-Branch 15.4 (58%) 10.2 (38%) 1.2 (4%)
Day and night Bonneville Dam

Powerhouse 1 80.3 (87%) 11.1 (12%) 0.8 (1%)

B-branch 79.9 (87%) 10.2 (11%) 1.9 (2%)
Night The Dalles Dam

East entrance 20.2 (78%) 5.0 (20%) 0.5 (2%)

Day and night The Dalles Dam
East entrance 80.7 (91%) 5.1 (6%) 2.5 (3%)

! transition conditions occurred during treatment switching and included some unusually high or low values.

Lamprey approach and entry behaviors

Lampreys approached and entered fishways at the three study sites throughout the
experimental period, though activity tapered off in August (Figure 12). Substantial majorities of
the lamprey activity near the fishway entrances occurred at night (Figure 13). At Bonneville
Dam, 117 unique lampreys approached the Powerhouse 1 entrances a total of 348 times (~3.0
times per fish, on average) and 200 unique fish approached the B-Branch 729 times (~3.7 times
per fish) across all treatments (Table 3). At The Dalles Dam, 89 unique fish approached the
powerhouse openings a total of 296 times (~3.3 times/fish) (Table 3).
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Figure 12. Numbers of fishway approach (black shaded area of bars) and fishway entry (gray shaded
area of bars) events by radio-tagged adult Pacific Lampreys during the nighttime fishway velocity
experiments at Bonneville and The Dalles dams in 2018.
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Figure 13. Distributions of the times that radio-tagged adult Pacific Lampreys approached (black
circles) and entered (gray circles) fishways during the velocity experiments at Bonneville and The Dalles
dams in 2018.

Lamprey fishway approach events were more likely to be followed by fishway entries during
the reduced treatment at all three study sites (Table 3). Using the event start time (i.e., the time
of each approach), event-based entry ratios were ~1.75-2.48 times higher during the reduced
treatment than during the normal treatment (14.1 <> <42.1, P <0.001). Most events had the
same start and end treatment condition, but some fish did experience changed conditions over the
course of an event. Using the event end time, event-based entry ratios were ~1.69-2.80 times
higher during the reduced treatment (12.1 <y? < 55.0, P <0.001). Differences in entry ratios for
unique lampreys that encountered each treatment had less statistical support (all P > 0.070), but
ratios were higher for those that encountered the reduced treatment in all comparisons (Table 3).
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Table 3. Summary of fishway approach and entry events by radio-tagged adult Pacific Lampreys
during the nighttime velocity experiments at Bonneville and The Dalles dams in 2018. ‘Unique’ is the
number of unique individuals detected in each treatment category and ‘Events’ is the number of attempts
as some fish made multiple approaches and entries and individuals could be exposed to more than one
treatment condition. ‘Start’ refers to the time that fish began each approach event and ‘End’ refers to the
end of the event, which could include fishway entry, another approach event, or a censor event if the fish
was not detected again.

BON Powerhouse 1 BON B-Branch TDD Powerhouse

Event:Treatment Metric Unique Events Unique Events Unique Events
All Approached 117 348 200 729 89 296
Entered 90 117 111 152 75 114
Entered/Approached 0.769 0.336 0.555 0.209 0.843 0.385
Start:Normal Approached 81 239 167 519 76 222
Entered 50 65 66 76 57 72
Entered/Approached 0.617 0.272 0.395 0.146 0.750 0.324
Start:Reduced Approached 62 109 132 210 41 74
Entered 44 52 66 76 33 42
Entered/Approached 0.710 0.477 0.500 0.362 0.805 0.568
X 1.33 14.11 3.28 42.06 0.45 13.87
P 0.249  <0.001 0.070  <0.001 0.502 <0.001
End:Normal Approached 79 240 149 494 74 220
Entered 50 65 56 65 56 72
Entered/Approached 0.633 0.271 0.376 0.132 0.757 0.327
End:Reduced Approached 57 108 125 235 41 76
Entered 44 52 74 87 32 42
Entered/Approached 0.772 0.481 0.592 0.370 0.780 0.553
X 3.00 14.81 12.74 54.95 0.08 12.11
P 0.083 <0.001 <0.001 <0.001 0.774 <0.001

On median, lamprey events lasted 30-76 minutes between the time they approached a
fishway opening and the subsequent fishway entry, a new fishway approach, or the 30-minute
censoring time for those that neither entered nor approached again. Median times between
approach events and successful entry times were faster, at 2-35 min at each study site. Mean
times were considerably higher in each category because some lampreys took several hours or
days between event start and end times.

The Cox regression models revealed lampreys were much more likely to enter a fishway
during the reduced treatment, with generally larger effect size for the treatment condition at the
event end times than at event start times (Table 4). Event start and end treatments produced
qualitatively similar effect sizes, as indicated by the hazard ratios and the cumulative hazard
plots (Figures 14-16).
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In the models using data at Bonneville Powerhouse 1, hazard ratios indicated that the
instantaneous likelihood of lampreys entry to the fishway were ~2.1 times higher during the
reduced treatment. The most parsimonious model at Powerhouse 1 included the event end
treatment (x> = 13.35, P < 0.001) and tailrace elevation (x> = 5.40, P = 0.022), with higher hazard
as tailrace elevation increased. Including fish identification as a random effect had little impact
on the treatment hazard ratio (fish id y* =25.70, P =0.177). In the models for Bonneville B-
Branch, treatment hazard ratios were ~2.8-3.3, indicating much higher entry likelihood during
the reduced condition (Table 4). The most parsimonious model included event end treatment (>
=49.59, P <0.001) and a non-significant lamprey weight effect (y~ =2.44, P=0.118). As at
Powerhouse 1, including the individual random effect had little impact on the treatment hazard
ratio, but some support for a subject effect (fish id %> = 50.69, P = 0.075).

At The Dalles Dam, hazard ratios for the reduced treatment effect were ~2.2-2.3 and the most
parsimonious model included only the event start treatment (y*> = 16.22, P < 0.001). The
treatment hazard ratio was similar in the model with individuals treated as a random effect.

Table 4. Summary of Cox proportional hazards regression models at Bonneville (BON) and The
Dalles (TDD) dams. Three models are shown for each study location: 1) treatment condition at event
start time; 2) treatment condition at event end time; and 3) the most parsimonious model from the set that
included a treatment variable or a treatment variable plus lamprey weight, discharge, spill, water
temperature, or tailrace elevation'.

Parameter Hazard

Site Parameter estimate SE Ratio 95% CI P

BON Powerhouse 1  Treatment:Start 0.734 0.187 2.083 1.444-3.004 1541 <0.001
Treatment:End 0.764 0.187 2.146 1.487-3.097 16.65 <0.001
Treatment:End' 0984 0.190 2.002 1.381-2.905 13.35 <0.001
Elevation:End' 0.050 0.022 1.052 1.007-1.098 5.40 0.022

BON B-Branch Treatment:Start 1.040 0.162 2.830  2059-3.891 41.03 <0.001
Treatment:End 1.194 0.164 3.301 2.393-4.554 5291 <0.001
Treatment:End' 1.163  0.165 3201 2.315-4.424 49.59 <0.001
Weight! 0.002 0.001 1.002 1.000-1.004 2.44 0.118

TDD Powerhouse Treatment:Start 0.822 0.195 2275 1.552-3.335 17.75 <0.001
Treatment:End 0.778 0.195 2.176  1.485-3.190 1590 <0.001

! tailrace elevation tested at Bonneville Dam only
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Figure 14. Cumulative hazards of fishway entry by radio-tagged Pacific Lampreys at the Powerhouse
1 fishway at Bonneville Dam during the reduced velocity experiment. Solid lines show hazards for the
reduced velocity condition and dashed lines are for the normal condition. Left panel includes all fishway
approach events (day and night) and right panel shows approach events during the 22:00-04:00
experimental period only. Hazards were generated using three models: treatment condition at the start of
each event (i.e., at fishway approach, black lines); treatment condition at the end of each event (blue
lines); and from the most parsimonious model for all events (end treatment + tailrace elevation, red lines).
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Figure 15. Cumulative hazards of fishway entry by radio-tagged Pacific Lampreys at the B-Branch
fishway at Bonneville Dam during the reduced velocity experiment. Solid lines show hazards for the
reduced velocity condition and dashed lines are for the normal condition. Left panel includes all fishway
approach events (day and night) and right panel shows approach events during the 22:00-04:00
experimental period only. Hazards were generated using three models: treatment condition at the start of
each event (i.e., at fishway approach, black lines); treatment condition at the end of each event (blue
lines); and from the most parsimonious model for all events (end treatment + lamprey weight, red lines).
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Figure 16. Cumulative hazards of fishway entry by radio-tagged Pacific Lampreys at the Powerhouse
fishway at The Dalles Dam during the reduced velocity experiment. Solid lines show hazards for the
reduced velocity condition and dashed lines are for the normal condition. Left panel includes all fishway
approach events (day and night) and right panel shows approach events during the 22:00-04:00
experimental period only. Hazards were generated using two models: treatment condition at the start of
each event (i.e., at fishway approach, black lines); treatment condition at the end of each event (blue
lines). The start treatment model was the most parsimonious model.

Lamprey passage attempt outcomes

Fishway passage success did not statistically differ for lampreys that entered fishways during
reduced versus normal velocity treatments at either dam (Table 5). Dam passage percentages for
lampreys that entered the Powerhouse 1 fishway were 33.8% for events during the normal
treatment versus 42.3% for events during the reduced treatment (%~ = 0.88, P = 0.348). Passage
percentages for entry events at the B-Branch fishway were 35.9% (normal) and 32.9% (reduced)
(x> =0.15, P=0.696). At The Dalles Dam, percentages were 41.7% (normal) and 42.9%
(reduced) (x> = 0.05, P =0.901).

There was some evidence that treatment was associated with where lampreys turned around
inside fishways, with fish more likely to turn around closer to the tailrace during normal
treatment conditions (Table 5). At the Powerhouse 1 fishway, 40% of failed entry events during
the normal treatment had fish turn around inside the fishway collection channel, 16% were in the
transition area, and 44% were near the top of the fishway (i.e., serpentine weirs or AWS
channel). In contrast, lamprey attempts that failed after entry during the reduced treatment had
turned around in the collection channel (17%), transition area (27%), and near the top of the
fishway (57%) (- =4.55, P=0.103). Similarly, lampreys that failed to pass after entering the
B-Branch fishway during the normal treatment were more likely to turn around near the turn
pool (52%) than in the transition area (6%) or top of fishway (42%). In comparison, turn around
percentages during the reduced treatment were more likely to be upstream of where discharge
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was reduced in the experiment, at 39% (turn pool), 22% (transition area), and 39% (top of
fishway) (y° = 5.75, P = 0.056).

Table 5. Summary of passage attempt outcomes, by velocity treatment, for radio-tagged Pacific
Lampreys that entered fishways at Bonneville (BON) and The Dalles (TDD) dams. Turnaround locations
indicate the most upstream location where lampreys were detected before they moved downstream and
exited into the tailrace.

Normal Reduced
Location Metric n % n %
BON Powerhouse 1 Entered 65 52
Passed 22 22
Entered/Passed 0.338 0.423
Did not pass 43 30
Turnaround location
South Powerhouse 12 27.9% 5 16.7%
North Powerhouse 5 11.6% - -
Transition area 7 16.3% 8 26.7%
Serpentine weirs / AWS 19 44.2% 17 56.7%
BON B-Branch Entered 78 73
Passed 28 24
Entered/Passed 0.359 0.329
Did not pass 50 49
Turnaround location
B-Branch turnpool 26 52.0% 19 38.8%
Transition area 3 6.0% 11 22.4%
Serpentine weirs / AWS 21 42.0% 19 38.8%
TDD Powerhouse Entered 72 42
Passed 30 18
Entered/Passed 0.417 0.429
Did not pass 42 24
Turnaround location
West powerhouse 5 11.9% 3 12.5%
East powerhouse 8 19.0% 6 25.0%
Transition area 28 66.7% 15 62.5%
Count station 1 2.4% - -
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Discussion

The fishway head manipulations were designed to reduce velocity at the fishway openings
and thereby increase both the proportion of lampreys that entered fishways and the speed at
which they entered. These objectives were achieved at all three study sites in 2018. Event-based
fishway entry metrics and Cox proportional hazards regression models that accounted for
environmental and lamprey trait covariates indicated clear statistical improvements in lamprey
entry success during the reduced head treatments. The experimental results in 2018 were
consistent with the improved lamprey entrance efficiencies in a similar experiment conducted at
Bonneville’s Powerhouse 2 fishway in 2007-2009 (Johnson et al. 2012).

The operational effects of reduced fishway head were limited to the most downstream
sections of the fishways. Consequently, the impact of the experiment on lamprey behaviors was
also spatially constrained, and we found little evidence that lamprey behaviors were affected
upstream from the head control points. Treatment at the time lampreys entered the fishways was
not statistically associated with fishway passage success upstream from the entrance areas past
the dams. As in previous radiotelemetry studies (e.g., Keefer et al. 2013b), lampreys that entered
the A-branch and B-branch fishways at Bonneville Dam were most likely to turn around in
transition areas (near head control points) and in the upper sections of the Bradford Island
fishway (well above control points). Our finding of limited experimental effects upstream from
control points was expected and was consistent with observations in the Johnson et al. (2012)
experiment.

There was relatively more uncertainty in the experimental results at The Dalles Dam than at
Bonneville Dam for several reasons. First, reductions in fishway entrance velocity were
achieved using different methods at Bonneville (fish valve adjustments) versus The Dalles
(raising and lowering weirs) and the magnitude of reductions was consequently somewhat more
variable at The Dalles (compare Figures 10 and 11). Second, there were fewer reduced treatment
nights at The Dalles than at Bonneville. Third, there were fewer radio-tagged lampreys at The
Dalles, and fourth, there was limited lamprey use of the spillway and west powerhouse entrances
at The Dalles. The treatment schedule and sample size and distribution among openings resulted
in reduced statistical power at The Dalles relative to at Bonneville. Nonetheless, the reduced
treatment effects on lamprey behaviors at The Dalles were very consistent with results at
Bonneville, and we think a misinterpretation of effects is unlikely.

The experimental design presented several statistical challenges. These include: multiple
passage attempts by individual lampreys; potential exposure of individuals to multiple
treatments; treatment switching during the interval between fishway approach and fishway entry;
and the selection of censoring times for lampreys that approach but subsequently leave the study
area. Proportional hazards regression is frequently applied in these types of circumstances, and
we think the presented regression results reasonably captured the overall treatment effects. We
recommend, however, that the estimated hazard ratios be interpreted cautiously. Ratios changed
slightly in models where individual lampreys were treated as random effects and in models that
included different combinations of covariates. Ratios also likely would have changed somewhat
had we selected a different censoring time for fish that did not enter. We conservatively selected
30-min as the censoring time because it was close to the median lamprey approach-to-entry time.
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Selection of a longer censoring time may have been appropriate if we could have confirmed that
lampreys spent extended times near the fishway openings before departing, but this was not
possible. Nonetheless, all models supported the qualitative conclusion that reduced nighttime
velocities increased fishway entry rates for Pacific Lampreys.
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3. Lamprey behaviors near the new UMTJ-LPS

Methods

Monitoring sites

Movements of radio-tagged and HD PIT-tagged (only) lamprey were monitored with an
array of antennas near the UMT junction channel (downstream of the UMTJ-LPS), near the
entrance to and inside of the UMTIJ-LPS, and upstream of the structure in the serpentine weirs,
AWS channel, and at the top of the ladder (Figures 17-18). Lampreys that entered the study area
(from the UMT junction to the top of the fishway) were categorized by route of passage (UMTIJ-
LPS, AWS-LPS, or traditional fishway) or non-passage based on their detections at radio and
PIT antennas. Individual fish behaviors for lampreys that used the UMTJ-LPS were further
summarized based on upstream and downstream movement in the study area before entering the
UMTIJ-LPS. Passage times (total passage) were calculated for the three passage routes (UMT]J-
LPS, AWS-LPS, and traditional fishway) from first detection at the UMT junction to last
detection at the top of an LPS or the fishway. Time to pass through the UMTJ-LPS was
calculated from the first to last detection for each fish on antennas inside the structure.
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Figure 17. Map of aerial and underwater radio antennas (@), University of Idaho (UI) HD PIT
antennas (@), and PTAGIS dual PIT antennas (O) in the Washington shore fish ladder and AWS channel
used to monitor fish behavior. Sites upstream from the UMT Junction were used to evaluate movements
near the UMTIJ-LPS in 2018.
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Figure 18. Map of UI (@), and PTAGIS HD PIT antennas (@) in the Washington-shore LPSs
(UMTJ-LPS and AWS-LPS) in 2018.

Data analyses

We used Pearson’s chi-square (y°) tests and analysis of variance (ANOVA) in SAS v.9.2
(SAS Institute, Cary, North Carolina) to test whether differences in lamprey size metrics (weight,
length, girth, and dorsal distance), migration date (first detection), or tag type (radio, HD-PIT)
were associated with passage route and dam passage success. Lampreys that were recaptured at
the AFF were censored from all analyses.

Results
Lamprey behaviors

PIT-tagged (only) lamprey — In total, 234 unique PIT-tagged lampreys were recorded at one
or more antennas near the WA-shore UMTJ-LPS (from the UMT channel junction upstream).
Of the 234, 15 (6%) passed through the UMTIJ-LPS, 74 (32%) passed via the AWS-LPS, 70
(30%) passed via the ladder, 11 (5%) were recaptured at the AFF, and 64 (27%) did not pass the
dam via the WA-shore ladder. Of the 64 that did not pass the dam via the WA-shore, 8 (13%)
eventually passed via the Bradford Island ladder. One of the 15 lamprey that passed through the
UMTIJ-LPS subsequently entered the upper ladder and then moved down the ladder to the UMT
junction channel, and did not pass the dam.

Of the 15 lamprey in the study area that passed through the UMTIJ-LPS, 9 (60%) entered the

north ramp and 6 (40%) entered the south ramp of the LPS. All lamprey but one initially swam
upstream past (i.e., bypassed) the UMTJ-LPS 1-3 times before moving back downstream and
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entering the UMTJ-LPS and passing the dam (Figure 19). Passage times from UMTIJ-LPS entry
until dam passage were 0.8 h, on median. Median times to pass from the UMT junction (below
the UMTIJ-LPS) to the top of the ladder were 2.5 d (n = 10) for fish that used the UMTIJ-LPS, 2.1
d for fish that used the AWS-LPS (n =42), and 2.5 d for fish that used the ladder (n = 12).
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Figure 19. Examples of PIT-tagged lamprey movements and passage times inside the WA-shore
fishway before they passed via the UMTJ-LPS. Passage dates were A) 15-July, B) 21-June, C) 27 July,
and D) 13 June in 2018. Y-axis labels correspond to locations of individual PIT antennas, ordered from
downstream to upstream and ‘vertical slot’ = serpentine weir.

Radio-tagged lamprey — A total of 199 unique radio-tagged lamprey were recorded at one or
more antennas near the WA-shore UMTIJ-LPS (from the UMT channel junction upstream). Of
the 199 lamprey, 8 (4%) passed via the UMTIJ-LPS, 40 (20%) passed via the AWS-LPS, 76
(38%) passed via the ladder, 6 (3%) were recaptured at the AFF, and 69 (35%) did not pass the
dam via the WA-shore fishway. Two (3%) of the 69 lamprey that exited the WA-shore fishway
to the tailrace eventually passed the dam via the Bradford Island fish ladder.

Of the 8 radio-tagged lamprey that passed via the UMTIJ-LPS, 2 (25%) entered the north
ramp and 6 (75%) entered the south ramp of the LPS. Seven initially moved upstream past the
UMT]J-LPS 1-5 times before entering the UMTIJ-LPS and passing the dam. Passage times from
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UMT]J-LPS entry until dam passage were 1.1 h, on median. Median time to pass from the UMT
junction (below the UMTIJ-LPS) to the top of the ladder was 0.8 d for fish using the UMTJ-LPS
(n=28), 1.0 d for fish using the AWS-LPS (n =31), and 0.9 d for fish using the ladder (n = 58).

PIT and radio-tagged lamprey — Similar proportions of PIT- and radio-tagged lampreys
passed the dam (x>=2.37, P = 0.124). PIT-tagged lampreys were more likely to pass the LPSs
and radio-tagged lampreys were more likely to pass the dam via the ladder (n = 283, y°=8.32, P
=0.016). Route passage for PIT-tagged lampreys was 9.4% UMTIJ-LPS, 46.5 % AWS-LPS, and
44.0% ladder and was 6.5%, 32.3 %, and 61.3%, respectively, for radio-tagged lampreys. There
were no differences in size or date among routes (UMTIJ-LPS, AWS-LPS, ladder) for PIT-tagged
lampreys (ANOVA, all P >0.05). However, dorsal distance differed among routes for radio-
tagged lampreys (df =2, F' = 3.82, P =0.025) where fish with smaller dorsal distance used the
UMTIJ-LPS (Figure 20).
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Figure 20. Box plots of dorsal distance for radio-tagged lampreys that passed Bonneville
Dam via three routes at the WA-shore fishway. Distributions show 5, 10, 25t 50t 75% 9qth-
and 95 percentiles.

Lamprey behavior after exiting the LPSs at Bonneville

Washington-shore fishway — Eighty-two radio-tagged fish had detections on AWS radio
antennas and 48 likely passed through the WA-shore LPSs (8§ UMTIJ-LPS + 40 AWS-LPS) based
on PIT detections. One of the eight lamprey that passed through the UMTJ-LPS moved
upstream and exited the AWS-LPS, but then moved downstream through the serpentine weirs
and reascended through the UMTJ-LPS; this individual then passed the dam.

Another 89 PIT-tagged (only) lamprey passed via the WA-shore LPSs (15 UMTJ-LPS + 74

AWS-LPS). One of the 15 lamprey that passed via the UMTJ-LPS moved down through the
serpentine weirs to the UMT junction channel and did not pass the dam.
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Bradford Island fishway — Fifty-two radio-tagged fish were detected in the AWS (on radio
antennas) and 41 likely passed the fishway through the LPS based on PIT detections. Two of the
41 lamprey that passed via the Bl AWS-LPS fell back. One moved down the Bradford Island
fish ladder 2 days after apparently exiting into the forebay; this fish was last recorded in the
Bonneville tailrace. The other fish fell back 7 days after exiting into the forebay via an unknown
route but reascended the Bradford Island fishway and passed the dam. Of the 41 lampreys that
passed via the LPS, 9 (19.5%) also had detections on the radio antenna used to monitor the fish
ladder exit area; the range of this antenna potentially included a small portion of the forebay near
the LPS exit.

Another 77 PIT-tagged (only) lamprey passed via the AWS-LPS and 9 (12%) were detected
on the HD PIT antenna used to monitor the ladder exit. Five of the 77 (6%) that passed via the
BI AWS-LPS fell back. There were no records that indicated these fish moved down the ladder.
Three of the five reascended the dam via the Bradford Island fishway (2 LPS + 1 ladder), one
was recaptured at the AFF (WA-shore), and one was last detected in the Bradford Island
serpentine weirs.

Discussion

Overall, a small percentage (4-6%) of tagged lampreys that reached the area of the UMTJ-
LPS used it to pass the dam at the Washington-shore fishway. The low percentage was likely
due to lampreys failing to initially locate the LPS ramps to the UMTJ-LPS or choosing to swim
past the structure upon initial encounter. We observed that 92% (23 of 25) of tagged lamprey
that used the UMTJ-LPS initially swam upstream past the UMTJ-LPS multiple times before
returning downstream to enter the UMTIJ-LPS and pass the dam. Finding suitable attraction flow
to the UMTJ-LPS for lampreys to provide guidance is difficult because too much flow could
attract salmonids at the entrance of the LPS ramps (Keefer et al. 2011; Zobott et al. 2015). We
also note, however, that in our observations using DIDSON in 2017, adult salmonids were not
attracted to the UMTIJ-LPS ramps (Clabough et al. 2018).

Factors affecting the choice for climbing and LPS use vs. swimming may include structural
and hydraulic context and fish condition/recent experience (Kemp et al. 2009; Goodman and
Reid 2017). Specifically, climbing may be induced when lamprey perceive a lack of other routes
(such as in the AWS channels) or when alternative passage routes have been ‘sampled’ and
perceived to be taxing or impassable (e.g., multiple attempts in the serpentine weirs).
Distinguishing between guidance and climbing motivation as mechanisms would be challenging
but possible in experimental settings manipulating guidance cues and lamprey experience,
specifically recent exercise history. Notably, the observation that dorsal distance was associated
with LPS use implies that lamprey condition or maturation status may affect behavioral decisions
and the motivation to switch from swimming to climbing.

Lamprey passage times through the UMTJ-LPS were similar between radio- (1.1 h) and PIT-
tagged (0.8 h) lampreys. However, overall passage times through the upper ladder study area to
exit regardless of route (UMTJ-LPS, AWS-LPS or ladder) were twice as long for PIT-tagged
lampreys than for radio-tagged lampreys. This may be because radio-tagged lampreys were
slightly larger than PIT-tagged lampreys and thus predicted to travel longer distances upstream
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(Keefer et al. 2009¢). In statistical analyses, we found similar proportions of PIT- and radio-
tagged lampreys passed the dam. However, PIT-tagged fish were more likely to pass via the
LPSs and radio-tagged fish were more likely to pass via the ladder. We did find that radio-
tagged lampreys with smaller dorsal distance were more likely to pass thru the UMTIJ-LPS,
consistent with results reported by Kirk et al. (2016), who found adult Pacific Lampreys with
larger dorsal distance were more likely to successfully pass vertical slot weirs, again suggesting
an association between lamprey condition and behavioral decisions during passage.

A small percentage (1-6%) of lampreys that used the LPSs at Bonneville Dam backed down
the ladder or fell back over the dam and approximately half of those fish reascended the dam.
Backing down the ladder after exiting an LPS is possible at the Washington-shore fishway
because the LPS exits into the main fishway above the serpentine weirs rather than into the dam
forebay. At the Bradford Island fishway, the exit from the LPS is into the forebay and is in close
proximity (~6 m; 20 ft) to the main ladder exit. Extending the Washington-shore LPS exit into
the forebay could alleviate the downstream movement problem.
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4. Lamprey behaviors near Bonneville count
stations and serpentine weirs

Methods

Movements of radio-tagged lampreys were extensively monitored with underwater antennas
near the UMT junction channel (WA-shore), near the count windows, serpentine weir sections
and AWS channels of both the Washington and Bradford Island fishways in 2018 (Figure 21).
Individual fish behaviors were summarized for fish that did and did not pass the dam. The most
upstream detection locations were summarized for lampreys that did not pass the dam. We
statistically tested for effects of fish size metrics and date using methods described in the UMTIJ-
LPS section.

Results

Washington-shore fishway — As described in the UMTIJ-LPS section, 199 unique radio-
tagged lampreys were recorded with one or more antennas at or upstream from the UMT channel
junction. Of the 199, 124 (62%) passed the dam, 69 (35%) did not pass the dam via the WA-
shore fishway, and six (3%) were recaptured. The six recaptured fish were excluded from the
behavior summary below. We found no differences in size or date among lamprey that did and
did not pass the dam via the Washington shore fishway (ANOVA, all P > 0.05).

Lampreys moved extensively within the study area. Of the 124 fish that passed the dam via
the WA-shore, 86% (n = 107) were recorded on the antenna below the count window (KBOS)
and 73% (n = 90) were recorded on the antenna above the count window (KBO4; Figure 22).
About a third (n = 37, 30%) of the fish that passed the dam were recorded on antennas in both
the serpentine weirs and inside the AWS channel. The majority of fish (61%) that passed the
dam did so via the serpentine weirs, 32% passed through the AWS-LPS, and 7% passed through
the combined UMTJ-LPS and AWS-LPS.

Of the fish that did not pass the dam via the WA-shore (n = 69), 90% were recorded on the
antenna below the count window (KBOS5) and 77% were recorded on the antenna above the
count window (KBO4). The furthest upstream record (turn around point) for the majority (64%,
n = 44) of fish that did not pass was in the serpentine weir section (Figure E). Most (n = 36,
82% of 44) of the serpentine turnarounds were estimated to have occurred at the uppermost
antennas (KBO6 = 25%; KBO2 = 57%). The next largest group of non-passers, thirty-two
percent (n =22, 32% of 69) had their most upstream records in the AWS channel at the most
upstream antenna (HBO3; Figure 21). None of these 22 fish were detected in the WA-shore
LPSs. The remaining 3 (4%) non-passing fish were only recorded near the UMT junction
channel.

Of the 69 lampreys that did not pass, 87% (n = 60) were last recorded in the Bonneville
tailrace, 7% (n = 5) were in the WA-shore ladder, 4% (n = 3) passed the dam via the Bradford
Island fishway, and 1% (n = 1) was last detected in the Cascades Island fishway. A majority
(53%) that were last were recorded in the tailrace traveled from the Washington-shore ladder
through the UMT channel and exited the Cascades Island fishway; the other 47% exited the
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Washington-shore ladder to the tailrace. Three of the 60 fish last recorded in the tailrace had
exited to the tailrace after making multiple attempts ascending the WA-shore fishway.
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Figure 21. Overhead diagram of radio antenna deployments at Bonneville Dam UMT junction
channel (WA-shore), count stations, serpentine weirs, and auxiliary water supply (AWS) channels in
2018. Note drawings are not to scale.

34



50

Fish Ladder AWS
40 -
30 A
k=
(0]
S 20
(0]
o
10 A
0_
Upstream
O & X DO H A N R N A DR
o S OO OO0 G o O O P
EFTEETETEEG T Fp
P RS
Q
Antenna

Figure 22. Distribution of furthest upstream detections, by antenna, for 69 radio-tagged lampreys that
did not pass Bonneville Dam via the Washington-shore fishway or LPSs. AWS = auxiliary water supply
channel.

Bradford Island fishway — In total, 157 unique radio-tagged lamprey were recorded at one or
more antennas upstream from the Bradford Island junction pool. Of the 157 lamprey, 97 (62%)
passed the dam and 60 (38%) did not pass the dam via the Bradford Island fishway or LPS. We
found no differences in size or date among lamprey that did and did not pass the dam at Bradford
Island fishway (ANOVA, all P > 0.05).

Of the 97 fish that passed the dam, 94% (n = 91) were recorded on the antenna below the
count window (JBO1) and 91% (n = 88) were recorded on the antenna above the count window
(JBO2; Figure 21). More than a third (n = 37, 38%) of the fish that passed were recorded on
antennas in both the serpentine weir section of the ladder and the AWS channel. The majority
(58%) passed the dam through the ladder and 42% passed through the AWS-LPS.

Of the 60 fish that did not pass the dam via the Bradford Island fishway, 98% were recorded
on the antenna below (JBO1) and above (JBO2) the count window. The furthest upstream record
(turn around point) for the majority (80%, n = 48) of fish that did not pass the dam was in the
serpentine weirs. Of the 48 fish that ultimately turned around in the serpentine weir section, 39
(81%) were at the uppermost antennas (JBOS = 56%; JBO4 = 25%; Figure 23). Eight fish (13%)
were detected at the top-of-ladder exit antenna (ABO1) before turning around and moving
downstream. The other 7% (n = 4) of the fish that did not pass had their most upstream records
in the AWS channel; all 4 were detected at the most upstream antenna (EBO3) and none were
detected in the AWS-LPS.
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The last recorded locations for 60 fish that did not pass the dam via Bradford Island included
92% (n = 55) in the tailrace, 5% (n = 3) that eventually passed the dam via the WA-shore ladder,
and 3% (n = 2) that were last detected inside the BI fishway. Of the 55 fish last recorded in the
tailrace, 62% (n = 34) moved downstream via the B-branch and 38% (n = 21) via the A-branch.

Eight of the 55 fish last recorded in the tailrace attempted to ascend the Bradford Island fishway
multiple times.
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Figure 23. Distribution of furthest upstream detections, by antenna, for 60 radio-tagged lampreys that

did not pass Bonneville Dam via the Bradford Island fishway or LPSs. AWS = auxiliary water supply
channel.
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Discussion

Although orifices for lamprey passage were installed in the first three serpentine weirs above
the Washington-shore count window in the winter of 2016-2017, we still observed high
turnaround rates for non-passers in the serpentine weir section of the ladder. Approximately
34% of the lamprey detected near the WA-shore count station or AWS channel did not pass the
dam. This was the second highest turnaround percent compared to previous studies (2008-2010
and 2014) which ranged from 21% in 2010 to 37% in 2008 (Johnson et al. 2009; Clabough et al.
2010b, 2011, 2015). Lamprey that did not pass the dam at Bradford Island that were detected
near the count station or AWS channel in 2018 was 38%. This was also the second highest non-
passer rate compared to the previous passage studies: 16% (2008), 27% (2009), 26% (2010) and
43% (2014) (Johnson et al. 2009; Clabough et al. 2010b, 2011, 2015).

The majority of the non-passing fish turned around in the serpentine weirs. This area has
been previously identified as a difficult area of passage for lamprey due to high water velocity
and turbulence (Clabough et al. 2012; Keefer et al. 2013b). In 2018, 64% of non-passers turned
around in the WA-shore serpentine weirs compared to 71% in 2014 (Clabough et al. 2015). At
Bradford Island fish ladder, we observed 80% of non-passers turning around in the serpentine
weirs compared to 92% in 2014 (Clabough et al. 2015). In 2018, at Bradford Island fish ladder
we observed more non-passers turning around after reaching the antenna at the top-of-the-ladder
in 2018 (13%, n = 8) compared to 2014 (4%, n =2). In the WA-shore ladder, fewer fish were
detected on the antenna above the count window (KBO4; Figure 21) in 2018 (77%) than in 2014
(92%) which may have been due to fish using the new lamprey orifices and not being detected in
2018.
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5. General fishway and dam passage metrics

Methods

General fishway and dam passage metrics were only evaluated for radio-tagged lamprey
which were released downstream from Bonneville Dam.

Fishway use

Lamprey use of fishway entrances at Bonneville, The Dalles, John Day, and McNary dams
was evaluated by assessing where radio-tagged fish first approached, entered, and exited
fishways. We also summarized the distributions of total fishway approaches, entries, and exits
by fishway entrance site. In the spatial distribution summaries, some movements were inferred
using upstream records when downstream records were missing. The latter occurred most often
during receiver power outages and when lampreys were detected on antennas inside fishway
openings without being detected on antennas outside the same opening or when they entered via
unmonitored routes like orifice gates.

Passage times

Lamprey passage times were calculated for a variety of tailrace, fishway, and full-dam
passage segments. These included times from release or first tailrace detection to first approach
at a fishway, first entry at a fishway, and to pass a dam. Additional passage times were
calculated from first fishway approach to first fishway entry, from first fishway entry to first
transition pool entry, and to pass a dam, between first and last transition pool records (only for
fish that eventually passed a dam), and from transition pool exit (upstream) to pass a dam.

In all passage time calculations, only radiotelemetry records with known location and time
were included (this contrasts with the spatial distribution summaries described above). In most
cases, passage times were calculated from each lamprey’s first record at the start of a passage
segment to the first record at the start of the next upstream segment. Two exceptions included:
1) “first transition pool to last transition pool’ estimates, which were calculated only for lamprey
that passed a dam (i.e., they may have made multiple trips through a transition pool(s)), and 2)
‘last ladder top’ records, which were assigned only when a lamprey passed a dam, independent
of how many detections at a ladder top may have preceded the final passage event.

Passage efficiency
Dam-wide fishway entrance, fishway passage, and dam passage efficiencies

We calculated dam passage and fishway passage efficiency metrics for several segments and
spatial scales following methods in Keefer et al. (2012). These metrics can be used to evaluate
broad-scale differences in lamprey passage success among dams as well as more detailed

comparisons of the relative effectiveness of different fishways or fishway segments for lamprey
passage. Dam-wide entrance efficiency was an estimate of lamprey passage success at all
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fishway openings and was calculated by dividing the number of unique lampreys that entered
any fishway by the unique number of lampreys that approached any fishway.

Dam-wide dam passage efficiency was calculated by dividing the number of unique lamprey
that passed a dam by the total number of unique fish recorded approaching a fishway opening at
the dam. A similar metric, dam-wide fishway passage efficiency was calculated by dividing the
total number of unique fish that passed a dam by the total number of unique fish that entered a
fishway at the dam.

Site-specific fishway entrance efficiency

Site-specific entrance efficiency was an estimate of lamprey passage success at individual
fishway openings. Two metrics were calculated for each opening: 1) the number of unique
lampreys that entered at a site divided by the number of unique lampreys that approached the
same site (i.e., individual-based metrics); and 2) the total number of fishway entry events at a site
divided by the total number of fishway approach events at the same site (i.e., event-based
metrics).

Route-specific fishway passage efficiency

Route-specific fishway passage efficiency was an estimate of lamprey passage success
through individual fishways from fishway entry to a top-of-ladder-exit. Two metrics were
calculated for each route: 1) the number of unique lampreys that passed the dam divided by the
number of unique lampreys that entered at a site; and 2) the total number that passed the dam
divided by the total number of fishway entries at a site.

Most upstream point recorded by lamprey that did not pass dams

At each dam, we reviewed the detection histories for each unique radio-tagged lamprey that
entered a fishway but failed to pass the dam. ‘Turnaround’ locations were defined as the most
upstream antenna where each fish was detected before moving back downstream into the
tailrace. At Bonneville Dam, we additionally assigned specific turnaround locations inside
fishways for each fishway entry event that did not result in dam passage. Turnaround events at
some adjacent antennas were combined within fishway segments to simplify analyses and
interpretation. In total, 20 fishway segments were identified at Bonneville Dam (see Figures 26
and 27), following the methods described in Keefer et al. (2013b).

Lamprey fallback at dams

Lamprey fallback at dams was estimated using records at top-of-ladder or LPS antennas and
subsequent records in tailraces or at fishways downstream from the fallback location.
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Results
Bonneville fishway use

Fishway approaches — Of the 595 radio-tagged lampreys released downstream from
Bonneville Dam, 532 (89%) approached a Bonneville Dam fishway. The highest percentage
first approached at Powerhouse 2 (PH2) fishway openings (59%), followed by Powerhouse 1
(PH1, 21%), and the combined B-Branch and Cascades Island opening adjacent to the spillway
(19%:; Figure 24). Four first approach events were at unknown PH2 locations (< 1%). The
highest percentage of all approach events was at PH2 (82%), followed by the spillway (11%),
and PH1 (5%). On average, lamprey approached fishways 15.6 times per fish (median =7,
range = 1-263). Two lampreys had more than 200 approaches, but it was not clear whether they
had died or simply remained stationary, with intermittent detections at antennas outside a
fishway.

Fishway entries — A total of 457 lampreys were recorded inside Bonneville Dam fishways
(77% of 595 released and 86% of 532 that approached a fishway). Many lampreys first entered
at PH2 (23% at south entrances and 22% at north entrances) and the fewest first entered the PH1
north entrance (5%; Figure 24). Among the 62 first entry events where both time and location
were unknown, 58 (94%) occurred at PH2. This was due in part to unmonitored routes along the
face of the powerhouse. These 62 first unknown entry events represented ~14% of all 457 first
entry events. The distribution of total fishway entries was generally similar to the distribution of
first entries (Figure 24). Lampreys that entered a fishway did so 2.3 times per fish, on average
(median = 2; range = 1-15).

Fishway exits — A total of 341 lampreys exited a Bonneville fishway to the tailrace, 75% of
the 457 that entered. Most of the fishway exits (52% of first and 55% of total) were from PH2
openings, most frequently from the south-shore entrances (Figure 24). Approximately 23% of
first and total exits were from each of the two fishways adjacent to the spillway and 12% of first
exits and 8% of all exits were from PH1 openings. Lampreys that entered a fishway at least once
and subsequently exited to the tailrace did so 2.4 times per fish, on average (median = 2; range =
1-14).

Bonneville passage times

Fishway approach, fishway entry, and dam passage — Median passage times from lamprey
release to first fishway approach, first fishway entry, and to pass the dam were 0.2 d (4.4 h), 1.1
d (25.6 h), and 6.2 d (148.7 h), respectively (Table 6). Mean times were substantially longer
than medians because some fish took more than a week to pass. Median passage times from the
first tailrace record to first approach a fishway, first enter a fishway, and pass the dam were 0.2 d
(4.3 h),0.5d(12.9 h), and 6.9 d (164.9 h), respectively. Lamprey release sites were near the
aerial tailrace antennas at Bonneville Dam in 2018.

Lampreys entered a fishway after their first recorded approach in a median of 0.9 h. Passage
times were also relatively rapid from first fishway entry to first transition pool entry (median =
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0.1 h) but were slower through transition pools (median = 1.2 h). Passage times were much
longer and more variable from the transition pool exit to the top-of-ladder exit (median = 26.6 h).
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Figure 24. Distributions of first (gray bars) and total (black bars) fishway approaches, fishway
entries, and fishway exits among sites by radio-tagged adult Pacific Lamprey at Bonneville Dam in 2018.

The Unknown (Unk) category includes fish recorded inside a fishway without a clear fishway approach,
entry, or exit record.
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Table 6. Summary of radio-tagged adult lamprey passage times at Bonneville Dam in 2018. Q1 and

Q3 are first and third quartiles, respectively. (Includes data from fish that were recaptured in the AFF in
the passage segments where estimates could be calculated).

Passage segment Passage time (h)

Start Finish n Median  Mean Q1 Q3
Release First approach 518 4.4 56.7 3.2 47.9
Release First entrance 371 25.6 75.3 4.1 79.4
Release Past dam 233 149.1 223.1 57.1 341.2
Tailrace First approach 469 4.3 55.4 3.0 30.8
Tailrace First entrance 343 12.9 71.3 3.7 79.4
Tailrace Past dam 200 161.9 230.8 58.6 343.2
First approach First entrance 371 0.9 349 0.2 24.2
First entrance Transition pool entry 347 0.1 12.5 <0.01 0.5
First entrance Past dam 174 70.3 125.3 26.1 159.9
Transition pool entry Transition pool exit® 199 1.2 65.9 0.4 73.8
Transition pool exit Past dam 207 26.6 54.3 21.8 71.2

% includes only fish that passed the dam.

Bonneville passage efficiency

Dam-wide passage efficiency — Of the 595 lampreys released downstream from Bonneville
Dam, 532 (89%) were recorded approaching a Bonneville Dam fishway, 457 (77%) entered a
fishway, and 237 (40%) passed the dam (Table 7). These three estimates were equal to or
slightly higher than pre-2018 median values from eleven previous study years (88%, 73%, and
40%, respectively). Eighty-six percent of tagged lamprey that approached a fishway in 2018
subsequently entered a fishway. The 2018 estimate was slightly higher than the median 85%
value estimated from previous study years. Dam-wide dam passage efficiency (passed dam /
approached fishway) was 45% and dam-wide fishway passage efficiency (passed dam / entered
fishway) was 52% in 2018; both values were equal to the corresponding median values from
previous years.

Fifteen (3%) of the 595 fish were recaptured at the dam after being released downstream.
Dam-wide dam passage efficiencies ranged from ~43-44% and dam-wide fishway passage
efficiencies ranged from ~50-52%, depending on the inclusion or exclusion of recaptured fish
(Table 8).

Route-specific fishway passage efficiency was highest for lampreys that first entered via
spillway openings (range = 56-63%), whereas values for fish that first entered at PH1 and PH2
openings were in the mid-40% to low-50% range (Table 9). Note, however, that not all fish
passed via the same route that they initially entered, and hence comparisons should be
considered qualitative given different exit rates among entrance locations. Excluding the 15
recaptured lamprey produced quantitatively similar results.
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Table 7. Dam-wide passage efficiency metrics for unique radio-tagged Pacific Lamprey at
Bonneville Dam in 1997-2002, 2007-2010, 2014, and 2018. At Dam = recorded in tailrace or at a
fishway; Approached = approached fishway opening; Entered = entered fishway; Passed = passed dam.
Fish were collected and tagged at Bonneville Dam. Sources for pre-2018 data: Keefer et al. (2012) and
Clabough et al. (2015).

1997 1998 1999 2000 2001 2002 2007 2008 2009 2010 2014 2018

Released (n) 147 205 199 299 298 = 201 398 595 596 312 600 @ 595
Approached (n) 129 182 183 260 277 193 271 443 470 276 473 532
Entered (n) 102 154 162 213 240 169 201 317 384 237 437 457
Passed (n) 49 73 82 123 129 = 92 83 156 %198 1128 240 237
Approached:Released 0.88 0.89 092 0.87 093 096 068 0.74 0.79 0.88 0.79 0.89
Entered:Released 0.69 0.75 081 071 0.81 084 051 053 0.64 0.76 0.73 0.77
Passed:Released 033 036 041 041 043 046 021 026 033 041 040 040

Entered:Approached = 0.79 0.85 0.89 0.82 0.87 088 074 0.72 0.82 0.86 0.92 0.86
Passed:Approached 038 040 045 047 047 048 031 035 042 046 051 045
Passed:Entered 048 047 0.51 058 054 054 041 049 0.52 0.54 055 0.52

'n=146;%n=177; 30 = 126; *n = 220; >n = 222 when trap recaptures were treated as NOT PASSING the dam

Table 8. Number of radio-tagged lampreys released downstream from Bonneville Dam in
2018, with the number detected approaching, entering, and passing the dam and with dam and
fishway passage efficiencies (Eff, %) calculated with the inclusion and exclusion of 15
recaptured lamprey (Rcps.).

Frequencies Percentages (%)

Released Approached Entered Passed Dam Eff. Fishway Eff,
Includes Reps. 595 532 457 237 44.5 51.8
Excludes Rcps. - 517 442 222 42.9 50.0

Table 9. Route-specific fishway passage efficiencies (%) based on first entry sites, calculated as the
ratio of unique radio-tagged lamprey that passed Bonneville Dam to unique fish that first entered each
main fishway opening. Efficiency estimates either censor recaptured (Rcps) fish or treat recaptured fish
as passing the dam. Note: fish could pass via any route and fish with both unknown entry sites and times
were excluded.

Number of unique lampreys Fishway passage efficiency

First Entry Site' First entered Recaptured Passed dam?> With Reps. No Rcps.
Powerhouse 1 South 62 1 31 50.0 49.2
Powerhouse 1 North 22 0 10 45.5 45.5

Spillway South 57 0 36 63.2 63.2

Spillway North 50 1 28 56.0 55.1
Powerhouse 2 South 105 4 47 44 .8 42.6
Powerhouse 2 North 99 7 52 52.5 48.9

! entries at known locations, but with unknown times, were included.
2 recaptured fish treated as passing the dam.
Note: 2 recaptured fish with unknown first entry sites at Powerhouse 2 were excluded from this table.
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Site-specific fishway entrance efficiency — At individual fishway openings, the percentage of
unique fish that ever approached and entered the same site was highest at the Cascades Island
(81%) and PH1 South (66%) openings. The percentage of total approach events that resulted in
entry events was also highest at the Cascades Island opening (69%), followed by PH1 South
(38%), PH1 North (23%), the Bradford Island opening (19%) and the PH2 openings (7%)
(Figure 25).
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Site
Figure 25. Ratio of unique, radio-tagged lampreys at Bonneville Dam in 2018 that entered fishway
openings they approached at any time (gray bars) and the ratio of total approach events that resulted in a
fishway entry (black bars).

Bonneville - most upstream point reached by lampreys that did not pass

A total of 359 lampreys did not pass Bonneville Dam, 60% of the 595 released and 62% of
580 released when the 15 recaptured fish were excluded. The most upstream site recorded for
the 359 non-passing fish included 8 (2%) fish at the release site, 53 (15%) in the tailrace, 76
(21%) outside a fishway opening, and 222 (62%) inside a fishway (Table 10).

The 76 lamprey that were recorded approaching but not entering a fishway were recorded
outside all of the primary fishway openings. These included PH1 south (9% of 76), PH1 North
(4%), B-Branch (42%), Cascades Island (4%), PH2 south (26%), and PH2 north (14%).

The most upstream locations for the 222 lamprey that entered a fishway, but did not pass the
dam, were distributed throughout the fishways, with almost two-thirds inside the WA-shore
fishway (Table 10). Over half (120/222 = 54%) of the fish had their most upstream detection in
the upper reaches of the Washington-shore or Bradford Island fishways, specifically in the
serpentine weir sections, near the Bradford Island ladder top, or in the auxiliary water supply
(AWS) channels. Approximately 19% of the 120 fish with their most upstream detections in the
upper reaches of the fishways had detections in both a serpentine weir section and an AWS

44



channel before moving downstream. Combining similarly-configured sites, 27% (61 of 222)
lamprey had their most upstream detection in one of the four transition pools at the dam.

Table 10. The most upstream detection locations recorded for 359 radio-tagged lamprey that did not
pass Bonneville Dam in 2018, including locations for the 222 lamprey that entered a fishway but did not
pass the dam (Note: 15 fish that were recaptured and released upstream were excluded).

Percent Percent
n of 359 of 222
Did not pass dam 359

Release sites 8 2.2

Tailrace only 53 14.8

Approach fishway 76 21.2

Entered fishway 222 61.8

Did not pass dam, but entered fishway 222

Bradford Island fishway
PHI1 collection channel 3 0.8 1.4
A-Branch transition pool 3 0.8 1.4
B-Branch transition pool 8 2.2 3.6
Ladder between transition pool & window 7 1.9 32
Serpentine weirs 43 12.0 19.4
Serpentine weirs / auxiliary water supply channel 6 1.7 2.7
Top of ladder exit area 9 2.5 4.1

Washington-shore fishway
PH2 collection channel 23 6.4 10.4
Cascades Island transition pool 10 2.8 4.5
Cascades Island / UMT 1 0.3 0.5
PH2 transition pool 40 11.1 18.0
Ladder between transition pool & window 7 1.9 3.2
Serpentine weirs 42 11.7 18.9
Serpentine weirs / auxiliary water supply channel' 17 4.7 7.7
Auxiliary water supply channel 3 0.8 1.4

! some direct movements between the Washington-shore serpentine weirs and the auxiliary water supply
channel was possible in 2018.

Bonneville - turnaround locations for each fishway entry event not resulting in dam
passage

There were 183 entry events at the Bradford Island fishway that did not result in dam
passage. Approximately 40% (78/183) of the turnarounds were in the serpentine weirs or in the
AWS channel (section 6 in Figure 26) and 36% (65/183) were in one of the two transition pools
(sections 4 & 7 in Figure 26; Table 11). There were 642 unsuccessful entry events at the
Washington-shore fishway. About 54% (347/642) were near the PH2 South fishway openings or
the unmonitored sluice gates (sections 12, 13, or 14) of the PH2 collection channel. Another
32% (203/642) of Washington-shore fishway turnaround events occurred in one of the two
transition pools (sections 9, 16, 17, & 18 in Figure 27; Table 11). Twelve percent (74/642) were
in the vertical slot weirs or AWS.
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Table 11. Numbers of fishway entry events recorded for radio-tagged adult Pacific Lampreys and
estimated turnaround locations inside fishways for events that did not result in Bonneville Dam passage in
2018. Turnaround locations were inferred from underwater antenna sites inside fishways. PHI,
Powerhouse 1; S, south; N, north; UNK, unknown; SP, spillway; PH2, Powerhouse 2; D, downstream; U,
upstream. Numbered turnaround locations correspond to the sites labeled in Figures 26 and 27.

Entry Turnaround location in Bradford Island fishway
n 1 2 3 4 5° 6 7 8
PHI1-S 63 19 2 3 15 24
PHI1-N 19 1 5 13
PH1-UNK 1 1
SP-S 100 41 45 14
Total 183 20 2 4 20 78 45 14

Turnaround location in Washington-shore fishway
9 10 11 12 13* 14 15 16 17 18 19 20

SP-N 53 24 7 2 20
PH2-S-D 114 15 90 1 3 1 4
PH2-S-U 160 158 1 1
PH2-N-D 80 9 41 14 3 13
PH2-N-U &9 1 57 12 2 17
PH2-UNK 146 2 80 3 29 13 19
Total 642 24 7 2 17 328 - 9 46 103 30 2 74

2Powerhouse 1 sluice gates were closed in 2018.
®some segment 13 events likely occurred in unmonitored segment 14 in 2018

Bradford Islanc\

fishway

Washington

Oregon

1] S0 100 meters

Figure 26. Map of Powerhouse 1 and the Bradford Island fishway at Bonneville Dam. Circles and
ellipses show locations inside the fishway where radio-tagged lamprey turnaround events were assigned.
Inset shows the configuration of Bonneville Dam, including the two powerhouses and the spillway. PH1
= Powerhouse 1; PH2 = Powerhouse 2; SP = spillway; SG = sluice gate. Note: Powerhouse 1 sluice gates
were closed in 2018.
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Figure 27. Map of Powerhouse 2 and the Washington-shore fishway at Bonneville Dam. Circles and
ellipses show locations inside the fishway where Pacific Lamprey turnaround events were assigned. Inset
shows the Cascade Island fishway, which has one entrance (SP-N) and joins the Washington-shore
fishway at the terminus of the UMT channel. PH2 = Powerhouse 2; SP = spillway; OG = orifice gate.
Note: Powerhouse 2 orifice gates were open and unmonitored in 2018.

Bonneville - lamprey in Cascades Island AWS

Five radio-tagged lampreys were recorded in the Cascades Island (CI) AWS channel in 2018.
All five fish initially moved into the CI AWS via the upstream migrant tunnel (UMT) channel
from the WA-shore fishway (i.e., they moved down the UMT). Based on radiotelemetry
detections, only 1 of the 5 fish eventually passed the dam; it used the WA-shore AWS-LPS.
Three fish exited the CI fishway to the tailrace (1 via the CI fishway and 2 via the WA-shore
fishway). The fifth fish was last recorded in the WA-shore fishway transition area.

Bonneville fallbacks

We recorded four unique radio-tagged lampreys (~2% of the total that passed the dam)
falling back past the dam. All four fish fell back after passing the Bradford Island fishway. One
of the four fish passed via the BI LPS and swam down the BI fishway approximately two days
after exiting the LPS. Two of the four fallback fish reascended a fishway and were last detected
upstream and two were last recorded in the Bonneville tailrace.
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The Dalles fishway use

Fishway approach, entry, and dam passage — Of the 152 radio-tagged lampreys detected
approaching a fishway in 2018, 142 entered, and 68 subsequently exited back into the tailrace
one or more times. The highest percentage of tagged fish made their first approach at the north
fishway (36%), followed by the east (30%), west powerhouse (25%), and south spillway (7%)
openings (Figure 28). Forty-one percent of all first entries occurred at the north-shore opening,
followed by the east (36%), west powerhouse (13%), and south spillway openings (7%). There
were proportionately more total approaches at the east and west openings than first fishway
approaches whereas the distributions of first and total fishway entries were generally similar.
Lampreys approached fishways a median of 2 times (mean = 3.1 times) per fish and entered
fishways a median of 1 time (mean = 1.6 times) per fish. The 68 tagged lampreys that exited to
the tailrace did so a median of 1 time (mean = 1.8 times). The highest percentage of fishway
exits was at the east (32%), followed by the north (29%), south spillway (22%), and west
powerhouse (11%) fishway openings.

50
;\? 1st Approach n = 152
& 40 1 All Approaches n = 469
-;C‘j —
®© 30 - ]
o
a
@ 20 -
>
2
< 10 A
R
. ol

0 T T T T

50

1st Entryn =142

:\; 40 - Al Entries n = 231
3
£ 30 1
c
o
T 20 A
2
X3
- H I

0 : |_|.l : : — .

North South East West Unk

Figure 28. Distributions of first (gray bars) and total (black bars) fishway approach, and fishway
entry sites by radio-tagged adult Pacific Lampreys at The Dalles Dam in 2018. The Unknown (Unk)
category includes fish recorded in a fishway without a clear fishway approach or entry record.
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The Dalles passage times

Fishway approach, entry, and dam passage — A total of 164 unique lampreys was detected at
The Dalles Dam and/or tailrace in 2018 and 68 (41%) of these fish were recorded at the tailrace
sites on their first apparent approach to the fishways. Twelve (18%) of the 68 lamprey recorded
in the tailrace were not recorded approaching the dam. Median passage times from the first
tailrace record to first fishway approach, first fishway entry, and to pass the dam were 12.7, 17.9,
and 81.3 h, respectively (Table 12). On median, most lampreys entered a fishway quickly after
their first recorded approach (0.2 h), from their first fishway entry into a transition pool (0.1 h),
and for fish that passed the dam, through transition pools (0.9 h). The median time lamprey used
to swim from their first fishway entrance to exit from a ladder top was slightly over a day (27.5
h, mean = 85.1 h). Fish used a median of 20.2 h (mean = 24.3 h) to swim from their final
transition pool exit to a ladder top.

Table 12. Summary of passage times for radio-tagged adult Pacific Lamprey at The Dalles Dam in
2018. Q1 and Q3 are first and third quartiles, respectively.

Passage segment Passage time (h)

Start Finish n  Median Mean Ql Q3
Tailrace First approach 46 12.2 27.8 4.3 24.1
Tailrace First entrance 40 17.4 33.7 6.9 40.6
Tailrace Past dam 40 80.3 155.9 47.6 139.9
First approach First entrance 98 0.2 14.5 0.1 2.9
First approach Past dam 85 50.6 110.3 24.1 139.8
First entrance Transition pool entry 96 0.1 7.5 0.1 0.4
First entrance Past dam 80 27.5 85.1 20.4 74.0
Transition pool entry Transition pool exit?® 101 0.9 399 04 47.6
Transition pool exit Past dam 102 20.2 24.3 6.8 24.6

% includes only fish that passed the dam

The Dalles passage efficiency

Of the 164 tagged lampreys detected at The Dalles Dam or tailrace in 2018, 93% approached
a fishway, 87% entered a fishway, and 66% passed the dam (Table 13). The 2018 percentage of
lampreys that approached was slightly lower than the median value from ten previous study
years (93% vs. 94%). The percentages of lampreys that entered (87%) and passed (66%) The
Dalles Dam in 2018 were slightly higher than median values from previous study years (81%
and 63%, respectively). Of the lampreys that approached a fishway in 2018, 93% subsequently
entered a fishway, which was higher than the median from previous study years (87%). Dam-
wide dam passage efficiency was 72% and dam-wide fishway passage efficiency was 77% in
2018; both estimates were slightly higher than corresponding median values from previous years
(67% and 74%, respectively).
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The 109 tagged fish counted as passing the dam included one radio-tagged lamprey
recaptured in the east fishway by CRITFC personnel on 9 August 2018. It was released into the
forebay. Of the 108 non-recaptured lamprey that passed the dam, 48 (44%) passed via the north

fishway and 60 (56%) passed via the east fishway.

Table 13. Dam-wide passage efficiency metrics for unique radio-tagged Pacific Lamprey at The

Dalles Dam in 1997-2002, 2007-2010, 2014, and 2018. At Dam = recorded in tailrace or at a fishway;
Approached = approached fishway opening; Entered = entered fishway; Passed = passed dam. Fish were
tagged at Bonneville Dam. Sources for pre-2018 data: Keefer et al. (2012) and Clabough et al. (2015).

1997 1998 1999 2000 2001 2002 2007 2008 2009 2010 2014 2018
At Dam (n) 66 43 49 91 94 73 38 95 112 104 163 164
Approached (n) 64 38 - 84 92 70 31 90 103 93 157 152
Entered (n) 48 33 - 82 77 61 29 77 95 84 111 142
Passed (n) 35 24 24 67 68 46 21 63 68 70 75 109
Approached:At Dam  0.97  0.88 - 093 098 096 082 095 092 0.8 096 0093
Entered:At Dam 0.73 0.77 - 090 0.82 084 0.76 0.81 085 0.81 0.68 0.87
Passed:At Dam 053 056 049 074 072 0.63 055 0.66 061 0.67 0.66 0.66
Entered:Approached ~ 0.75 = 0.87 - 096 084 087 094 0.86 092 090 0.71 0.93
Passed: Approached 0.55  0.63 - 0.79 0.74 0.66 0.68 0.70 0.66 0.75 048 0.72
Passed:Entered 0.73 0.73 - 0.82 0.88 0.75 0.72 0.82 0.72 0.83 0.68 0.77

At individual fishway openings, 98% of radio-tagged lampreys that first approached the

north-shore fishway (n = 55) also made their first entry there. The percentages of unique

lamprey first entering a fishway to unique fish first approaching it were 76% for the east opening

(n =46), 54% for the south spillway (n = 11), and 40% for the west powerhouse (n = 37)
openings. The site-specific entrance efficiency estimate for the north fishway for the 70 unique
lampreys that approached there at least once was 99% (i.e., 69 fish entered at least once). The
site-specific estimate was also high for the east fishway (82% of 80 unique fish), while the south

spillway and west powerhouse estimates were 65% (n = 23) and 45% (n = 66), respectively. The

proportion of total approach events that resulted in entry events was also highest at the North
opening (93%, n = 89), followed by the South spillway (60%, n = 35), East (53% n = 169), and

West powerhouse opening (19%, n = 172).

The Dalles - most upstream point reached by fish that did not pass

Over half (52%, n = 231) of all fishway entry events did not result in dam passage (Table

14). Identifying turnaround locations was more difficult at The Dalles Dam (relative to at

Bonneville Dam) because there were fewer fishway monitoring sites. Among failed dam
passage attempts in the north-shore fishway, 91% of the 35 turnarounds were apparently in the
transition pool and the remainder were inferred to be upstream from the transition area in the
ladder, but downstream from the ladder top. Similarly, 90% of the 52 east opening entry events

that did not result in dam passage had turnarounds in the east fishway transition pool and 10% of
turnarounds occurred upstream in the ladder. Among 15 failed entry events that originated at the

south spillway opening, two-thirds had turnarounds within the south fishway collection channel.
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The 19 failed entry events at the west powerhouse opening had turnarounds in the west fishway
collection channel (47%) and the east transition pool (53%).

Table 14. Numbers of fishway entry events recorded for radio-tagged adult Pacific Lampreys that did
not result in dam passage, and estimated turnaround locations inside fishways in 2018. Turnaround
locations were inferred from underwater antenna sites inside fishways.

Turnaround locations
Entry site Entryn N. Tran. pool  N. ladder
North 35 32 3

S. Coll. Ch. W. Coll. Ch. E. Tran. pool E. ladder

East 52 47 5
South 15 10 2 3
West 19 9 10
Total 121 42 12 59 8

The Dalles fallbacks

Five unique radio-tagged lampreys that passed the The Dalles Dam in 2018 fell back. Four
did not reascend a fishway and were last detected in The Dalles tailrace. One tagged lamprey
fell back and reascended a fishway three times. It was recaptured at Sherar’s Falls in the
Deschutes River on 27 July 2018.

John Day fishway use

Fishway approach, entry, and dam passage — At John Day Dam, 67 lampreys approached
fishway entrances in 2018, 61 (91%) entered a fishway and 43 subsequently exited to the tailrace
one or more times. The highest percentage of the tagged fish was first recorded approaching the
south-shore entrance (n =27, 40% of 67), followed by the north-shore entrance (n = 23, 34%),
and the north powerhouse entrance (n = 7, 10%). Fifteen percent (n = 10) of first approaches
were by fish with unknown approach locations near the south fishway (likely at the unmonitored
collection channel orifices). First entries were highest at the north-shore entrance (n = 20, 33%
of 61) followed by the south-shore entrance (n = 16, 26%), and the north powerhouse entrance (n
=5, 8%); 33% had unknown entrance locations at the south fishway (n =20).

Distributions of total fishway approaches and entries were generally consistent with first
approach and entry locations, with the highest percentage of total approaches (67%) occurring at
the south-shore entrance while and total entries (25%) occurring at both the north- and south-
shore entrances. Lampreys approached fishways a median of 1 time (mean = 1.6 times) per fish.
Lampreys entered fishways a median of 1 time (mean = 1.8 times) per fish. The subset that
exited back to the tailrace did so a median of 2.0 times (mean = 2.1 times). The north-shore
entrance was exited most frequently (z = 10 times), followed by the south-shore entrance (n =5
times).
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John Day passage times

Fishway approach, entry, and dam passage — A total of 72 lampreys were detected at John
Day Dam. Detection efficiency at the tailrace antennas was low, with only 28% (20 of 72) of the
tagged fish recorded at the tailrace sites; 3 of the 20 (15%) recorded in the tailrace were not
detected at the dam (Table 15). Median passage times from the first tailrace record to first
fishway approach, first fishway entry, and to pass the dam were 5.8, 7.6, and 47.9 h, respectively
(Table 15). Most lampreys moved quickly into a fishway after their first recorded approach
(median = 0.3 h, n = 28), from first fishway entry into a transition pool (median = 0.1 h, n = 39),
and through transition pools (median = 0.2 h, n = 24). In contrast, passage time variability was
much higher for the segment from first fishway entry to exit from the ladder top (median = 24.1
h, n =28). This was partially due to the time spent exiting and re-entering the fishways and
transition pools. Lampreys took a median of 20.8 h (n = 24) to pass from transition pool exit to
exit from the top of a ladder.

Table 15. Summary of passage times for radio-tagged adult Pacific Lampreys at John Day Dam in
2018. Q1 and Q3 are first and third quartiles, respectively.

Passage segment Passage time (h)

Start Finish n  Median Mean Ql Q3
Tailrace First approach 20 5.8 15.2 23 19.4
Tailrace First entrance 15 7.6 19.6 3.7 18.4
Tailrace Past dam 14 47.9 75.9 21.5 57.3
First approach First entrance 28 0.3 10.7 0.1 0.4
First approach Past dam 35 28.7 111.6 19.2 63.7
First entrance Transition pool entry 39 0.1 2.8 0.1 0.4
First entrance Past dam 28 24.1 96.2 14.1 47.0
Transition pool entry Transition pool exit 24 0.2 25.2 0.1 1.4
Transition pool exit Past dam 24 20.8 22.0 7.6 25.8

John Day passage efficiency

A total of 68 lampreys were recorded approaching fishways at John Day Dam and 47 passed
the dam (including 4 that were recaptured in traps near the count stations) for a dam-wide dam
passage efficiency estimate of 69% (Tables 16-17). Sixty-two fish entered a fishway for a dam-
wide fishway passage efficiency of 76% (47/62). Of the 62 fish that entered, fishway passage
efficiency was highest for fish that first entered the north entrance (80%, n = 20/25), followed by
those that entered the south entrance (69%, n = 9/16), and the north powerhouse entrance (40%,
n=12/5). Fish with unknown entry times and sites (n = 20) were excluded from site-specific
estimates. The dam-wide dam passage efficiency (69%) and fishway passage efficiency (76%)
in 2018 at John Day Dam were considerably higher than corresponding median estimates from
previous years (52% and 54%, respectively) (Table 17). Site-specific fishway entrance
efficiency at individual openings was highest at the north entrance (78%, 25 entered of 32 unique
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fish that approached) followed by 60% (9/15) at the north powerhouse entrance and 50% (17/34)
at the south-shore entrance (Table 18).

Table 16. Numbers of radio-tagged lamprey detected at John Day Dam in 2018, with the number
detected approaching and entering fishways, and passing the dam, with dam and fishway passage
efficiency estimates (Eff, %) calculated with the inclusion and exclusion of 4 recaptured lamprey (Rcps).

Numbers Percentages
At Dam Approached Entered Passed Dam Eff. Fishway Eff.
Includes Reps 72 68 62 47 69.1 75.8
Excludes Rcps 65 58 43 66.1 74.1

Table 17. Dam-wide passage efficiency metrics for unique radio-tagged Pacific Lamprey at John Day
Dam in 1997-2002 and 2007-2010, 2014, and 2018. At Dam = recorded in tailrace or at a fishway;
Approached = approached fishway opening; Entered = entered fishway; Passed = passed dam. Fish were
tagged at Bonneville Dam.

1997 1998 1999 2000 2001 2002 2007 2008 2009 2010 2014 2018
At Dam (n) 1 10 13 74 51 34 11 42 44 39 51 72
Approached (n) 1 10 - 70 47 34 - - 42 - 48 68
Entered (n) 1 7 - 60 46 34 - - 39 - 46 62
Passed (n) 0 3 3 28 25 17 9 27 22 34 40 47
Approached:At Dam  1.00  1.00 - 095 092  0.92 - - 0.95 - 0.94  0.94
Entered:At Dam 1.00  0.70 - 0.81 0.90  0.90 - - 0.89 - 0.90 0.86
Passed:At Dam 0.00 030 023 038 049 049 082 0.64 0.50 0.87 0.78 0.65
Entered:Approached ~ 1.00  0.70 - 0.86 0.98 0.98 - - 0.93 - 0.96 0091
Passed: Approached 0.00 0.30 - 0.40 0.53 0.53 - - 0.52 - 0.83  0.69
Passed:Entered 0.00 0.43 - 0.47 0.54 0.54 - - 0.56 - 0.87 0.76

!'n = 43; when trap recaptures were treated as NOT PASSING the dam

John Day - most upstream point reached by fish that did not pass

Of the 72 radio-tagged fish recorded at John Day Dam, 25 (35%) did not pass the dam. Their
most upstream locations included: 7 (28%) outside the south shore entrance, 5 (20%) at the base
of the north ladder entrance, 3 (12%) in the tailrace site (north side), 2 (8%) inside the north
powerhouse entrance, 2 (8%) in the south shore collection channel entrance, 2 (8%) in the south
shore entrance, and 1 (5%) each inside the south shore entrance, outside the north powerhouse
entrance, outside the north ladder entrance and the tailrace site (south).

John Day fallbacks

Fallback rates for radio-tagged lampreys were much higher at John Day Dam than at
Bonneville (~2%) or The Dalles (5%) dams. Of the 47 unique, radio-tagged lampreys that
passed John Day Dam, 6 (13%) had records that suggested they fell back at the dam at least
once. No fish fell back more than one time. Of those that fell back, 4 (67%) did so after passing
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the dam via the north fishway and 2 (33%) after passing via the south fishway. Three of the six
fallback fish reascended via the south fishway and one reascended via the north fishway; two
fish were last detected downstream from the dam.

Table 18. Site-specific fishway entrance efficiency metrics for radio-tagged Pacific Lampreys at John
Day Dam fishway openings in 1997-1998, 2000-2002, 2014, and 2018. Total approaches = total number
of fishway approach events; Total entries = total number of fishway entry events; Unique approaches =
number of unique fish that approached opening; Unique entries = number of unique fish that entered
opening. Fish were tagged at Bonneville Dam.

1997 -~ 1998 1999 2000 2001 = 2002 - 2007 2008 2009 2010 = 2014 = 2018
South
Total approaches (n) 7 17 - 107 163 80 - - - - 13 112
Total entries () 5 10 - 27 92 29 - - - - 5 27
Total efficiency 0.71 - 0.59 - 0.25 = 0.56 0.36 - - - - 0.38 - 0.24
Unique approaches () 1 9 - 51 42 28 - - - - 11 34
Unique entries (n) 1 5 - 23 38 17 - - - - 5 17
Unique efficiency 1.00 = 0.56 - 0.45 090 0.61 - - - - 0.45  0.50
South powerhouse
Total approaches (n) 10 8 - 58 78 34 - - - - 9 19
Total entries (n) 4 0 - 14 23 11 - - - - 7 9
Total efficiency 0.40 - 0.00 - 024 = 029 0.32 - - - - 0.78 : 0.56
Unique approaches () 1 4 - 29 26 14 - - - - 7 15
Unique entries (n) 1 0 - 10 16 7 - - - - 5 9
Unique efficiency 1.00 -~ 0.00 - 0.34  0.62 0.50 - - - - 0.71 ~ 0.60
North
Total approaches (n) 6 6 - 38 35 57 - - - - 30 39
Total entries (n) 4 3 - 20 29 34 - - - - 25 29
Total efficiency 0.67 =~ 0.50 - 0.53 © 0.83 0.60 - - - - 0.83 = 0.74
Unique approaches () 1 4 - 27 11 18 - - - - 26 32
Unique entries (n) 1 3 - 18 8 17 - - - - 24 25
Unique efficiency 1.00 - 0.75 - 0.67 - 0.73 0.94 - - - - 092 - 0.78
South unknown
Total approaches (n) 1 - - 30 49 21 - - - - 21 43
Total entries () 0 - - 29 49 20 - - - - 21 43
Total efficiency 0.00 - - 0.97 = 1.00 0.95 - - - - 1.00 = 1.00
Unique approaches () 1 - - 27 28 14 - - - - 20 26
Unique entries (n) 0 - - 26 28 13 - - - - 20 26
Unique efficiency 0.00 - - 0.96 1.00 0.93 - - - - 1.00 @ 1.00
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John Day north (JDN) entrance

Radio-tagged lamprey — In 2018, lamprey entrance efficiency at the JDN entrance was 78%
(Table 18). Of the 29 entry events (by 25 fish), 8 exit events were recorded to the tailrace for an
exit ratio of (8/29 = 28%). The median time from fishway approach to entry was 2 min and
ranged from < 1 to 65 min. After radio-tagged lampreys entered the north fishway, the median
time to reach the base of the ladder was 3.3 min (range = 1-111 min). Only one (5%) adult
lamprey at the John Day north entrance had an approach-to-entry time of > 1 h whereas no
lamprey that entered had >1 h passage times from entrance to the first ladder antenna. Of the 25
unique fish that entered the JDN entrance, 20 (including three recaptures) successfully passed the
dam for a fishway passage efficiency estimate of 80%. Of the five fish that did not pass via JDN
three turned around (apparently between weirs 13 and 14) above the transition pool, one fish
turned around in the lower transition pool while the other exited JDN and passed via the south-
shore fishway. Of the six fish that fell back at John Day Dam, three (50%) fell back at the top of
the north ladder. One fish reascended the south ladder while the other two did not reascend.

PIT tag detection histories — A total of 66 lampreys was detected on one or more of the PIT
antennas near the JDN fishway entrance (two antennas outside the variable-width weir and two
inside the entrance upstream from the variable-width weir, Figure 29). The 66 lampreys
included 14 double-tagged fish (21%), 32 PIT-tagged fish released below Bonneville Dam
(48%), and 20 PIT-tagged fish released upstream from Bonneville near Stevenson (30%).

Of the 66 PIT lampreys detected, 58 (88%) were recorded on the outside antenna array
(Note: six of these fish were recorded on their second dam passage). The majority of outside
antenna detections occurred on the south side (86%) and 9% of unique approaches were recorded
on both outside antennas. Only 41% (n = 27) of lampreys that entered were detected on the
inside PIT antenna array, suggesting fish were free swimming in the water column or were near
fishway walls but not near the floor. In total, 12 of the 27 fish (44%) were detected on both
inside antennas, 10 (37%) were on the south inside antenna, and 5 (19%) were on the north
inside antenna.

Of the 66 lampreys detected at the PIT antennas, 38 (58%) eventually passed the dam via the
JDN ladder, 9 (14%) passed via the south-shore fishway, 5 (8%) were recaptured in the LPS trap
box, 2 (3%) passed the dam via an unknown route, and 12 (18%) did not pass the dam. Twelve
of the fish detected at the PIT antennas were recorded falling back past John Day Dam one or
more times. Eight fish fell back after passing the north ladder, three after passing the south
ladder, and one fish fell back after recapture (north LPS) and subsequent release into the John
Day forebay. All but one fallback fish reascended a fishway at the dam.
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Figure 29. Overhead diagram of HD-PIT antenna array (orange rectangles) near the John Day north
fishway entrance in 2018.

McNary summary

A total of 23 radio-tagged lampreys were recorded at McNary Dam in 2018. Of these, 13
(57%) first approached the south-shore fishway, 5 (22%) first approached the north fishway, 3
(13%) first approached the north powerhouse opening, and 2 (9%) first approached at unknown
north powerhouse sites. All of the fish that approached also entered a fishway with 13 (57%)
entering the south-shore opening, six (26%) entering the north fishway and two (9%) entering
the north powerhouse site. Two fish (9%) entered at unknown south-shore sites. At McNary
Dam site-specific fishway entrance efficiencies (number of unique lamprey that entered/ the
number of unique lamprey that approached the same site) ranged from 100% at the north and
south-shore entrances to 67% at the north powerhouse entrance.

Overall, 20 of the 23 lampreys passed McNary Dam for a dam-wide dam passage efficiency
of 87% (Table 19). The dam-wide dam passage efficiency (87%) for McNary Dam in 2018 was
higher than the median estimates from previous years (81%) while dam-wide fishway passage
efficiency (87%) was similar to the corresponding median estimates from previous years (89%;
Table 19). Of the fish that passed in 2018, 12 (60%) passed via the south-shore fishway, 6
(30%) passed via the north fishway, and 2 (10%) passed via an unknown route. While telemetry
coverage was limited, we were able to calculate passage times for several segments at McNary
Dam. Median passage times from first fishway approach to first fishway entry and to pass the
dam were 0.1 (n =21) and 21.9 h (n = 17), respectively (Table 20). Although the sample size
was low (n = 6) lampreys appeared to move quickly from first fishway entry into a transition
pool (median = 0.1 h). Median passage time was longer for the segment from first fishway entry
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to exit from the ladder top (median = 10.3 h, n=17). No lampreys were recorded falling back at
McNary Dam.

Table 19. Dam-wide passage efficiency metrics for unique radio-tagged Pacific Lamprey at McNary
Dam in 2000-2002 and 2008-2010, 2014 and 2018. At Dam = recorded in tailrace or at a fishway;
Approached = approached fishway opening; Entered = entered fishway; Passed = passed dam. Fish were
tagged at Bonneville Dam.

1997 1998 1999 2000 2001 2002 2007 2008 2009 2010 2014 2018

At Dam (n) - - - 13 9 5 - 8 10 11 7 23
Approached (n) - - - 13 9 2 - 8 10 11 7 23
Entered (n) - - - 12 9 2 - 7 10 7 7 23
Passed (n) - - - 11 6 2 - 7 8 6 7 20
Approached:At Dam - - - 1.00 1.00 0.40 - 1.00  1.00 1.00 1.00 1.00
Entered:At Dam - - - 092 1.00 0.40 - 0.88 1.00 0.64 1.00 1.00
Passed:At Dam - - - 0.85 0.67 0.40 - 0.88 0.80 0.55 1.00 0.87
Entered: Approached - - - 0.92 1.00 - 1.00 - 0.88 - 1.00 - 0.64 1.00 1.00
Passed: Approached - - - 0.82  0.67 1.00 - 0.88 0.80 0.55 1.00 0.87
Passed:Entered - - - 092 0.67 1.00 - 1.00 0.80 0.86 1.00 0.87

Table 20. Summary of passage times for radio-tagged adult Pacific Lamprey at McNary Dam in
2018. Q1 and Q3 are first and third quartiles, respectively.

Passage segment Passage time (h)

Start Finish n  Median Mean Q1 Q3

First approach First entrance 21 0.1 20.7 0.1 0.2

First approach Past dam 17 21.9 177.4 6.5 50.1

First entrance Transition pool entry 6 0.1 0.2 0.1 0.2

First entrance Past dam 17 10.3 151.8 5.3 23.1
Discussion

The primary objectives for Section 5 of this report were to summarize radio-tagged adult
lamprey use of fishways (including LPSs), and to calculate lamprey passage times, passage
efficiencies, and fallback percentages at the four lower Columbia River dams. We also used the
radiotelemetry data to look at lamprey behaviors at specific locations with known passage
problems (e.g., the count stations, AWS channels, and serpentine weir sections at Bonneville
Dam) and sites with recent modifications to improve lamprey passage (e.g., the UMTJ-LPS at
Bonneville Dam and the reconfigured John Day north fishway entrance area).

Bonneville Dam
The percentage of radio-tagged lampreys that were detected at Bonneville Dam after release

in 2018 (89%) was slightly higher than the 11-year average (i.e., 1997-2002, 2007-2010, &
2014) of 85% (Keefer et al. 2012; Clabough et al. 2015). The 2018 value was also consistent
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with values from the 1997-2002 studies (87-96%), when radio-tagged fish were significantly
larger (on average), transmitters were larger, and antenna arrays monitored a larger proportion of
the dam face and fishways (i.e., orifice/sluice gates were open and monitored at both
Powerhouses). Lampreys not detected at Bonneville Dam in 2018 could have shed transmitters,
may have abandoned upstream migration, may have died from tagging effects (i.e., 3 of 599
[0.5%]) double-tagged lampreys died before release in 2018) or predation (pinnipeds and white
sturgeon Acipenser transmontanus), or could have avoided detection at fishway entrance
antennas which are positioned high in the water column. Transmitter failure was relatively
unlikely (except for possible overwintering fish) based on previous tag testing in 2009, when tag
life ranged from 123-145 d (n = 5) and comparison of detection histories of double-tagged
lamprey in radio- and PIT arrays in 2018. There was one case of a transmitter not working or
being shed in 2018 based on PIT detections of a double-tagged lamprey in the Bradford Island
vertical slot weirs, which had no corresponding radio detections inside the fishway.

Dam passage efficiency (fishway approach to top of ladder) at Bonneville Dam in 2018 (43%
with recaptured fish excluded and 45% with recaptured fish treated as passing the dam) was
slightly above average compared to most recent lamprey radio-telemetry studies (mean = 41%,
median = 42%, n= 5 years, range =31-51%, 2007-2010 and 2014; Keefer et al. 2012; Clabough
et al. 2015). The 2007-2010 and 2014 studies used similar methods to those used in 2018 and
lamprey body sizes were representative of the runs at large (in contrast to radiotelemetry studies
in 1997-2002, when only larger-bodied fish were tagged). The 2018 result discontinued an
apparent increasing trend in Bonneville passage success discerned in the five-year time series of
radiotelemetry and HD-PIT studies starting in 2007 (Keefer et al. 2015). Operational and
structural factors (e.g., reduced fishway velocity on lamprey entry behavior at the PH2 fishway
(Johnson et al. 2010, 2012), increased use of the LPSs (Moser et al. 2011), raising of the WA-
shore AWS picket lead, and/or incremental effects of recent fishway modifications at Bonneville
Dam (Keefer et al. 2010; Clabough et al. 2010a) were cited as potential explanations for the
trend of increasing lamprey passage success from 2007 to 2014 (Clabough et al. 2015).

We had hypothesized that lamprey passage success at Bonneville Dam in 2018 would be at
the high end of the reported range given the reduced nighttime velocity experiment at the
Bradford Island fishway and the new UMTJ-LPS (among other incremental improvements since
2014). However, the potential benefits of passage improvements may have been partially offset
by an outbreak of furunculosis (a disease associated with infection by Aeromonas salmonicida)
in the 2018 lamprey run. Furunculosis was identified in mid-migration, and thereafter
symptomatic lampreys had about 8% lower passage success at Bonneville Dam than non-
symptomatic lampreys (details in Keefer et al. 2019). In Atlantic salmon (Sa/mo salar) infected
with furunculosis, critical swim speed was greatly reduced and fish exhaustion occurred sooner
compared to controls (Yi et al. 2016). Symptoms of furunculosis have been present in other
adult Pacific lamprey run-years (Ralph Lampman, personal communication) but the incidence of
the disease and its potential effects on behavior and dam passage success have not been
previously evaluated. Consequently, we are uncertain whether the apparent increased prevalence
of the disease in 2018 affected study results.

The distribution of turnaround sites for failed Bonneville Dam passage attempts in 2018 were
largely consistent with previous evaluations, which found turnarounds likely to occur in the first

58



or second fishway segment encountered after fishway entry (Keefer et al. 2012, 2013b). Over
half of all WA-shore fishway turnarounds in 2018 were near the PH2 South fishway openings or
the unmonitored sluice gates of the PH2 collection channel and approximately one third (32-
36%) of both WA-shore and Bradford Island failed passage attempts occurred in one of their
transition pools. Smaller percentages of all 2018 turnaround events (12%) were in the WA-shore
vertical slot weirs or AWS channels but 27% of individual non-passing fish that entered a
fishway had their most-upstream detection at those sites. In comparison, 40% of all entry events
to the Bradford Island fishway resulted in turnarounds in the serpentine weirs or in the AWS
channel whereas 22% of individual, non-passing fish had their most-upstream detection there.
The serpentine weir sections in the upper WA-shore and Bradford Island fishways continue to be
among the most difficult fishway sections for adult lamprey that do not pass Bonneville Dam.

The Dalles Dam

Poor entrance efficiency at the west powerhouse and south spillway openings, difficulty
passing the transition pools in both east and north fishways, and the entrance channel at the north
fishway were identified by Keefer et al. (2012) as sites where lamprey passage at The Dalles
Dam might be improved. Elevating picket leads to allow lamprey to have alternative passage
routes near count stations has occurred at The Dalles Dam, but generally few large-scale
structural modifications (e.g., bollard fields, LPSs) or operational changes (apart from the 2018
nighttime head reduction experiment) to benefit lamprey per se have been implemented.

Overall, site-specific passage metrics at The Dalles Dam fluctuated around values observed
in past years and the 2018 overall passage efficiency estimates at The Dalles Dam were 3-5%
higher than the median values from ten previous radiotelemetry study years at the dam. Site-
specific entrance efficiency for unique fish at the west and south fishway openings in 2018 were
45% and 65%, respectively. The 2018 value at the west powerhouse opening represented a
minor change from the median value from nine years (i.e., 1997-1998, 2000-2002, & 2007-2010)
of previous studies (47%, Keefer et al. 2012) but was higher than the 2014 value (33%,
Clabough et al. 2015). The site-specific entrance efficiency at the south spillway opening in
2018 approximated the 10-year median value (64%) but was lower than the 2014 value (81%)).
Among failed dam passage attempts by lamprey that entered the north-shore and east fishway,
more than 90% of turnarounds occurred in one of the transition pools.

Despite the difficulty some lamprey had passing the Dalles Dam in 2018, the percentages of
lamprey that passed the dam after approaching (72%) or entering (77%) a fishway were
considerably higher than at Bonneville Dam. This may have been due in part to the selection
that has been observed favoring larger-bodied lampreys (Keefer et al. 2013a) or to fewer passage
obstacles (e.g., vertical slot weirs) at The Dalles fishways compared to at Bonneville Dam.

John Day Dam

Overall, dam passage efficiency for lampreys at John Day Dam (69%) was similar to at The
Dalles Dam (72%) and substantially higher than at Bonneville Dam (43-45%) in 2018. The 2018
dam passage efficiency estimate was considerably higher than the corresponding median
estimate from previous study years (52%) at The Dalles Dam. Patterns were similar for the
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fishway passage estimates, with relatively high efficiency (76%) in 2018. Among previous study
years, 2014 was the most comparable at John Day Dam in terms of radiotelemetry monitoring
effort; dam and fishway passage efficiency estimates were 83% and 87%, respectively, in 2014.
In 2018, site-specific fishway passage efficiencies were highest at the John Day north fishway
(78%) followed by the south powerhouse (60%) and the south fishway (50%). The pattern was
similar in 2014, when efficiency was also highest at the north fishway (92%), followed by the
south powerhouse (71%) and south fishway (45%). Lamprey passage times in 2018 were
broadly similar to those in 2014. While the fallback rate at John Day in 2018 (13%) was higher
than the other three dams (range 0-5%) it was substantially lower than observed in 2014 (35%).

McNary Dam

Overall, lamprey passage at McNary Dam has been consistently higher compared to
Bonneville, The Dalles and McNary Dams (Keefer et al. 2012, 2013a). In 2018, 100% of the
fish at the dam approached a fishway and 100% of the fish that approached entered a fishway.
Overall, the dam-wide dam passage efficiency (87%) at McNary Dam in 2018 was higher than
the median estimates from previous years (82%) while dam-wide fishway passage efficiency
(87%) was slightly lower to the corresponding median estimate (92%) from previous years
(2000-2002, 2008-2010, & 2014). Moreover, these 2018 passage efficiencies estimates were
also higher than median values for fish released in the McNary Dam tailrace from 2005-2010;
65% and 80% for dam passage and fishway passage efficiency, respectively (Keefer et al.
2013Db).

Lamprey passed McNary Dam quickly in 2018, with median passage times of 10.3 h from
first fishway entry to top-of-ladder and 21.9 h from first approach to top-of-ladder. While the
approach to top-of-ladder time was similar to 2014 (19.4 h) the entry to top-of-ladder passage
time at McNary in 2018 (10.3 h) was nearly twice as fast as observed as in in 2014 (19.4 h). The
entry to passage time at McNary Dam in 2018 was also more than twice as fast as John Day Dam
in 2018 (24.1 h). Of the 20 lampreys that passed McNary Dam, 12 (60%) passed via the south-
shore fishway, 6 (30%) passed via the north fishway and 2 (10%) passed via an unknown route.
In contrast, all seven lamprey recorded passing the dam in 2014 passed via the south-shore
fishway.
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