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Executive summary

In 2013, we deployed a Dual-Frequency Identification Sonar (DIDSON) camera at several
fishway locations at Bonneville and John Day Dams to observe adult Pacific lamprey
(Entosphenus tridentatus) behaviors. Our broad objectives were to: 1) evaluate lamprey
behavior near the lamprey flume system (LFS) that was installed in the spring of 2013 at
Bonneville Dam; and 2) evaluate post-modification lamprey behavior at the John Day north
fishway where a bollard field (2012) and a lamprey passage system (LPS, 2013) were recently
installed. Additional objectives included determining the lateral and vertical distributions of
lamprey in fishways, observing lamprey responses to potential predatory white sturgeon
(Acipenser transmontanus), and exploring methods for estimating the swim speeds and tail-beat
frequencies of lamprey from the DIDSON imagery.

A DIDSON camera was used to monitor different vertical strata of the water column by
placing the camera at different depths or by employing an automatic tilting program. The
camera was deployed at two locations at Bonneville Dam (Powerhouse 2 north downstream
entrance and the Washington-shore junction pool transition area) and at five locations at John
Day Dam (three near the north fishway entrance, near the turnpool, and in the transition area).
DIDSON images were collected in landscape mode, with the long axis of the sample volume
parallel to the ground to obtain information on upstream and downstream movements and to
assess horizontal distribution. An automated tilting feature of the DIDSON provided
information on the vertical distribution of lamprey in the upper and lower water column. We
used a set of morphological and behavioral criteria that were developed in previous years to
distinguish adult lamprey from other species.

In total, we collected 457 hours of DIDSON imagery at Bonneville Dam, of which 88 hours
were viewed (19% of total collected) using a randomized sub-sampling approach. The majority
of lamprey events were at night, reflecting the mostly nocturnal behavior of lamprey during
upstream migration. At the Bonneville north downstream entrance (NDE), higher lamprey event
rates were observed around the lower LFS entrance slot than at the two upper water column
deployments and the proportion of upstream movements was generally high for all NDE
deployments. In the Bonneville transition area, lamprey event rates were higher than at NDE
and event rates were generally higher in the sample volumes capturing the upper water column.
This included higher rates at the overflow weir section versus at the orifice at the second weir in
the transition area. It was unclear why lamprey used the upper water column more frequently in
the transition area, but two potential mechanisms include avoiding predatory white sturgeon near
the fishway floor and inadequate rheotactic (flow) cues for upstream guidance in the lower water
column. The horizontal distribution of lamprey in the transition area suggested that upstream
movements were relatively equal across the fishway, while downstream movements occurred
primarily near the fishway wall. Estimates of lamprey ground speeds did not differ between
NDE and the transition area, though water velocity estimates were higher at NDE. Higher tail-
beat frequencies were observed at the NDE deployment near the fishway entrance slot, indicating
higher lamprey swim speeds through water than in the transition area.

At John Day Dam, we collected 253 hours of DIDSON imagery and viewed 89 hours (35%
of the total). The highest event rates were observed at the deployments near the bollard field,



and event rates were higher in sample volumes capturing the lower water column for all
deployments. Similar to previous years, we observed more attachment events in the bollard field
than at other locations at John Day Dam. Lamprey events were infrequent in the transition area
where white sturgeon density was highest, further suggesting that lamprey may be responding to
potential predators inside the fishways. The proportion of upstream movements was higher in
the lower sample volumes entrance and collection channel deployments, while downstream
movements were observed at higher proportions in the upper sample volumes. Lateral
distributions of lamprey showed that fish tended toward orientation along the fishway floor in the
lower sample volumes and along the fishway wall in the upper sample volumes of the water
column.

Our 2013 study expanded upon 2011 and 2012 results by providing new information on
Pacific lamprey behavior and exploring new methods for extracting biological information from
the DIDSON data. The observations in all years indicate the species may not be as demersal and
substrate-oriented as previously hypothesized, particularly in lower velocity environments.
Results suggest that Pacific lamprey may respond to hydraulic, biological, and structural cues
and that responses differ between low and high velocity sections and in the presence of potential
predators. We have also identified potential methods for estimating measures of lamprey in situ
swimming performance that could provide additional insight into the passage requirements for
this species at hydropower dams.



Introduction

Pacific lamprey (Entosphenus tridentatus) are a native, anadromous fish in the Columbia
River Basin that have experienced considerable declines over the past several decades. Given
the cultural and ecological value of the species, increased efforts have been made to identify and
remedy the factors causing declines. Large hydropower dams have been identified as a potential
causative agent of these declines given the poor passage success of adult lamprey during their
upstream migrations (<50%, Moser et al. 2002a, 2002b Johnson et al. 2011; Keefer et al. 2012,
2013b) when compared to the passage of adult salmonids (Oncorhynchus spp; >90%, Caudill et
al. 2007). Fishways originally designed to facilitate passage of adult salmonids likely contribute
to the low passage rates of Pacific lamprey, which differ from salmonids in behavior, swimming
mode, and migration ecology.

Radiotelemetry studies have been valuable in identifying the general locations of poor
passage within fishways. Areas with poor passage include fishway entrances, collection
channels, and transition areas (Moser et al. 2002a, 2002b; Johnson et al. 2012a; Keefer et al.
2013c). Studies conducted in an experimental flume that simulates fishway conditions have also
helped identify potential mechanisms of passage failure such as vertical steps, diffuser grating,
and high water velocities (Keefer et al. 2010, 2011). However, the spatial scale of
radiotelemetry (5-10 m) is often too coarse to identify the specific factors responsible for adult
lamprey passage failure. Additionally, the experimental flume studies at relatively small scales
may not represent the full range of conditions and behaviors that fish experience or exhibit
within the fishway environment. As a result, there is a need for direct behavioral assessments
within fishways to identify the relationships between lamprey behavior and the potential reasons
for low passage success.

Sonar imaging has provided a non-invasive, imaging tool for effectively monitoring
migrations of adult and juvenile fish (Ransom et al. 1996; Steig and Iverson 1998; Pipal et al.
2010; Smith et al. 2010). The high resolution and multi-beam Dual-Frequency Identification
Sonar (DIDSON) occupies a niche between short-range optical cameras and low-resolution,
long-range (> 10 m) radio- and acoustic telemetry systems. The range that the DIDSON
occupies (3-10 m) has been shown to be useful for observational monitoring within fishway
environments (Johnson et al. 2011). Although the range of optical video provides a fine enough
scale to evaluate Pacific lamprey behaviors at specific locations (e.g., Clabough et al. 2012), it is
range limited (<2 m) under low-light or turbid conditions. The DIDSON also has advantages
over traditional, single and split-beam echo sounders because it shows the size and general shape
of the fish, providing behavioral and species information.

This study summarizes the third year of Pacific lamprey DIDSON observations. The initial
application of DIDSON was motivated by a need to employ a non-invasive, monitoring tool to
observe lamprey behavior in response to the structural, biological, and hydraulic conditions
within fishways. We conducted a pilot study in 2011 to evaluate the feasibility of DIDSON as a
sampling tool to monitor adult Pacific lamprey in the Bonneville Dam fishways and found that
adult lamprey could be distinguished from other species by their distinctive anguilliform
swimming motion. As part of the methods development, we developed additional identification
criteria and training protocols for reviewing and scoring lamprey imagery to assess among-



viewer consistency of lamprey events, when using multiple viewers to score imagery (Johnson et
al. 2012b and in review). We expanded upon the 2011 study in 2012 when we deployed the
camera at both John Day and Bonneville Dams for site-specific abundance and behavioral
evaluations. Results from 2012 demonstrated that lamprey appeared to respond to both
biological factors (i.e. presence of white sturgeon, Acipenser transmontanus) and structural
modifications (i.e. bollard field at John Day) within fishways (Johnson et al. 2013).

Study locations selected in 2013 included new and previously used sites at Bonneville and
John Day dams. The 2013 Bonneville study sites included new locations at the north
downstream entrance (NDE) to the Washington-shore fishway and the Washington-shore
transition area upstream of the junction pool (JPU). At John Day, the DIDSON was deployed at
a series of locations inside the north fishway entrance and collection channel. Objectives for
2013 at Bonneville Dam included:

1) observing general behavior of adult lamprey at the recently installed Lamprey Flume
System (LFS) at NDE;

2) identifying associations between lamprey and white sturgeon activity in the transition area;

3) identifying vertical distribution of lamprey in the transition area near the second overflow
weir; and

4) estimating lamprey ground speeds and tail-beat frequencies at NDE and in the transition
area.

Obijectives at John Day were similar to those in 2012 and included:
1) evaluating lamprey behavior near the bollard field at the fishway entrance;
2) evaluating the vertical and lateral distribution of fish as they exited the bollard field;

3) evaluating lamprey distribution in relation to the recently installed lamprey passage system
(LPS); and

4) determining the distribution of lamprey through the collection channel

Methods

The DIDSON was developed by the University of Washington’s Applied Physics Laboratory
(Belcher et al. 1999, 2001, Tiffan et al. 2004) and uses a high resolution acoustic lens to produce
images of the underwater environment. It is conventionally used where underwater cameras
would be limited by low light levels and/or high turbidity. In past studies, the images within 8-
10 m of the sonar camera were of high enough resolution to identify fish orientation, heading,
and movement direction (Moursund et al. 2003; Holmes et al. 2006). The multibeam nature of
the DIDSON makes it robust in the acoustically noisy environments commonly encountered at



hydropower facilities and the operating frequencies are beyond the range that would affect fish
behavior (Fay and Simmonds 1999).

DIDSON deployment and set-up

The DIDSON 300 M sonar camera (Sound Metrics Corp., Bothel, WA) we used consisted of
a transducer array and acoustic lens that generated real-time acoustic images that were
transmitted to a topside control box using an underwater telemetry cable. A laptop was used to
control the DIDSON settings, orient the position of the DIDSON, and record data. The DIDSON
camera was mounted to a 2-axis X2 Rotator (Sound Metrics Corps, Bothel, WA) that allowed the
operator to remotely pan and tilt the camera using laptop computer controls. The DIDSON sonar
and rotator were mounted to an aluminum trolley that was deployed onto steel I-beams at each
deployment location and retrieved using a Thern Series 5122 portable davit crane. The laptop
computer, DIDSON topside control box, and battery backup were housed in waterproof storage
units situated near the I-beams. A 1 TB removable storage drive (Western Digital) was used to
transfer data to a larger 10 TB network drive (Netgear Ready NAS) for continuous data storage.
High resolution video files were saved in 10-min increments to facilitate data management and
the data review process. The frame rate was set to 10 frames per second, which provided
adequate resolution to identify the unique shape and swimming motion of lamprey from other
targets.

Sonar orientation and tilting program

We deployed the camera in high frequency mode (1.8 MHz) as it provided higher resolution
images that allowed us to distinguish the shape, movement, size, and orientation of adult
lamprey. In the high frequency mode, the DIDSON produces 96 acoustic beams with each beam
0.3° in the horizontal direction and 14° in elevation. This resulted in a total sample volume of
29° (horizontal) x 14° (vertical) (Figure 1). The sonar was generally positioned to sample
perpendicular to the flow and imaged a lateral (side) view of the fish, although various
deployments positioned the DIDSON to sample a volume parallel to flow. The specific direction
and orientation of the DIDSON varied based upon both the deployment location and the specific
objectives of that deployment. We found it useful to have some fishway structure in the field of
view as reference for confirming the camera placement and determining the fish’s orientation
and swimming direction.

All of the monitoring in 2013 was conducted with the DIDSON in ‘landscape mode.” This
configuration orients the camera so that the pan axis of the rotator positioned the camera along
the horizontal plane and the 29° component of the sample volume spread laterally. Landscape
mode provides information on the upstream and downstream movements of fish, as well as the
distance of fish from the camera (range). In previous years, we also deployed the DIDSON in
‘portrait mode’, which provides information on the depth of fish within the sample volume by
capturing a “side-view” or elevation view of the sample area. However, we found that lamprey
were more difficult to distinguish in portrait deployments, and in 2013 chose to use tilting
programs with the camera in landscape mode to make inferences about the vertical distribution



of lamprey in the water column. All of the selected locations allowed us to image approximately
15%-50% of the fishway channel in the vertical plane and the frame of view spanned the entire
channel width at most locations. Data collection parameters normally included a sample window
start of 2 m and a window length of 5-6 m.

For each deployment, the camera sampled either a single fixed sample volume (“FIXED”
deployments) or two sample volumes capturing two vertical strata of the same approximate
horizontal area (“TILT” deployments, e.g., Figure 1). The TILT deployments used an
automated tilting program of the DIDSON X2 Rotator to alternate imaging between upper and
lower sample volumes every 10 minutes. The TILT deployments provided direct comparison of
distributions within the upper vs. lower sample volumes during a single ~24 sampling period
with similar conditions (e.g., similar densities of adult lamprey, tailrace elevation, etc.). Some
deployments at Bonneville could not use the tilting feature due to mechanical issues with the
Rotator, and thus only sampled one stratum of the water column, which were denoted as having a
FIXED orientation. Similarly, some locations included a mix of TILT and FIXED deployments,
and where appropriate, orientations were combined across nights. The criteria for combining
TILT and FIXED deployments included: 1) deployments with similar imagery; 2) similar
deployment details (depth, tilt, compass direction, etc.); and 3) occurring within the major period
of the run season (i.e. early June to late July). We note that the FIXED terminology used here
differs from the VERT deployments used in 2011-2012. In both, the camera was deployed in a
landscape orientation at a fixed angle position. However, the VERT deployments in 2011-2012
alternated a horizontally oriented camera among two or more depths across several sequential
nights to estimate depth distribution at a single location, whereas the FIXED deployments used
in 2013 were at a single depth and camera angle.

DIDSON Camera Tilt

Water surface
T e i

i o S

I Beam Positive tilt

Negative tilt

Overflow Orifice

A)

Figure 1. An example of the DIDSON sample volumes captured in the negative and positive tilt at the
transition area site at Bonneville: A) Orientation of the DIDSON and sample volumes collected
(represented by red arrows) in the water column when the camera would alternate between positive and
negative tilts. Alternating the camera between these positive and negative tilts allowed us to evaluate
behavior in both the upper and lower water column within the same deployment, such as at the (B)
overflow and (C) orifice sections of an overflow weir in the transition area imaged at JPU_SHORT.



Deployment locations at Bonneville and John Day Dams

There were two sampling locations at Bonneville Dam and both were located in or near the
Powerhouse 2 (PH2) fishway on the Washington shore (Figure 2). The first location was at the
PH2 north downstream entrance (NDE), which underwent entrance modifications via the
installation of the lamprey flume system (LFS) in the spring of 2013. Deployments were made
orienting the camera both upstream (NDE_UP) and downstream (NDE_DOWN) in the upper
water column, to evaluate movement through a typical fishway entrance (UP) and during
approach (DOWN: Figure 2B). Two slightly different deployments were made orienting the
DIDSON at the LFS with one deployment in the lower water column with a side view of the LFS
entrance slot (NDE_LFS_LOW) and one in the upper water column (NDE_LFS_UP) with a top-
down view of the entrance slot. Deployments at NDE were limited due to high velocities and
damage suffered to the camera. Deployments were conducted from 20 June to 7 July, 16-21
July, 30-31 July, and 27 August to 2 September. Appendix A contains a comprehensive list of
the specific deployment dates, deployment details, and images of camera orientations for
Bonneville and John Day dam locations.

The second location at Bonneville Dam was at the PH2 transition area/junction pool (JPU) at
the location of the first and second weir of the fish ladder (referred to Weir 8 and 9 based on
elevation above sea level; Figure 2). These weirs are fully submerged through the fish passage
season and have been hypothesized to impede passage. Three deployments were made using the
tilting programs that could orient the DIDSON to different portions of the water column. The
first oriented the camera towards the far side of the submerged second overflow weir in the
negative tilt and along the south fishway wall in the positive tilt (JPU_LONG; Figure 2C). The
second was oriented to the near side of the second overflow weir on the north wall aimed at the
overflow (positive tilt) and orifice (negative tilt) sections (JPU_SHORT; Figure 2E). The third
deployment aimed across the fishway looking above (positive tilt) and below (negative tilt) the
first overflow weir (JPU_XSECT; Figure 2D). In addition, two late-season deployments (30-31
August and 31 August to 1 September) were made at JPU_SHORT to evaluate potential
differences in lamprey behavior within the transition area at lower tailwater elevation. An
additional late-season deployment occurred at JPU_XSECT (27-29 August) that was not
consistent with previous deployments and was considered an independent deployment
(JPU_XSECT_LATE). Rather, imagery was similar to the JPU_LONG deployment with a
negative tilt capturing the lower water column and the south fishway wall (but not the fishway
floor).



Adult Fish Facility

A) NDE

Fish Ladder Exit

Washington

B
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Figure 2. Location of DIDSON observations at Bonneville Dam Powerhouse 2 during 2013 (Panel
A). Observations were made at the North Downstream Entrance (NDE; Panel B) of the Washington-
shore fishway and the upper junction pool/lower transition area (Panels C-D). See Appendix A for
additional details and photos.



We deployed the camera from 9-15 July and 22-28 July at five different sampling locations
in the lower section of the north fishway at John Day Dam (Figure 3; see Appendix B for
photographs also). Two deployments were within the collection channel (JD1, JD3) along the
north wall and were cross-sectional views aimed directly across the fishway to evaluate lamprey
lateral and vertical distribution. Another cross-sectional deployment (JD4) was just downstream
from the first overflow weir along the south wall in the transition area. Two sites (JD5 and JD6)
were along the south fishway wall near the fishway entrance. Two orientations at the JD5 site
were oriented across the fishway channel to evaluate how lamprey exited the bollard field
(JD5_XSECT) and to image lamprey behavior at the recently installed lamprey passage system
(JD5_LPS). The final deployment site (JD6) was on a slanted I-beam directly next to the JD5
site to assess lamprey use of the bollard field.

Figure 3. Locations of the five I-beams where the DIDSON was deployed in the lower north fishway
of John Day Dam in 2013. See Appendix A for additional details and photos.

Data review and analysis

Video files were processed by trained University of Idaho fisheries personnel using DIDSON
v5.25.25 software. We have previously established four identification criteria and a reviewing
protocol that were used to classify targets as adult lamprey versus other species (Johnson et al. in
review):

1. anguilliform swimming motion (Breder 1926), as opposed to subcarangiform motion of
salmonids (Oncorhynchus spp.) and American shad (Alosa sapidissima). In particular, the
wavelength relative to the body length of swimming lamprey was shorter in lamprey than in
salmonids or shad. A full waveform was often visible in lamprey but only one half a
waveform was visible in salmonids and shad. In other words, lamprey frequently appeared
s-shaped with a snake-like swimming motion, while salmonids and shad appeared c-shaped.
2. target shape, including length:width ratio and lack of protruding fins.

3. target size of ~50-80 cm.

4. other characteristic lamprey behaviors such as attachment to surfaces.



We developed a sampling design and reviewing protocol in our 2011 pilot study to
standardize lamprey identification and scoring of DIDSON files that we continued to use in the
2012 and 2013 studies. We used random subsampling to select files for review given the high
volume of data collected throughout the field season. A data manager, who was also a reviewer
selected the subsampled files and randomly distributed them among the reviewers. Aside from a
subset of random “multi-viewer files” (~10% of review files), most files were only watched by
one reviewer. The a priori subsampling scheme favored night-time files over day-time files due
to the primarily nocturnal behavior lamprey exhibit in their upstream migrations (~2:1 ratio).
We attempted to watch a relatively equal proportion of video from each of the deployments
(Table 1).

To help standardize the review process, inexperienced viewers independently watched and
scored lamprey events from a common set of training files prior to data collection. Viewers then
reviewed the common files and event scoring with an experienced DIDSON technician. This
training exercise helped to produce the lamprey identification criteria listed above. To control
for among-viewer variability that may occur in lamprey identification, reviewers assigned a
confidence level (low, medium, high) to each lamprey event. ‘High’ confidence was assigned to
events that met most or all of the lamprey identification criteria. ‘Medium’ confidence was
assigned to events that met more than one of the identification criteria, and ‘low’ confidence was
assigned to events that were potentially lamprey but had few conclusive characteristics. These
confidence ratings were necessarily qualitative given that context-specific challenges existed that
created variability in the image quality. These challenges included the length of time that
lamprey were in the field of view, the number of other fish present, and image differences related
to the deployment type and orientation of lamprey to the camera.

Once a target was identified, we used tools in the DIDSON v5.25.25 software to measure the
image distance from the camera (defined as range) and image location in the horizontal plane
with respect to the camera (defined as angle). Range and angle were recorded for the first and
last image of each individual lamprey event. Viewers also recorded lamprey orientation (i.e.,
facing upstream or downstream), whether the lamprey attached its oral disc to any substrate,
where that attachment occurred, and details of the DIDSON file (filename, site, date, review rate
[frames/sec]). Review rates ranged from 10-12 frames/sec. Data for each event were entered
into individual spreadsheets and events recorded by all viewers were compiled into a master
database for analyses. The determination of whether fish were moving upstream or downstream
was calculated by subtracting either the angle or range (depending upon camera orientation with
respect to the flow) from the first observation of the fish and the last observation of the fish.

During the review process of all camera deployments, we scored an index of white sturgeon
activity. The index was a relative measure only and was calculated by counting the number of
white sturgeon sightings per ten minute file. A sighting was defined as when a sturgeon came
into the frame of view until the time it exited the field. The index thus should not be considered
a measure of abundance since it likely overestimates the number of unique sturgeon (i.e.,
individuals were counted more than once); rather, it should be considered as an estimation of
sturgeon presence or activity. An hourly index score was calculated as a measure of sturgeon
sightings per hour.



Table 1. Total number of hours of DIDSON imagery collected and number of hours watched at the
different deployment locations in 2013 at Bonneville and John Day Dams. Orientation: TILT = tilting
feature to capture more than one depth strata, FIXED = capturing one depth stratum. NDE and JPU sites
were deployments at Bonneville Dam.

Data collected (h) Data watched (h) Data watched (%)
Site Orientation Day Night Total Day Night Total Day Night Total
NDE_LFS_UP FIXED 6.3 72 135 28 6.2 9.0 444 861 66.7
NDE_LFS_LOW FIXED 19.7 148 345 36 70 106 183 473 307
NDE_DOWN FIXED 17.5 85 260 38 7.7 115 219 903 442
NDE_UP FIXED 3.0 85 115 27 6.7 93 890 785 812
JPU_LONG FIXED/TILT 523 465 968 53 103 156 102 222 16.2

JPU_SHORT FIXED/TILT 974 613 1587 78 142 220 80 231 139
JPU_XSECT FIXED/TILT 741 425 1166 3.2 72 103 373 66.7 49.2

JD1 TILT 16.3 85 248 40 60 100 613 70.6 403
JD3 TILT 12.5 85 210 47 57 103 374 66.7 49.2
JD4 TILT 405 255 660 68 133 202 169 523 305
JD5_XSECT TILT 279 170 449 32 6.5 9.7 114 382 215
JD5_LPS TILT 9.7 85 182 3.0 4.8 78 310 56.8 43.0
JD5_FIXED FIXED 242 170 412 3.0 70 100 124 412 243
JD6 FIXED/TILT 194 170 364 8.2 127 208 421 745 573

Among-viewer comparison: Quality control evaluation

In addition to the common set of training files, we compared the consistency of scoring
among viewers using a set of “multi-viewer” files that were watched by all DIDSON reviewers.
These files were randomly selected from the subsample described above and were distributed
randomly throughout the viewing period. One reviewer (the data manager) knew which
DIDSON files were multi-viewer files and was solely responsible for assigning the files.
Reviewers with the exception of the data manager were unaware of the time or date for
individual files within location. We used the data to compare the total number of events scored
per viewer, event confidence agreement among viewers, and event identification agreement
among viewers. The agreement metrics were calculated by comparing scores and confidence
levels for individual events for all pairs of viewers. Event agreement was expressed as the
percentage of the events scored by both viewers in each pair (i.e., if both viewers scored the
event then their agreement was 1, and if only one viewer scored the event then agreement was 0);
event confidence level was not considered, but all scored events were included. Similarly,
confidence level agreement was the percentage of events scored with medium or high scores or
high scores only.

Lateral distribution estimates

When the DIDSON sample volume spanned the entire fishway channel at a particular
deployment, estimating lamprey distance from the camera (range) allowed us to develop
inferences regarding the lateral distribution of lamprey across the channel. However, because
the DIDSON field of view increased with increasing distance from the camera, the probability of
capturing lamprey images increased with distance as well (Figure 1). We therefore weighted our



estimates of the number of events in each range segment (bin) by the volume of the observed
area in 0.5 m long increments, as measured from the camera. The geometric formula we used to
calculate volume was for a “truncated rectangular pyramid’:

Volume = (1/3*H)*(A*B + sqrt[A*B*C*D] + C*D)

where H = the bin width (i.e., 0.5 m increments in distance from camera), A = width at the near
end of the bin, B = height at the near end of the bin, C = width at the far end of bin, and D =
height at the far end of the bin. We believe that the unweighted observational data, in
combination with the weighted estimates, capture the likely range of the lateral distributions of
lamprey.

Water velocity and lamprey ground speed estimates

A new study component to this year’s study was to evaluate the potential of DIDSON data
for making estimates of lamprey swim speed, as has been estimated using DIDSON for other
species (Mueller et al. 2008, 2010). We estimated both ground speed and swim speed through
water, and estimates were primarily done as an exercise to consider the precision and potential
future application of these methods. To calculate ground speed, we used the measuring tool in
the DIDSON v5.25.25 software to measure the distance individual fish swam divided by the
number of frames (time) it took for fish to swim that distance. We then estimated swim speed
through water by combining ground speeds and estimates of water velocity. Water velocity
estimates were calculated similarly except that estimates were based on the distance that
individual suspended particles traveled in the flow field, assuming the particles were transported
passively. Ten estimates of particle velocity were made for each video file and the average of
those ten estimates was the estimated mean water velocity for that file. Given the uncertainty in
the precision of these estimates, comparisons were made to sources of known hydraulic estimates
regarding velocities at some locations to corroborate our estimates. We assumed that water and
fish were traveling parallel (coplanar) to the horizontal axis of the DIDSON sample volume, and
thus reported estimates represent minimum estimates. The speed through water of individual
fish was calculated as

Swim speed through water = ground speed - mean water velocity
where upstream velocities were positive (e.g., lamprey movement) and downstream velocities
were negative (e.g., water velocities).
Tail-beat frequency estimates
A second estimate of lamprey swimming capacity was tail-beat frequency (TBF). TBF
describes the rate at which fish undulate their body to generate swimming thrust and power. It
has been used as a measure of swimming performance that correlates with fish energetic

expenditure (Standen et al. 2002; Steinhausen et al. 2005). We followed a method developed by
Mueller et al. (2010) for estimating TBFs from the echogram procedure available in the
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DIDSON v5.25.25 software. The echogram collapsed all of the range samples from a specific
time frame into a single column of data. The echogram then plots the maximum intensity of the
DIDSON’s 96 acoustic beams for each range on a vertical axis for each specific time frame. The
maximum intensity of the tail undulation is visually represented either as a series of convex and
concave humps or as “spikes” on the echogram, depending upon the orientation of the fish to the
camera. These spikes correspond to a specific position of the tail in the swimming motion of the
fish, thus providing details about the rate of tail-beats (or body undulations) for individual fish.
Figure 4 provides a visual explanation of this process.

Following the methods of Mueller et al. (2010), the TBF of an individual fish was calculated
with the equation:
(n—1)

TBF =
Y+l - )

where n is equal to the number of peaks and t; is the time of each individual peak. Timet
represents the time interval between peaks (i.e. shorter time differences between peaks generates
higher estimates of TBF).

A number of restrictions were placed on the lamprey selected for swim speed and TBF
estimates. First, we only included those classified by reviewers as medium or high confidence
events. Second, we restricted estimates to fish that had an upstream orientation. Third, we
estimated ground speeds for fish that had a roughly linear swim path. Fourth, water velocity,
ground speed, and TBF estimates were only made for deployments in the upper water column,
because the acoustic reflection on the fishway floor can mask the flow fields and any moving
particles. Fifth, for the TBF estimates, fish needed to have at least four consecutive discernible
“spikes” in the echogram. Lastly, all estimates reported here were from lamprey detected at the
NDE and JPU locations at Bonneville Dam.

Figure 4. Example of tail-beat frequency (TBF) patterns generated from the echogram procedure in
the DIDSON v5.25.25 software. The y-axis depicts range (distance from camera) and the x-axis
represents time (frame number). Brightness indicates intensity of reflected acoustic signals. The echo
traces of three lamprey from the JPU_LONG deployment are shown in this figure (enclosed by red
circles). The “spikes” in each example represent the position of the lamprey’s body as it undulates from
side to side. The time difference between the peaks of each successive spike provides information about
the rate at which the body is undulating. The greater the time between peaks, the shorter the TBF
estimate.
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Results
Among-viewer comparison — Bonneville Dam

A total of 48 (6.0 h) DIDSON files were watched by five reviewers (Table 2). Between 0
and 49 total lamprey events were scored in each of the ten deployments. The highest number of
total events, events/viewer, and events/h were recorded in the JPU_XSECT tilting deployment.
Three or fewer events were scored in the JPU_LONG tilting and two of the NDE deployments.

The number of events scored per viewer varied widely within deployments. For example, the
five viewers scored between 2 and 11 events at the NDE_DOWN deployment (Table 2). The
coefficient of variation (CV = standard deviation/mean) for the number of events at
NDE_DOWN was 44%. There was higher agreement at JPU_XSECT, where viewers scored
between 27 and 37 events (CV = 16%), and at JPU_SHORT (range = 36-35, CV = 15%). Other
deployments had relatively few event observations.

Event identification agreement for the 10 pairs of viewers ranged from a median of 28% in
the combined NDE files to a median of 60% in the combined JPU files (Figure 5). At all sites,
viewer event agreement increased as confidence level increased. For example, in the NDE files
median among-viewer event agreement for the 10 viewer pairs was 28% when all confidence
levels were included, increased to 38% when only medium and high confidence events were
included, and was 63% when only high confidence events were included. Notably, only a small
percentage of lamprey events were scored by all five viewers in any deployment. In the
combined NDE files, for example, only 2 (7%) of 28 lamprey events were identified by all
viewers. The percentage of events identified by all five viewers in the JPU deployments was
39% (Figure 6).

Among-viewer comparison — John Day Dam

A total of 50 (6.3 h) DIDSON files were watched by five viewers (Table 2). Between 5 and
26 total lamprey events were scored in each of the deployments that primarily monitored
swimming fish. Many additional events were scored in the bollard field deployments, but these
were difficult to match and enumerate across viewers due to extended attachment events. In the
non-bollard deployments, the highest number of total events, events/viewer, and events/h were
recorded in the JD5_XSECT deployment. In the bollard deployments, individual viewers scored
up to 34 events (JD6_TILT, Table 2).

As in the Bonneville evaluation, the number of events scored per viewer varied considerably
within John Day deployments. In fact, coefficients of variation were generally higher at John
Day than at Bonneville, in part because the total numbers of events per deployment were small
(including zero events for some viewers at some deployments; Table 2).

Across all non-bollard deployments at John Day Dam, event identification agreement for the

10 pairs of viewers was 38% (median) for 54 events (Figure 5). Median agreement increased to
50% when only medium and high confidence events were included and to 58% for high
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confidence events. Of the 54 non-bollard field lamprey events scored at John Day, 6 (11%) were
scored by all seven viewers (Figure 7).

Scoring rates (events/h) in the bollard field deployments were moderately consistent across
viewers. It was difficult to match individual events because some lamprey were present for
extended periods and the first observation times often differed among viewers. Nonetheless, in
the deployment with the most observations (JD6_FIXED) the number of scored events ranged
from 24-34 per viewer (CV = 13%; Table 2), similar to the free swimming observations in other
deployments. The spatial distribution of the attachment events was qualitatively similar among
viewers.

Table 2. Summary of the files reviewed in the multi-viewer quality control evaluation. Total events
are the number of unique lamprey events of all confidence levels, with all viewers’ scoring combined.

View Total Events/viewer Events/h
Site Orientation  Dates time events Mean  Range Mean Range
(min)
Bonneville
JPU_LONG TILT 1 10 0 - - - -
FIXED 2 50 7 5 3-6 5.8 3.6-6.0
JPU_SHORT TILT 4 60 47 30 26-35 29.6  26.0-35.0
FIXED 2 50 2 <1 0-1 0.5 0.0-1.2
JPU_XSECT LATE* 4 60 11 7 5-10 7.2 5.0-7.0
TILT 2 60 49 34 27-41 342  27.0-41.0
NDE_DOWN FIXED 2 50 19 8 2-11 9.6 2.4-13.2
NDE_LFS_UP FIXED 1 30 5 3 1-4 5.2 2.0-8.0
NDE_LFS_LOW FIXED 2 60 1 1 1-1 1.0 1.0-1.0
NDE_UP FIXED 1 50 3 1 0-2 1.0 0.0-2.4
John Day
JD1 TILT 2 60 5 3 1-5 2.8 1.0-5.0
JD3 TILT 2 100 11 5 0-10 3.2 0.0-6.0
JD4 TILT 4 90 5 1 0-2 0.7 0.0-1.3
JD5_XSECT TILT 2 70 26 15 11-23 12.5 9.4-19.7
JD5_LPS TILT 2 50 8 2 1-4 2.9 1.2-4.8
JD5_FIXED FIXED 3 60 n/a 5 2-7 7.8 3.0-10.5
JD6 TILT 1 30 n/a 3 1-5 6.8 2.0-10.0
FIXED 2 40 n/a 28 24-34 42.3  36.0-51.0

* This was the late season deployment that was not consistent with the other JPU_XECT deployments.
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Figure 5. Among-viewer (n = 5) agreement on lamprey event identification. Box plots (5", 10", 25™,
50™, 75™, 90", and 95™ percentiles) show agreement for 10 pairs of viewers at each site (multiple
deployments combined per site). White boxes include all low, medium and high confidence events.
Light grey boxes: all medium and high events. Dark grey boxes: high events only. Note that event
agreement increases with viewer confidence.
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Figure 6. Lamprey event scoring by five reviewers at the Bonneville transition pool (JPU_XSECT)
collected during 60 minutes ordered by total score. Scores were: 1 for low (0), 2 for medium (), and
three for high (e) confidence. Top panel shows the total score for each event (n = 49), including 19
(39%) that were identified by all viewers.
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Figure 7. Lamprey event scoring by five reviewers at the John Day deployments (JD1, JD3, JD4,
JD5_XSECT) collected during 370 minutes ordered by total score. Scores were: 1 for low (o), 2 for
medium (@), and three for high (e) confidence. Top panel shows the total score for each event (n = 54),
including 6 (11%) that were identified by all viewers. (Note: does not include attachment events
observed in the bollard field.)

Bonneville Dam

Bonneville Dam: Event rates and confidence levels

At Bonneville Dam, we observed a total of 1,325 lamprey events with 1,073 of those
recorded in the JPU deployments (Table 3). Nearly all (1,299) events were at night (2100-0530)
with only 26 events observed in daytime files. Event rates varied considerably between the
different deployment locations. JPU sites had more events per hour than the NDE sites with the
highest nighttime event rate at the JPU_XSECT deployment (86.4/h) and the lowest nighttime
event rate at NDE_DOWN (5.4/h) (Figure 8). At the NDE deployments, nighttime event rates
were highest for the NDE_LFS_UP deployment (20.9/h). Slightly lower event rates were
observed at the NDE_UP (9.3/h) and NDE_DOWN (5.4/h) deployments. The highest event rate
in the daytime files was at JPU_XSECT (4.1/h). We observed no lamprey attached to any
surfaces in the Bonneville deployments.

Confidence levels also differed among deployment locations (Table 3). The highest
proportion of events that were observed at the JPU deployments were classified as high
confidence (deployment range: 0.64-0.76). In contrast, the proportion of high confidence events
was much lower at NDE (range: 0.25-0.53), and the proportion of low confidence events were
higher for NDE (range: 0.15-0.40) compared with JPU (range: 0.05-0.14) (Figure 9). Given that
few daytime events were observed and the limited conclusions that we could draw from them, all
daytime events and files were excluded from the remaining analyses.
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Table 3. Number of files, hours, events, and distribution of events based upon confidence level for all
Bonneville and John Day deployments in 2013. Note that FIXED and TILT files were combined because
those orientations had similar imagery and deployment characteristics.

Number Hours Number Confidence levels (%)
Deployment site Orientation Files Watched  Events H M L
NDE_LFS_UP FIXED 54 9.00 134 71 (53%) 45 (33%) 19 (14%)
NDE_LFS LOW  FIXED 64 10.67 15 6 (43%) 5 (33%) 4 (26%)
NDE_DOWN FIXED 69 11.50 40 10 (25%) 14 (35%) 16 (40%)
NDE_UP FIXED 56 9.34 63 29 (46%) 19 (30%) 15 (24%)
JPU_LONG TILT/FIXED 94 15.66 386 292 (76%) 75 (19%) 19 (5%)
JPU_SHORT TILT/FIXED 132 22.00 116 85 (73%) 19 (16%) 12 (11%)
JPU_XSECT TILT/FIXED 62 10.34 671 427 (64%) 148 (22%) 96 (14%)
JD1 TILT 60 10.00 35 18 (51%) 7 (20%) 10 (29%)
JD3 TILT 62 10.34 88 57 (65%) 21 (24%) 10 (11%)
JD4 TILT 121 20.16 11 2 (18%) 5 (45%) 4 (37%)
JD5_XSECT TILT 58 9.67 89 40 (45%) 37 (42%) 12 (13%)
JD5_LPS TILT 47 7.83 20 2 (10%) 15 (75%) 3 (15%)
JD5_FIXED FIXED 60 10.00 52 7 (14%) 29 (56%) 16 (30%)
JD6 TILT/FIXED 125 20.84 319 76 (24%) 161 (50%) 82 (26%)
100
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Figure 8. Number of lamprey events per hour during daytime and nighttime files at each of the seven
deployment locations at Bonneville Dam. Note: TILT and FIXED data from JPU_SHORT and

JPU_LONG were combined. Numbers of events are above each bar.
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Figure 9. Proportion of events at each of the seven deployment locations for events that were
classified as either high (H), medium (M), or low (L) confidence at Bonneville Dam. Proportions include
both daytime and nighttime events. Number of events are provided in Table 3.

Bonneville Dam: Vertical distributions

At the JPU site, event rates varied considerably across the three deployment locations.
Higher event rates were observed at JPU_XSECT (86.3/h) than at JPU_LONG (36.2 /h) and
JPU_SHORT (9.7/h) (Figure 8). Lamprey were also distributed throughout the water column
differently at these three locations. Event rates were higher in the upper sample volume along
the south fishway wall (144.0/h) compared with the lower sample volume at the submerged
overflow weir (20.2/h) at JPU_LONG. Event rates were also higher in the upper sample volume
(44.2/h vs. 3.2 /h) at JPU_SHORT, where the upper sample deployment was oriented to capture
the overflow weir whereas the lower sample deployment was oriented at the orifice. However,
event rates were opposite at JPU_XSECT with higher event rates observed in the lower sample
volume below the first submerged weir (121.3/h vs. 36.2/h) (Figure 10).
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Figure 10. Number of lamprey events per hour at night in the lower sample volume (negative tilt) and
upper sample (positive tilt) at the three JPU deployment locations at Bonneville Dam. Note: FIXED and
TILT data from JPU_SHORT and JPU_LONG were combined. Numbers of events are above each bar.

Bonneville Dam: Fish orientation and upstream-downstream movements

The majority of lamprey events at NDE involved fish orienting upstream (i.e., into the
prevailing flow). The highest proportion of upstream orientations was at NDE_ LFS_UP and
NDE_UP (0.86), while the lowest proportion was at NDE_DOWN (0.75) (Table 4).
Interestingly, the proportion of fish oriented upstream had declined by approximately one third
from the time fish were first observed (0.72) compared with the time fish were last observed
(0.42) by reviewers at NDE_UP (Figure 11). This change in orientation indicates that many fish
turned around during the time they were observed.

Most lamprey moved upstream during the events observed at the NDE deployments. The
proportion of upstream movements was higher at all NDE deployments (range: 0.68-0.75
upstream) than the proportion of downstream movements (Table 4). The orientation and
movement directions of fish did not differ considerably between deployment locations at NDE,
suggesting fish orienting upstream made overall net upstream progress. Net upstream
movement, defined as the difference in the proportions of upstream and downstream movements,
was greater than zero at all NDE deployments (range: +0.36 to +0.50).
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Table 4. The proportions of both the orientation and upstream-downstream movement of lamprey at
the four deployments at NDE, as well as the three JPU deployments in both the lower (negative tilt) and
upper (positive tilt) sample volumes. Note: FIXED and TILT data from JPU_SHORT and JPU_LONG
were combined. JPU proportions that do not sum to one are excluding “unknown” orientations.

Site Tilt Deployment Orientation Movement direction

Upstream Downstream Upstream Downstream

NDE None
NDE_DOWN 0.75 0.25 0.68 0.32
NDE_LFS_UP 0.86 0.14 0.72 0.28
NDE_LFS LOW 0.80 0.20 0.75 0.25
NDE_UP 0.86 0.14 0.75 0.25
JPU Negative JPU_LONG 0.29 0.20 0.49 0.51
JPU_SHORT 0.22 0.19 0.42 0.58
JPU_XSECT 0.27 0.40 0.47 0.53
Positive JPU_LONG 0.64 0.33 0.68 0.32
JPU_SHORT 0.61 0.27 0.55 0.45
JPU_XSECT 0.41 0.42 0.52 0.48
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Figure 11. Net upstream orientation for the NDE deployment locations at Bonneville Dam. Bars are
the proportion of fish oriented upstream when first detected by reviewers (black) and the proportion of
fish oriented upstream when last detected by reviewers (gray).
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The orientations of fish in the transition area varied both by the deployment location and
position in the water column. In the upper sample volume, fish primarily oriented upstream or
downstream, while orientations that were classified as “unknown” (i.e. indicating neither
upstream nor downstream) were more common in the lower sample volume. The proportion of
upstream orientations in the upper sample volume was highest at JJU_LONG (0.64) and lowest
at JPU_XSECT (0.41). The proportion of downstream orientations in the upper sample volume
was highest at JPU_XSECT (0.42) and lowest at JJU_SHORT (0.27). In contrast, the proportion
of upstream (range: 0.22-0.29) and downstream (range: 0.19-0.40) orientations in the lower
sample volume were low (Figure 12) because fish orientation was most commonly described as
unknown (range: 0.32-0.58). Although they were classified as unknown, many of these
movements were across the fishway channel (i.e., lateral), which was not one of the original
event scoring classes.

Upstream-downstream movement patterns were similar to fish orientations in the upper
sample volume. Upstream movement proportions were similar to fish orientation proportions at
JPU_LONG (0.68 vs. 0.64, respectively) and JPU_SHORT (0.55 vs. 0.61, respectively), while
the rate of upstream and downstream movements was relatively equal at JFU_XSECT (Table 4).
Net upstream movements in the upper sample volumes were lower at JPU compared with NDE.
JPU_SHORT (+0.34) had the highest proportions of net upstream movements, while there was
little net upstream movement at JPU_SHORT (+0.10) and JPU_XSECT (0.04). In the lower
sample volumes, the proportion of upstream movements (range: 0.42-0.49) was less than 0.50
and considerably less than in the upper sample volumes (Figure 13). Net upstream movements
were negative at JPU_LONG (-0.02), JPU_XSECT (-0.06), and JPU_SHORT (-0.16).
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Figure 12. Proportion of fish orientations in the upper (A) and lower (B) sample volumes at the three
JPU deployment locations at Bonneville Dam based upon the swimming orientation of fish (Unknown,
Downstream, and Upstream). Note: FIXED and TILT data from JPU_SHORT and JPU_LONG were
combined.
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Figure 13. Proportion of fish movements (upstream or downstream) in the upper (A) and lower (B)
sample volumes at the three JPU deployment locations at Bonneville Dam. Note: FIXED and TILT data
from JPU_SHORT and JPU_LONG were combined.

Bonneville Dam: White sturgeon associations with lamprey

The distribution of lamprey and white sturgeon within the water column suggested that a
potential negative correlation exists between lamprey event rate and sturgeon activity (Figure
15). Sturgeon presence was uncommon at the NDE deployment locations. The only
observations of sturgeon were at the NDE_LFS_LOW deployment (2.1 hourly index score).
Sturgeon activity indices were much higher at JPU, primarily in the lower sample volumes where
the highest hourly index score ranged from 41.6 (JPU_SHORT) to 81.5 (JPU_LONG). Sturgeon
indices were much lower in the upper sample volumes at JPU, with the highest rate at
JPU_SHORT (28.8) (Figure 14; contrast with lamprey event rates in Figure 10).
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Figure 14. White sturgeon index of activity per hour for the upper (positive tilt) and lower (negative
tilt) sample volumes at each JPU deployment location at Bonneville Dam. Numbers of observed sturgeon
events per hour are above each bar. Note: FIXED and TILT data from JPU_SHORT and JPU_LONG
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Figure 15. Number of lamprey events and an index of white sturgeon activity at the three JPU
deployments at Bonneville Dam. Each point represents a ten minute file by deployment location. Note:
FIXED and TILT data from JPU_SHORT and JPU_LONG are both included.
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Bonneville Dam: Lateral distribution estimates

We used the mean range (distance from the camera) of individual lamprey events to estimate
the lateral distribution (distance across the fishway) of lamprey at the transition area. The only
deployment that spanned a wide range of the fishway channel and captured the opposite wall was
the upper sample volume at the JPU_LONG deployment. The proportion of upstream lamprey
movements occurred evenly across the lateral plane in the unweighted estimates (n = 124, range:
0.02-0.16), with the highest proportion occurring in the 3.5-4 m range bin. In contrast, the
proportion of downstream movements (n = 64, range: 0.04-0.40) in the farthest range bin near
the wall was twice as high as any other proportion in the lateral plane (Figure 16).

In the weighted estimates, the proportions of both upstream and downstream events were
higher in range bins closer to the camera. For upstream events, the highest proportion of events
was observed in the 2.5-3 m range bin and there was greater variability in the proportion of
events across the lateral plane (range: 0.02-0.31) with fewer events in the most distant range
bins. For downstream events, the highest proportion of events was still observed in the farthest
range bin near the wall and the events were distributed slightly more evenly (range: 0.03-0.21)
(Figure 16) across the lateral plane compared to unweighted estimates.
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Figure 16. Unweighted (A) and weighted (B) estimates of the lateral distribution of lamprey
movements (upstream, downstream) in the upper sample volume at the JPU_LONG deployment at

Bonneville Dam. Weighted estimates were included to account for differences in the DIDSON’s sample
volume. The farthest range bin captured the south fishway wall.
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Bonneville Dam: Late season deployment comparisons

There were very few events in the late season deployments at JPU_SHORT (n = 4). Event
rates were higher for early versus late season deployments at both the overflow weir in the upper
sample volume (44.2 vs. 3.2, respectively) and at the orifice in the lower sample volume (3 vs. 1,
respectively). Regarding the JPU_XSECT_LATE deployment, we observed 36 lamprey events
in 27 nighttime files (4.5 h) for an event rate of 8.0 events per hour, which is considerably lower
than the early season JPU deployments. The largest proportion of these events were classified as
high confidence (0.53) with similar proportions for medium (0.22) and low (0.25) confidence
events. The proportion of fish orienting upstream at this deployment (0.71) was slightly higher
than at earlier JPU deployments. See Appendix A and B for more details regarding this
deployment.

Table 5. Summary of the number of events, files, and events per hour for the early and late season
deployments made at the JPU_SHORT location at Bonneville Dam. Deployments using a positive tilt
oriented towards the overflow weir and deployments using a negative tilt oriented at the orifice of the
second overflow weir in the transition area.

Tailrace
Deployment site Time/Season  elevation (m) Tilt Events  Files Events per hour
JPU_SHORT Early 4.7-6.6 Positive 81 11 44.18
Negative 31 58 3.21
Late 3.7 Positive 2 4 3.00
Negative 2 12 1.00

Bonneville Dam: Water velocity and lamprey ground speed estimates

We estimated the swim speeds for 109 individual lamprey from 29 files across six
deployments. Only nighttime files were evaluated. The JPU deployments (n = 79) had more
estimates than the NDE deployments (n = 30) due to the lower number of events observed at
NDE. Estimated mean water velocities were higher for the combined NDE deployments (0.87
m/s) than the combined JPU deployments (0.32 m/s). The highest water velocities were
observed at NDE_UP (mean = 1.16 m/s) and the lowest were at JPU_SHORT (mean = 0.24 m/s).
Water velocities differed considerably between the three NDE deployments (range: 0.46-1.16
m/s), while estimates at JPU were relatively similar for all three deployments (range: 0.24-0.43
m/s) (Figure 17).

Although water velocity estimates differed between deployments, lamprey ground speed
estimates did not differ between JPU (mean = 0.78 m/s, n = 79) and NDE (mean =0.79 m/s, n =
30). Ground speeds were highest at NDE_LFS_UP (mean = 0.89, n = 9) and lowest at
NDE_DOWN (mean = 0.64 m/s, n = 6) (Figure 17). Swim speeds through water for lamprey
were thus higher at NDE (mean = 1.60 m/s) than at JPU (mean = 1.09 m/s) given the higher
estimates of water velocity. Lamprey swim speed estimates through water were highest at
NDE_UP (mean = 1.96 m/s, n = 15), were lower at NDE_LFS_UP (mean = 1.36 m/s, n = 9) and
NDE_DOWN (mean = 1.40 m/s, n = 6), and were lowest at the three JPU deployments (range:
0.99-1.12 m/s) (Figure 17).
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Figure 17. Estimates of (A) water velocity, (B) ground speed for individual lamprey , and (C) swim
speeds through water for individual lamprey at the six deployment locations at Bonneville Dam. Box
plots show 5™, 10", 25" 50™, 75", 90" and 95" percentile estimates. Red lines are mean values.
Numbers above each box are the number of fish for each location.
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Bonneville Dam: Tail-beat frequency estimates

We estimated the tail-beat frequencies (TBF) for a total of 82 fish from five deployments.
There were fewer estimates from NDE (n = 11) than JPU (n = 61). The mean TBF was higher
for the combined NDE deployments (3.54 beats/sec) than the combined JPU deployments (2.82
b/s). The highest mean TBF estimate was at NDE_UP (4.03 b/s, n = 8), while NDE_LFS_UP
(2.22 b/s, n = 3) had the lowest estimate. JPU had relatively similar TBF estimates across the
three deployments (range: 2.44-2.87) (Figure 18). For 73 fish that had both ground speed and
TBF estimates, we found a positive correlation between lamprey swim speeds through water and
TBF (r =0.61, p <0.01) (Figure 19). Weaker correlations were observed with both ground
speed (r = 0.40, p < 0.01) and water velocity (r = 0.42, p < 0.01), but swim speeds through water
provided the strongest correlation since it accounted for the variation of both. Notably, there was
considerable unexplained variation in the relationship between TBF and swim speed through the

water.
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Figure 18. Tail-beat frequencies for individual lamprey at five deployment locations at Bonneville

Dam. Box plots show 5", 10", 25" 50", 75™ 90" and 95" percentile estimates. Red lines are mean
values. Numbers above each box are the number of fish for each location
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Figure 19. Plot displaying the positive correlation between lamprey swim speed through water and
TBF for 73 fish from the five deployment locations at Bonneville Dam (Figure 18).

John Day Dam

John Day Dam: Event rates and confidence levels

At the seven deployments in the John Day north fish ladder, we observed a total of 614
lamprey events with most near the fishway entrance at JD6 (n = 319, Table 3). A total of 74
events were observed during the day, mostly at JD6 (n = 27), which also had the highest daytime
event rate (5.8 events per hour; Figure 20). Nighttime event rates varied considerably across
sites. The highest nighttime rate was at JD6 (21.5 events/h) and the lowest was 0.5 events/h in
the transition area at JD4.
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Figure 20. Number of lamprey events per hour during daytime and nighttime files at each of the
seven John Day deployment sites. Deployment locations are listed in order of proximity to the fishway
entrance (J6 = closest, JD4 = farthest). Note: FIXED and TILT data from JD6 were combined. Number
of events are above each bar.

Similar to Bonneville, confidence levels varied across the different deployments (Figure 21).
The highest proportion of high confidence events was at JD3 (0.68), while no events were
classified with high confidence at JD5_LPS. The highest proportion of low confidence events
was at JD4 (0.50), although the number of observations was relatively small (n = 11). Cross-
sectional deployments (JD1, JD3, JD5_XSECT) had higher proportions of high confidence
events (range: 0.47-0.68) than bollard field deployments (JD6, JD5_FIXED) (range: 0.13-0.22).
Similar to Bonneville, we excluded all daytime events and files from the remaining analyses
given the limited conclusions we could draw from them.
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Figure 21. Proportions of events at each of the seven John Day deployments for events that were
classified as either high (H), medium (M), or low (L) confidence. These include both daytime and
nighttime events. Locations are ordered based on their distance from the fishway entrance. Number of
events are in Table 3.

John Day Dam: Attachment behaviors

We observed a total of 245 attachment events across the seven different deployments. Four
events (2%) were observed at JD5 XSECT, 46 (19%) were at JD5_FIXED, and 189 (77%) were
at JD6. All of the attachments at the fishway entrance area occurred in the bollard field. We
also observed 6 six attachments upstream in the collection channel at JD3 where fish were
observed attaching to the fishway floor.

John Day Dam: Vertical distributions

Lamprey events were higher in the lower sample volumes for all six tilt deployments at John
Day Dam (Figure 22). The highest event rates observed in the lower sample volume were at JD6
(28.5/h) and JD3 (27/h). The highest event rate in the upper sample was at JD5_XSECT, where
event rates were similar between the upper and lower sample volumes (12.0/h vs. 13.2 /h,
respectively). No fish were observed in the upper sample volume at JD5_LPS. Lamprey
presence was low in both the upper and lower sample volumes at JD4 in the transition area (0.2
and 0.4/h, respectively).
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Figure 22. Lamprey events per hour at the six tilting deployments in the John Day Dam fishway.
Gray bars indicate event rate during negative tilt (lower sample volume) and black bars indicate event rate
during positive tilting (upper sample volumes). Note: FIXED and TILT data from JD6 were combined.
Number of events are above each bar.

John Day Dam: Fish orientation and upstream-downstream movements

The upstream and downstream orientation of lamprey varied among deployments and depth
strata. The majority of lamprey were observed orienting upstream regardless of camera tilt angle
(Table 6). The highest proportion of fish orienting upstream was in the lower sample volume at
JD3 (0.97) and the lowest was at JD5_LPS (0.69). (Excluding JD4, where n = 6 total events).
Proportions of lamprey orienting upstream in the upper sample volumes (range: 0.56-0.84) were
typically less than proportions in the lower sample volumes (range: 0.69-0.97). No lamprey
were observed in the upper sample volume at JD5_LPS. No lamprey were classified with an
unknown orientation in the observations at John Day Dam.

The proportion of fish moving upstream was higher in the lower sample volumes (range:
0.56-0.92) than the upper sample volumes (range: 0.22-0.58) (Figure 23). The proportion of
upstream movements and proportion of fish observed orienting upstream differed considerably
for most deployments, although greater differences were observed in the upper sample volumes
(Table 6). The highest net upstream movements were observed at JD3 (+0.84) and JD5_XSECT
(+0.82) in the lower sample volume. Net upstream movements were lower in the upper sample
volume where no net upstream movement was observed at JD3 (0) and a negative net upstream
movement was observed at JD1 (-0.56).
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Table 6. The proportions of both orientation and upstream-downstream movement of fish at the five
tilt deployments at John Day Dam in both the lower (negative tilt) and upper (positive tilt) sample
volumes.

Tilt Site Orientation Movement direction
Upstream  Downstream  Upstream  Downstream
Negative JD1 0.74 0.26 0.56 0.44
JD3 0.97 0.03 0.92 0.08
JD4 0.60 0.40 0.60 0.40
JD5 XSECT 0.91 0.09 0.91 0.09
JD5_LPS 0.69 0.31 0.58 0.42
Positive JD1 0.56 0.44 0.22 0.78
JD3 0.67 0.33 0.50 0.50
JD4 1.00 0 1.00 0
JD5 XSECT 0.84 0.16 0.58 0.42
JD5 LPS 0 0 0 0
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Figure 23. Proportion of upstream-downstream movements in the lower (A) and upper (B) sample
volumes at four tilt deployments at John Day Dam. Note: JD6 is not included because the lower sample
volume included the bollard field and the orientation of fish was difficult to identify. JD4 was not
included given the few number of events (n = 6). Additionally, no events were observed in the upper
sample volume at JD5_LPS.

31



John Day Dam: White sturgeon associations with lamprey

Indices of sturgeon activity varied across the six John Day tilt deployments, although there
was consistently higher activity in the lower sample volumes versus the upper sample volumes.
The highest hourly index score for the lower sample volumes was observed at JD4 (9.7) and the
lowest was at JD3 (0.4) (Figure 24). The range of sturgeon activity was much lower in the upper
sample volumes (range: 0-0.8). Unlike at Bonneville Dam, both lamprey and sturgeon were
more often observed in the lower sample volumes at all John Day locations (compare with
Figure 22). Nonetheless, a negative correlation may exist between lamprey event rate and
sturgeon activity, especially at the JD4 location in the transition area (Figure 25).
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Figure 24. White sturgeon index of activity per hour for the upper (positive tilt) and lower (negative
tilt) sample volumes at the six TILT deployments at John Day Dam. Note: FIXED and TILT data from
JD6 were combined. Number of events are above each bar.
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Figure 25. Plot displaying the relationship between number of lamprey events and white sturgeon
activity at the six tilt deployments at Bonneville Dam. Each point represents a ten minute file, which are
sorted by deployment location.

John Day Dam: Lateral distribution estimates

At John Day, we estimated the lateral distribution of lamprey at the JD5_XSECT and
JD5_LPS deployments. At JD5 XSECT, the unweighted proportion of upstream events in the
upper sample volume was highest primarily in the farthest range bins (n = 20, range: 0.05-0.5),
with the proportion in the farthest range bin over twice as high as any other estimate. The
proportion of downstream movements were also higher in the farthest range bins in the upper
sample volume (n = 16, range: 0.05-0.32) (Figure 26). In the lower sample volume, the
proportion of upstream events was three times higher in the farthest range bin than in any other
bin (n =41, range = 0.02-0.32). The proportion of downstream events in the lower sample
volume on the other hand was greater in the range bins closer to the camera, although there were
only three events (Figure 26).

Similar to Bonneville, weighted estimates increased the proportion of both upstream and
downstream events closer to the camera. In the upper sample volume, the highest proportion of
upstream events was still observed in the farthest range bin (range: 0.05-0.36). For downstream
events, the range of events remained highest in the farthest range bins as well (Figure 26). In the
lower sample volume, weighted estimates suggested that there was a more even distribution of
upstream events across the fishway floor (range: 0.05-0.22) compared with the unweighted
estimates.
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Figure 26. Unweighted estimates on the lateral distribution of lamprey movements (upstream,
downstream) in the (A) upper and (B) lower sample volume at the JD5_XSECT deployment at John Day
Dam. Weighted estimates for the (C) upper and (D) lower sample volume account for differences in the
DIDSON sample volume. Note: the JD5_XSECT deployment did not capture the north fishway wall in
the furthest range bin and likely underestimates the full extent of lamprey distribution at this location.
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Lateral distribution estimates were only made in the lower sample volume for JD5_LPS since
no events were observed in the upper sample volume. In the unweighted estimates based on
small sample sizes, all of the upstream events (n = 11, range: 0.14-0.43) were in the farthest
range bins with the highest proportion of upstream events in the 6.5-7.0 m range bin.
Downstream events were also highest in the farthest range bins, but the sample was small (n=5).
Weighted estimates showed a relatively similar distribution (Figure 27).
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Figure 27. Unweighted (A) and weighted (B) estimates on the lateral distribution of lamprey
movements (upstream, downstream) in the lower sample volume at the JD5_LPS deployment at John Day
Dam. No events were observed in the upper sample volume. Weighted estimates are used to account for
differences in the DIDSON sample volume. The range at 8 meters captured the lamprey passage structure
(LPS) and north fishway wall.
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Discussion
Among-viewer comparisons and confidence level classifications

As in previous studies, we compared lamprey events across a set of identical multi-viewer
files as a measure of quality control. Our previous studies have suggested that inter-observer
effects (i.e. viewer willingness to score an event, detection probability based upon duration time)
result in scoring differences among viewers. While low detection probability and shorter event
durations will likely underestimate lamprey activity, variation in the willingness to score events
can bias estimates between reviewers (Johnson et al. 2013; in review). For these reasons, we
have advocated the use of these quality control measures and the four identification criteria to
help standardize lamprey identification and reduce potential differences among viewers.

Many of the differences in viewer agreement and confidence level classification that were
observed across deployments resulted from site-specific factors at each location. The higher
agreement between deployments in the Bonneville transition area was likely a result of the high
quality imagery that was collected at these deployments. In contrast, high turbulence at NDE
created interference in the imagery that may have hindered the reviewer’s ability to distinguish
lamprey from other species. A similar effect was observed within the bollard fields at John Day
Dam where high turbulence and acoustic reflection generated within the bollard field resulted in
more events being classified with lower confidence. Cross-sectional deployments that captured
fish swimming perpendicular to the camera had higher proportions of high confidence events.
Similar constraints have been documented for distinguishing fish species with DIDSON when
there are differences in fish orientation (i.e. swimming parallel vs. perpendicular to the camera)
or orientation of the camera (landscape vs. portrait) (Pipal et al. 2012; Johnson et al. in review).

2013 Sampling constraints

A number of important caveats need to be addressed regarding the sampling design for the
2013 DIDSON studies before considering the implications of the results. Some deployments at
John Day Dam, as well as the NDE_UP and NDE_DOWN deployments at Bonneville Dam,
occurred during only one overnight period and likely did not capture enough temporal variation
in the behavior and abundance of lamprey at those locations (Appendix A provides the number
of dates for each deployment). The limited sampling was due, in part, to turbulence-related
damage that the DIDSON suffered at the NDE deployment. Similarly, the late season
deployments at Bonneville Dam were necessarily qualitative given the limited sampling dates
and viewing effort associated with generally poor image quality as a result of tailwater changes.
There were also several inconsistencies between the 2012 and 2013 deployments at JD1 and JD3
where the south fishway wall was not captured in 2013, which limits the direct comparability of
these results.
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Lamprey event rates

Lamprey exhibited a clear diel pattern in their passage behaviors. Although daytime events
did occur, event rates were much higher at night at both Bonneville and John Day dams. This
was not surprising because it is well established that Pacific lamprey are primarily nocturnal
during their upstream migrations (Moser et al. 2002b; Keefer et al. 2013a). Event rates at NDE
were substantially lower in our 2013 studies (range: 5.35-10.93 events per hour) than in 2012
(range: 15.00-45.00), but this was likely a function of deployment effort and seasonal timing.
Only one nighttime deployment was made for each of the NDE_UP and NDE_DOWN
deployments, which may not have been representative of the abundance and behavior of fish
approaching NDE. Another potential explanation is that the NDE deployment in 2012 was
oriented across channel from the opposite (south) side of the channel, had better video quality,
and thus may have allowed for easier lamprey identification. The camera was positioned in the
line of flow in 2013, and the force from the outflow frequently produced interference and
reduced video quality. Lastly, the daytime lamprey counts at Bonneville Dam were ~20% higher
in 2012 (29,224) than in 2013 (23,970) (Columbia Basin Research 2014).

The highest event rates at NDE were observed in the NDE_LFS_UP deployment, which
captured imagery surrounding the lamprey flume system (LFS) that was installed the previous
spring. The LFS was operational during all three overnight deployments. Three fish were
collected from the LFS during the 6/20-6/21 overnight period and no fish were collected during
the other two overnight deployments (7/16-7/17 and 7/17-7/18). No lamprey were observed
entering the LFS in the DIDSON imagery, although many fish were observed orienting upstream
towards the LFS and several fish swam in close proximity to the entrance slot. The differences
in event rate between the two LFS deployments may have been associated with temporal changes
in abundances or behavior. Those differences may also have been a result of changes that the
LFS underwent in late June-early July, which resulted in very few fish passing through the
system for the remainder of the year.

Lamprey event rates were much higher in the Bonneville transition area than at NDE. Repeat
observations of individual fish were likely since we observed such a large number of upstream
and downstream movements in the upper sample volumes of the water column at the transition
area, which is a known passage bottleneck with high turn-around rates for lamprey (Keefer et al.
2013c). Additionally, individual fish were probably observed multiple times in the lower sample
volumes of the water column where many fish swam back and forth across the fishway channel.
Because it is impossible to track and identify individual fish movements using DIDSON, some
events observed within viewing files are possibly the same fish passing the DIDSON repeatedly
(Boswell et al. 2008). This implies that there is a potential to overestimate the number of
lamprey within the fishway, which is one constraint in using the DIDSON to calculate fish
passage metrics (Johnson et al. in review). Nonetheless, such observations are valuable for
identifying potential behavioral patterns (i.e. milling) at specific locations.

Lamprey event rates at John Day Dam were similar in 2012 and 2013 at JD1 and JD4, but

rates were almost four times as high at JD3 in 2013. Additionally, event rates were also higher
for several of the new JD5 and JD6 deployments compared to any 2012 deployment, which was
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likely a result of those deployments obtaining imagery closer to the fishway entrance and
providing broader coverage of the bollard field. These between-year differences may also have
been a result of lower sampling effort in 2013, similar to NDE at Bonneville Dam. During the
only overnight deployment at the John Day LPS (7/22-23), no fish were collected from the LPS
the following day and no fish were observed entering the system from DIDSON footage.
Interestingly, one fish from the multi-viewer files (excluded from analyses) was observed
attached to the outside wall of the LPS before proceeding upstream through the collection
channel. Although the LPS deployment had the lowest event rate for all the lower collection
channel deployments, many lamprey were observed orienting upstream near the LPS.

Excluding the JD3 deployment, the number of events generally decreased upstream through
the collection channel and the number of events observed at the transition area was very low.
Both of these patterns were similar to the 2012 results. The high attrition observed through the
collection channel may be a result of high velocities through this region. Unlike at Bonneville
Dam, no nighttime velocity reductions (e.g., Johnson et al. 2012a) were done to facilitate
lamprey passage at John Day Dam. Although unreported here, water velocity estimates that have
been calculated from our 2012 John Day DIDSON data suggests water velocities range from 1.5-
1.8 m/s through the entire length of the collection channel (Kirk, unpublished data). Although
these estimates are below the reported burst speed capabilities of Pacific lamprey (2-2.5 m/s,
Keefer et al. 2010, 2011), the sustained high-velocity fields through the long collection channel
could potentially exceed the endurance swimming capabilities of lamprey (Katopodis and
Gervais 2012). There are other potential mechanisms for explaining the limited number of
events observed at JD4 such as poor passage through the turn pool or the negative association
with white sturgeon in the transition area.

Attachment behaviors

Unlike previous years, we observed no lamprey at Bonneville Dam engaging in attachment
events using their oral discs. However, attachment events in past DIDSON studies at Bonneville
were relatively infrequent and site dependent (i.e., they were occurred mostly at high-velocity
sites). We initially hypothesized that lamprey would frequently engage in attach-and-burst
events to propel themselves through areas of high velocity (Kemp et al. 2009). These behaviors
had been observed under high-velocity conditions in an experimental flume (Keefer et al. 2010,
2011). Lack of attachment events was presumably a consequence of low water velocity and high
sturgeon presence in the transition area, and perhaps reduced night-time velocity at the NDE site.
In contrast, large numbers of attachment events by lamprey were observed at John Day Dam in
both 2012 and 2013. Nearly all events were in the bollard field at the fishway entrance, although
a few fish in 2013 were observed attaching to the fishway floor upstream in the collection
channel, possibly in part because the floor of this segment is primarily composed of diffuser
grating.

Several factors may explain why more attachments events were observed at John Day than at
Bonneville Dam. First, velocities in fishways at Bonneville were reduced at night, but not at
John Day Dam. The reduced nighttime flows at Bonneville may allow lamprey to be capable of
free swimming. The bollard field at John Day was installed and designed to dissipate high
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velocity flows and to attract lamprey to a region of lower velocity. However, the bollard field
creates high turbulence while dissipating velocity and this turbulence may generate upwelling
and lateral forces that may stimulate lamprey to attach to the substrate to avoid being swept
downstream. Questions regarding how lamprey alter their swimming and attachment behaviors
under different hydraulic conditions (i.e. velocity and turbulence) will be explored further in a
2014 study in an experimental fishway at Bonneville Dam. Limited observations of attachments
at Bonneville Dam may have been a function of limited DIDSON coverage of the fishway floor
or other surfaces suitable for attachment in high velocity segments, particularly at NDE. It is
likely that attachment events occurred but were not within the field of observation.

Vertical distributions

In past studies, lamprey are considered to be primarily a demersal species that orients to hard
substrates and surfaces such as the fishway floors in high velocity areas (Moser et al. 2007;
Keefer et al. 2011). In the Bonneville transition area, however, lamprey were observed more
frequently in the upper sample volumes of the water column in the two deployments
(JPU_LONG, JPU_SHORT) at the second weir. We think a likely explanation for this pattern is
that water velocity was relatively low in the transition area, allowing free-swimming, as has been
observed in locations such as count windows. Transition areas are known for variable flow
conditions that are challenging for salmon passage (e.g., Naughton et al. 2007; Keefer et al.
2008), particularly at the location of the first weirs encountered by upstream migrating fish
because these weirs are often fully submerged by elevated tailrace conditions, markedly reducing
water velocities in an area with increased structural complexity created by the weirs. Our
DIDSON-based water velocity estimates (0.24-0.43 m/s) from the Bonneville transition area
suggest hydraulic cues may be inadequate for effective upstream guidance. Thus, understanding
the distribution and behavior of lamprey as they first encounter and attempt to pass this segment
was a high priority in 2013.

Our results suggest that many lamprey are in the lower water column as they approach the
first submerged weir of the transition area (JPU_XSECT), where sturgeon densities are also
higher. This observation contrasts with our observations from the junction pool in 2012 where
lamprey densities were greater in upper sample volumes and sturgeon were lower in the water
column (Johnson et al. 2013). The 2012 junction pool location was just downstream from the
transition area surveyed in 2013 (Figure 28). In combination, these results suggest adult lamprey
may alter their relative vertical distribution in the ~15m between the area sampled in the junction
pool in 2012 and the first weir sampled in 2013. This behavior may be a response to subtle
hydraulic cues as the channel narrows, or changes in the upwelling characteristics of flow fields
since the entire fishway floor is composed of diffuser grating in this reach. Additionally, this
observation may be an artifact of the upwardly sloping floor at these locations, which would
cause lamprey travelling at constant depth to move closer to the floor (and sturgeon) as they
moved upstream from the junction pool to the first weir (see Figure 28). Future analyses
comparing absolute depth of lamprey could partially address these hypotheses.
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2013: Transition
area I-beam

2012: Junction pool
I-beam

Figure 28. Bonneville Dam junction pool and transition area looking upstream from the NDE
collection channel toward Weir 8. The red and yellow lines represent the approximate locations of the I-
beams that the DIDSON was deployed onto. DIDSON deployments in the junction pool from 2012 were
made on the yellow line in the near-field with the sample volume capturing the area approximately above
the square of diffuser grating in the lower left corner of the diffuser grating field. 2013 deployments in
the transition area were made on the red line at the overflow weirs.

Since flow through the lower weir orifices when the weirs are inundated, lamprey likely
move to the upper water column where hydraulic cues are stronger to guide them upstream over
the second weir. This hypothesis is consistent with the observation of higher densities of
lamprey in the upper sample volumes between the first and second weirs (JPU_SHORT and
JPU_LONG) and it is also consistent with a predator avoidance mechanism at this location since
sturgeon densities were higher in the lower sample volumes between the weirs. Hence, lamprey
behavior at the overflow and orifice weir sections in the fish ladder may vary both temporally
(i.e., as tailwater elevation changes) and spatially (i.e., with distance up the ladder). We also
believe the vertical distribution of lamprey in the transition area is affected by additional
structural (e.g. diffuser grating) and predator cues (e.g. sturgeon presence).

Lamprey were observed at higher rates in the sample volumes of the lower water column for
all deployment locations at John Day, which is consistent with our original expectation that
lamprey become increasing demersal as water velocity increases. Differential use of the water
column between Bonneville and John Day was also observed in 2012. One potential hypothesis
to explain this distribution is that lamprey preferentially select upstream routes with the lowest
available velocities through a given cross section of fishway, as observed in an experimental
flume (Keefer et al. 2011). Given the water velocity estimates from the DIDSON data at NDE
(0.46-1.16 m/s), we hypothesize that the reduced nighttime velocities at Bonneville Dam may
encourage lamprey to swim freely in the open water column rather than orient to the bottom. In
contrast, velocity reductions in the north fish ladder at John Day are achieved through the bollard
field, which dissipates the high velocity along the fishway floor near the entrance, but maintains
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relatively high velocities between the transition area and fishway entrance. Upstream of the
bollard field, velocities are also expected to be lowest near the floor and fishway wall due to both
edge effects and upwelling water through the fishway floor. Hence, lamprey may orient to those
lower velocity fields along the bottom during upstream movements through the higher velocities
inside the John Day North Fishway entrance.

Fish orientation and upstream-downstream movements

Our observations of fish depth and orientation provide qualitative insights regarding lamprey
behavior, while directional movements provide a more quantitative measure regarding the rate of
net upstream and downstream movements in the fishways. Most lamprey observations at
Bonneville Dam were of fish orienting upstream. The NDE_LFS deployments had high
proportions of both upstream orientations and upstream movements, which suggests that the
environmental or hydraulic cues near the LFS entrance slot are sufficient for guiding fish to this
area. Atthe NDE_UP deployment, however, a large proportion of fish that were initially
observed oriented upstream had changed to a downstream orientation by the time of their last
observation. A potential explanation for this pattern is that fish approached and failed to pass
through the high velocities near the entrance. Fishway entrances and the high velocities at these
locations have been implicated as a potential passage barrier for lamprey (Moser et al. 2002b;
Johnson et al. 2012a). Swimming performance and water speed estimates also support this
hypothesis. Higher water velocities were observed at NDE_UP (1.16 m/s during reduced night-
time velocity) than at NDE_DOWN (0.76 m/s), suggesting that velocities increased closer to the
entrance. The tail-beat frequency estimates for fish at NDE_UP (4.03 beats/s; Figure 18) were
also higher than the estimates at NDE_LFS_UP (2.22 beats/s), which did not have an associated
change in net upstream orientations (Figure 11).

Estimates of the proportion of upstream movements were lower in the transition area than at
NDE. Given the high event rates for the transition area deployments, particularly in the upper
water column, it is likely that some fish were observed multiple times swimming upstream and
downstream past the DIDSON. These observations are concordant with radiotelemetry studies
that showed the transition area was associated with high turn-around and multiple passage
attempt rates by lamprey (Keefer et al. 2013c). In contrast, the orientation of fish in the lower
water column was often in the lateral direction across the fishway channel and involved little
overall net upstream or downstream movement. These “milling behaviors” may be in response
to the predatory sturgeon that appeared to congregate near the first two weirs in the transition
area and/or limited attraction flow in the lower water column, including through the submerged
Weirs.

At John Day, the majority of events at all deployment locations involved fish oriented
upstream, but proportionately more movements were downstream than at Bonneville Dam.
These observations suggest that although a large number of fish are orienting upstream, the
overall progress of a significant number of those fish is in the downstream direction. One
potential explanation for this observation is that lamprey struggle to move upstream against the
high velocities within the north fishway collection channel, which results in an overall net
downstream movement. Lamprey may also be actively initiating downstream movements due to
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some other behavioral decision as lamprey have been qualitatively observed to move quickly
downstream, while orienting upstream.

In our 2012 and 2013 studies, we observed that downstream movements tended to be more
frequent in the sample volumes of the upper water column than the lower water column at John
Day Dam. Lamprey that are actively moving downstream may move upward in the water
column to reduce the probably of collisions with structures and/or encounters with predators
(especially sturgeon), as few rheotactic or olfactory cues would be available during downstream
movements relative to upstream movements. Lamprey may also passively drift downstream in
the plumes observed in the upper water column to minimize energy expenditure in their
downstream movements. In contrast, proportionally more upstream movements were observed
in the lower water column, which again, may reflect lower water velocities along the fishway
floor or a greater availability of attachment surfaces for lamprey.

We observed some differences between years at John Day Dam which may have been related
to interannual differences in operations there. In our 2012 study, no net upstream movement was
observed in the upper or lower water column at JD3, while the net upstream movement at JD1 in
2012 was positive in the lower water column (~0.6) and negative in the upper water column (~ -
0.6) (Johnson et al. 2013). In our 2013 study, similar patterns of upstream and downstream
movements were observed at JD1, while the net upstream movement at JD3 was substantially
higher. Additionally, the net upstream movement at JD5_XSECT in 2013 was much higher than
any estimates in 2012. Modifications in the lower fishway channel at John Day that began in the
spring of 2012 were not completed until the spring of 2013. As a result, higher flow volumes
were maintained through the diffusers in the lower collection channel near JD1 and JD3 during
the 2012 run season, since the modifications were not completed until 2013 (M. Zyndol,
personal communication). If the reduced flows in the lower channel in 2013 created better
conditions for lamprey passage, this may explain the higher event rates and higher proportions of
upstream movements observed in the lower collection channel in our 2013 study.

Sturgeon distributions and associations with lamprey

Although lamprey and sturgeon were observed occupying the same part of the water column
together, we never observed high lamprey event rates with high sturgeon event rates (with the
exception of moderate rates of both at JJU_XSECT). This may indicate that lamprey were
engaging in predator-avoidance behaviors. Anecdotally, we observed several lamprey at the
JPU_LONG deployment in the transition area cease upstream movements and quickly move
downstream or exit the frame of view in the presence of sturgeon. If this was, in fact, a predator-
avoidance response, it is likely that chemoreception or vibrational cues detected by
mechanoreceptors may be important for detecting sturgeon. Lamprey species have highly
developed olfactory systems (Yun et al. 2011), and recent studies have shown aversion to odors
associated with lamprey injury and mortality (e.g., Imre et al. 2010; Wagner et al. 2011). There
has also been speculation that lamprey respond to potential chemical barriers associated with
new passage structures, further suggesting lamprey may respond to olfactory cues within their
environment (Jepson et al. 2011; Moser et al. 2011). If chemoreception of predator cues affects
lamprey behavior, the olfactory environment in the transition area will be complex and impacted
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by the distribution of sturgeon, flow patterns, and attraction cues pumped through diffuser
grating in the fishway floor.

At John Day dam, lamprey and sturgeon occupied the lower water column together in the
lower fishway segments near the fishway entrance and very few lamprey were observed in the
transition area where sturgeon activity was highest. Hence, white sturgeon may have varying
effects on lamprey behavior depending on flow conditions. Y-maze experiments have been
proposed to test the olfactory recognition of predators by lamprey (Moser et al. 2010). If
lamprey are shown to respond to the chemical cues from sturgeon or dead or injured lamprey,
then more controlled experiments would be needed to determine if specific lamprey passage
behaviors inside fishways (i.e. failure, turn-around rate) may be invoked by sturgeon and under
what conditions. Understanding whether the distribution of lamprey is associated with poor
hydraulic cues or high sturgeon density is important to evaluating potential fishway
modifications that focus on either reducing encounters with sturgeon or improving fishway
hydraulics for lamprey.

Lateral distributions

The lateral distributions at the JPU_LONG deployment in the transition area suggested that
lamprey were fairly evenly distributed across the lateral plane when swimming upstream at this
site. Higher event rates were also observed at the two cross-sectional deployments in the
transition area compared with the deployment facing upstream along the north wall
(JPU_SHORT). One likely explanation is that the distribution of lamprey is more diffuse in the
transition area because low velocities and a consistent lateral flow field do not provide strong
orientation cues that aggregate lamprey. A second potential explanation is that lamprey
distribution is affected by the rate of exit from the three collection channels entering the junction
pool. For example, we observed in 2012 that lamprey were less frequently observed along the
north wall near the south entrance collection channels compared with the south wall near the
NDE collection channel, which could explain the lower event rates along the north wall at
JPU_SHORT.

At John Day, lateral distribution patterns in the lower collection channel were markedly
different from those in the Bonneville transition area. All events in the lower water column at
the John Day LPS deployment occurred within 2 m of the LPS and north wall, tentatively
suggesting a guidance effect of the angled bollard field or sufficient attraction cues emitted from
the LPS. The highest proportion of upstream events in the upper water column at JD5_XSECT
occurred closest to the north fishway wall. In contrast, the lower water column deployment
suggested a relatively uniform distribution of fish exiting the bollard field across the lateral
plane. It is important to note that the JD5_XSECT deployment did not capture the north fishway
wall and probably underestimates the full extent of lamprey activity at this location. These
patterns are consistent with previous observations of lamprey where they oriented primarily to
the walls and floors in an experimental flume (Keefer et al. 2010, 2011), and are similar to the
patterns we observed in the 2012 DIDSON study. Water velocity likely affects whether lamprey
orient towards the fishway walls and floors, especially if lamprey employ their attachment
behaviors specifically under high velocity conditions.
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Late season deployments

The late season deployments at the Bonneville Dam transition area suggested that lamprey
behavior was similar early and late in the run. The lower event rates at JJU_SHORT were likely
a result of the declining abundance in the fish run. At JPU_XSECT_LATE, the slightly higher
proportion of fish orienting upstream later in the run may be a result of the higher passage
success of late season fish that may be associated with increased physiological performance or
motivation (Keefer et al. 2009, 2013b). Changes in tailwater elevation may also affect
movement or behavioral patterns in the transition area if orientation cues are stronger in guiding
lamprey to the orifices. These temporal changes in behaviors would not be surprising given that
temporally shifting bottlenecks have been observed at Bonneville Dam (Keefer et al. 2013c).
The limited sample dates and inconsistency with previous deployments also limits the
implications of these results.

Swim speed and tail-beat frequency estimates

A new component to the 2013 DIDSON study was to estimate water velocities, lamprey
ground speeds, and tail beat frequencies from DIDSON imagery. These were relatively new
approaches conducted primarily as an exercise to assess the applicability and validity of the
methods. Several assumptions need to be addressed for these analyses. First, since the DIDSON
integrates data from a three-dimensional volume into a two-dimensional image, it provides no
information on the depth (z-axis) of fish or particles. Hence, we assumed that the depth
distribution of particles and fish changed minimally and their path was coplanar to the image
field. Second, we treated all particles as moving passively in the current regardless of type (i.e.
entrained air bubbles, debris, sediment). Violation of either assumption would cause an
underestimation of velocity.

Only one previous study has reported measuring water velocities using a DIDSON. Deng et
al. (2009) conducted an experiment in a laboratory flume where the velocities of identifiable
objects introduced into the flow fields were calculated. Their estimates were comparable to the
measurements they made using laser doppler velocimetry (LDV). Our DIDSON-based estimates
at the NDE_UP deployment (1.16 m/s) are similar to the target reduced nighttime velocities that
are currently implemented at Bonneville for improving lamprey passage (mean target velocity at
entrances = 1.20 m/s) (Johnson et al. 2012a; Moser et al. 2002b), which have been confirmed
from hydraulic evaluations conducted at the NDE entrance and in the collection channel
(Hydraulic evaluation, 2005; S. Schlenker, personal communication). The DIDSON estimates at
NDE_DOWN (0.76 m/s) were slightly lower, which was likely a result of flow dissipating into
the tailrace. The velocity estimates for NDE_LFS_UP (0.46 m/s) in the lower water column
below the fishway entrance plume were much lower than the other two NDE deployments.
Velocity estimates in the transition area were low, which was likely a result of the large cross-
sectional area of water above the submerged weirs in the lower transition area. Simulated
models of velocity at the Washington-shore junction pool suggest that our velocity estimates at
JPU_LONG (0.32 m/s) and JPU_XSECT (0.43 m/s) were reasonably similar to observed
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velocities at this site (0.46-1.00 m/s; dependent upon tailwater elevation) (Hydraulic Evaluation,
2005).

Swim speed estimates and tail-beat frequencies offer potential methods for making
inferences about the energy expenditure of fish (Hinch and Rand 2000; Mueller et al. 2010). A
previous study concluded that fish ground speeds could be accurately calculated from DIDSON
imagery, but was dependent upon the orientation of the DIDSON and swim path of the fish
(Mueller et al. 2008). This is why we selected fish with only a relatively linear trajectory in the
horizontal direction and camera deployments where movement appeared coplanar. Importantly,
tail beat frequencies do not have to make assumptions regarding movement in the z-direction
(depth) and are more directly linked to physiology than swim speed (Mueller et al. 2010). The
unexplained variation observed in the relationship between TBF and swim speed through the
water (Figure 19) was probably related to two factors. The first is measurement error related to
non-coplanar movement of lamprey or particles, or non-passive movement of particles. The
second substantial source of variation may have been related to lamprey size because swim speed
increases in large fish for a given TBF. Future analyses could correct for the latter source to
some degree by estimating size of lamprey from DIDSON imagery.

Our swim speed data suggest lamprey may be swimming at or above their critical swim
speed because the swim speeds through water observed across all deployment locations (Figure
17¢) were near or above the critical swim values observed by Mesa et al. (2003) in a swim tunnel
(range: 0.81-0.86 m/s). Critical swim speed is defined as the maximum sustainable swim speed
that fish can maintain for a prolonged period of time and is considered a robust measure of both
swimming endurance and aerobic capacity (Mesa et al. 2003; Katopodis and Gervais 2012).
Interestingly, the ground speed estimates for lamprey differed minimally between NDE and
transition area deployments despite difference in estimated water velocities. Although ground
speeds did not differ between locations, the higher swim speeds through water at NDE suggest
that lamprey likely work harder to maintain those ground speeds near the fishway entrance.

The positive correlation between tail beat frequency and lamprey swim speeds through water
(Figure 19) suggests that TBF can be estimated from swim speeds, and vice versa. Our TBF
calculations fell within the observed range of estimates for other fish species (Steinhausen et al.
2005; Mueller et al. 2010), suggesting our estimates were reasonable. The poor passage of
lamprey versus Pacific salmon and steelhead is hypothesized to result from swimming
differences between the species, since salmonids have higher burst speeds and higher endurance
compared to lamprey and other anguilliform swimmers (Katopodis and Gervais, 2012). The
potential for quantifying TBF for lamprey within fishway environments has important potential
future applications implications. For example, using DIDSON to estimate TBFs for lamprey at
specific locations within the fishways can identify whether problem passage areas are associated
with constraints related to endurance barriers (i.e., long segments requiring swimming just above
the critical swim speed) or burst swimming barriers (i.e., segments with water velocity exceeding
the swimming capacity of lampreys). This approach provides an additional tool for developing
insights regarding the relationship between the swim speed and energetic expenditure of fish
within fishway environments using direct in situ observations.
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In our opinion, TBF estimates were likely the more accurate and applicable stand-alone
metric in comparison to the estimates of water velocity and swim speed. Considering the
differences we observed between NDE and the transition area, tail-beat frequencies may be more
useful for detecting differences in the swimming performance of lamprey than ground speeds.
The methods for calculating TBF’s from DIDSON imagery also has been addressed more
thoroughly in the scientific literature, thereby strengthening its applicability (Mueller et al.
2010). In contrast, the ground speed and water velocity estimates require several assumptions
that potentially limit confidence in these results. These methods should be corroborated using
laboratory and field studies that measure water velocities and lamprey swim speeds. Future
measurements of TBF under controlled conditions, including the TBF associated with critical
and maximum swim speeds could be used in conjunction with in situ DIDSON observations to
directly estimate the energetic costs of passage in various fishway locations.

Conclusion

The DIDSON has provided an effective, non-invasive tool for monitoring some aspects of
Pacific lamprey passage inside fishways. The 2013 results have shown that Pacific lamprey
distribution and movements may be more complex than previously thought. Lamprey appear to
exhibit a variety of behaviors depending upon the biological (i.e. sturgeon presence), hydraulic
(i.e. velocity and turbulence), and structural (i.e. bollard fields) conditions encountered within
the fishways. We have also tested several novel methods for estimating lamprey swimming
performance that could provide additional information on the fishway passage behaviors of this
species. Overall, the future application of the DIDSON will be most successful for making
behavioral observations of species that should be handled minimally (i.e. endangered species)
under conditions where traditional, optical video is limited or active telemetry studies are not
feasible.
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Appendix A

Table A1. DIDSON camera parameters at the north downstream entrance (NDE) deployments at Bonneville in 2013. Orientation: FIXED =
capturing one depth stratum.

Deployment location Date Orientation  Tilt  Compass Aux. Camera Tailrace Camera Camera
(degrees) lens depth (m) elevation (m) start (m) range (m)

NDE _LFS_UP

20-21Jun  FIXED 17 206 No 2.7 55 2.08 10
NDE LFS_LOW

16-17 Jul  FIXED -44 208 No 7.6 5.0 2.08 7.08

17-18 Jul  FIXED 44 206 No 7.6 4.9 2.08 7.08
NDE_UP

30-31Jul  FIXED 0 256 No 3.0 4.4 2.08 7.08
NDE_DOWN

31-1Aug  FIXED 0 55 No 3.0 45 2.08 7.08

Table A2. DIDSON camera parameters at the transition area (JPU_LONG) deployments at Bonneville in 2013. Orientation: TILT = tilting
feature to capture more than one depth strata, FIXED = capturing one depth stratum.

Deployment Date Orientation Tilt Compass Aux. Camera Tailrace Camera Camera
location (degrees) lens depth (m) elevation (m) start (m) range (m)
JPU_LONG
30-1 Jul TILT 10/-14 248 No 4.0 6.6 2.08 7.08
2-3 Jul TILT 10/-14 246 No 4.0 6.6 2.08 7.08
21-22 Jul  TILT 10/-14 258 No - 4.9 2.92 7.92
JPU_LONG
27-28 Jun  FIXED -14 246 No 4.0 6.6 2.08 7.08
18-19 Jul  FIXED -14 246 No - 4.9 2.08 7.08
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Table A3. DIDSON camera parameters at the transition area (JPU_SHORT) deployments at Bonneville in 2013. Orientation: TILT = tilting
feature to capture more than one depth strata, FIXED = capturing one depth stratum.

Deployment Date Orientation Tilt Compass Aux. Camera Tailrace Camera Camera
location (degrees) lens depth (m) elevation (m) start(m) range (m)
JPU_SHORT
29-30Jun  TILT 0/-40 316 No 4.0 6.6 2.08 7.08
3-4 Jul TILT 0/-40 318 No 4.0 6.5 2.08 7.08
20-21 Jul TILT 0/-40 315 No - 5.0 2.08 7.08
JPU_SHORT
28-29Jun  FIXED -40 289 No 4.0 6.5 2.08 7.08
19-20 Jul FIXED -40 286 No - 4.7 1.25 6.25
30-31 Aug FIXED 3to7 327 No 0.8 3.7 2.08 7.08
31-1 Sep FIXED -21to -29 296 No 0.8 3.7 2.08 7.08

Table A4. DIDSON camera parameters at the transition area (JPU_XSECT) deployments at Bonneville in 2013. Orientation: TILT = tilting
feature to capture more than one depth strata, FIXED = capturing one depth stratum.

Deployment location Date Orientation  Tilt  Compass( Aux. Camera Tailrace Camera Camera
degrees) lens depth (m) elevation (m) start(m) range (m)

JPU_XSECT
4-5 Jul TILT 0/-40 175 No 2.1 6.4 2.08 7.08
5 Jul TILT 0/-40 175 No 2.1 6.4 2.08 7.08
7-8 Jul TILT 0/-40 175 No 2.1 6.2 2.08 7.08
JPU_XSECT_LATE*
27-28 Aug  FIXED -30 228 No 0.8 35 2.08 7.08
28-29 Aug  FIXED -7 243 No 0.8 3.6 2.08 7.08

*This was a late season deployment that was included only for late season comparisons. See results for more on this deployment.
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Table A5. DIDSON camera parameters for all deployments at John Day (JD1, JD2, JD3, JD5, and JD6) in 2013. Orientation: TILT =tilting
feature to capture more than one depth strata, FIXED = capturing one depth stratum.

Deployment Date Orientation Tilt Compass( Aux. Camera Tailrace Camera Camera
location degrees) lens depth (m) elevation (m) start(m) range (m)

JD1

24-25 Jul TILT +/-7 90 No 0.8 49.1 2.08 7.08
JD3

27-28 Jul TILT +/-14 31 No 2.1 49.2 2.08 7.08
JD4

13-14 Jul TILT +/-14 310 No 2.6 49.3 2.08 7.08

14-15 Jul TILT +/-14 310 No 2.6 49.4 2.08 7.08

23-24 Jul TILT +/-7 309 No - 49.2 2.08 7.08
JD5_XSECT

11-12 Jul TILT 7/-15 315 No 2.1 494 2.08 7.08

12-13 Jul TILT 7/-15 315 No 2.1 494 2.08 7.08
JD5_LPS

22-23 Jul TILT +/-7 324 No 1.2 49.4 4.17 9.17
JD5_FIXED

9-10 Jul FIXED -9 268 No 1.2 49.4 4.17 9.17

10-11 Jul FIXED -12 268 No 2.1 49.4 2.5 7.5
JD6

25-26 Jul TILT +/-7 262 No 2.3 49.3 2.08 7.08
JD6

28-29 Jul FIXED -11 238 No 2.1 49.1 2.08 7.08
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Appendix B

NDE_DOWN

A)

Legend

1 = NDE_DOWN
2 = NDE_UP
3 = NDE_LFS

NDE_LFS

Figure 1. Deployments made at the north downstream entrance (NDE) location in 2013 at Bonneville
Dam. (A) shows the location of the lamprey flume system (LFS) at the base of the fishway entrance and
the entrance slot can be observed in the DIDSON footage (C).
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JPU_XSECT:
negative tilt

First weir

Flow l \ Orifice

JPU_LONG:
negative tilt

JPU_XSECT_LATE

Figure 2. Deployments made at the transition area (JPU) in 2013 at Bonneville Dam and the
DIDSON imagery captured for (B) JPU_XSECT, (C) JPU_LONG, and (D) JPU_XSECT_LATE. Figure
1 in the report provides an example of the images captured from the JPU_SHORT deployment.
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Figure 3. Deployment made at I-beam 1 (JD1) in 2013 at John Day Dam with (B) DIDSON imagery
of the cross-sectional deployment at JD1.
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North Wall

I-beam3 (JD3)

JD3: positive tilt

Figure 4. Deployment made at I-beam 3 (JD3) in 2013 near the turn pool at John Day Dam with (B)
DIDSON imagery of the cross-sectional deployment at JD3.
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JD4:
positive tilt
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negative tilt

Figure 5. Deployment made at I-beam 4 (JD4) in 2013 at John Day Dam with (B) DIDSON imagery
in the positive and (C) negative tilt of the cross-sectional deployment at JD4.
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Jll JD5_XSECT: negative tilt

North Wall~

— -

) = JD5_LPS: negative tilt

Figure 6. Deployment made at I-beam 5 (JD5) in 2013 at John Day Dam with (B) DIDSON imagery
capturing the end of the bollard field and (C) imagery capturing the LPS.
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JD6:
negative tilt

'\I-beam 6 (JD6)

I-beam 5 \
(JD5)

JD5_FIXED

Figure 7. Deployment made at I-beam 5 (JD5) and I-beam (JD6) in 2013 at John Day Dam with
DIDSON imagery capturing the inside of the bollard field for both (B) JD6 and (C) JD5_FIXED.
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Figure 8. (A) DIDSON camera attached to the aluminum trolley at JD4 and (B) typical set up with
the davit and protective workbox at John Day Dam.
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