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Abstract — Pacific lamprey Entosphenus tridentatus are declining in the Columbia River
Basin and larval lamprey use of large, mainstem river habitats is understudied. Information on
their use of shallow depositional areas in the mainstem associated with tributary inputs and non-
tributary shallow-water areas is equally lacking. We used a unique deepwater electrofisher to
explore occupancy, detection, and habitat use of larval Pacific lamprey and Lampetra spp. in
John Day and McNary pools and associated river mouths of the John Day, Umatilla, Walla
Walla, and Yakima rivers, as well as shallow-water pool margins in John Day and McNary
pools. We used a generalized randomized tessellation stratified (GRTS) approach to select
sampling quadrats in a random, spatially-balanced order. Shallow-water strata in John Day and
McNary pools were delineated to indicate the areas that are most susceptible to dewatering by
hydropower operations. Larval lamprey occupied all strata surveyed except the Walla Walla
River mouth and Yakima River mouth, where they were not detected. We calculated strata-
specific detection probabilities which ranged from not detected to 0.06. In strata where lampreys
were found, detection was lowest in the John Day shallow-water and McNary Pool strata and
highest at the mouth of the John Day River in the John Day Pool. Relatively higher detection
rates in tributary mouth areas may indicate the prevalence of rearing in these habitats, but these
rates were much lower than those for comparable river mouths downstream in the Columbia
River Basin. The effect of water level management and potential stranding in these shallow
habitats on larval lamprey should be considered when conserving these important species.
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Introduction

Pacific lamprey Entosphenus tridentatus in the Columbia River Basin and other areas
have experienced a great decline in abundance (Close et al. 2002). They are culturally important
to Native American tribes and are ecologically important in inland food webs (Docker et al.
2015). Information is lacking on basic biology, ecology, and population dynamics required for
effective conservation and management. In 2003, the Pacific lamprey was petitioned for listing
under the Endangered Species Act, and Oregon and Idaho list Pacific lamprey as a species of
concern. Managers lack critical information about the life history and basic biology of Pacific
lamprey that is necessary to develop effective conservation strategies and management actions.
Knowledge of Pacific lamprey status (e.g., occupancy and abundance) and knowledge of biology
and ecology of Pacific lamprey were deemed important data gaps (Mesa and Copeland 2009;
Luzier et al. 2011). Furthermore, determining the effects of Federal Columbia River Power
System (FCRPS) water management operations on Pacific lamprey larvae rearing in mainstem
Columbia and Snake Rivers was deemed a top study objective by Columbia Basin researchers at
a series of workshops hosted by the U.S. Army Corps of Engineers (Juvenile and Larval
Lamprey Passage Workshop, Facilitator’s Summary, 2012).

Pacific lampreys have a complex life history that includes larval (i.e., ammocoete),
migratory juvenile (i.e., macrophthalmia), and adult marine phases (Scott and Crossman 1973).
Larvae and juveniles are strongly associated with stream and river sediments. Larvae live
burrowed in stream and river sediments for multiple years (i.e., 2-7) after hatching, where they
filter feed detritus and organic material (Sutton and Bowen 1994). Larvae metamorphose into
juveniles from July to December (McGree et al. 2008) and have a protracted migration season
(Mesa et al. 2015; Moser et al. 2015); major migrations are made downstream to the Pacific
Ocean in the spring with some beginning migration in the fall (Beamish and Levings 1991;
Moser et al. 2015). The sympatric western brook lamprey Lampetra richardsoni does not have a
major migratory or marine life stage although adults may locally migrate upstream before
spawning (Renaud 1997). In addition, the river lamprey L. ayresii, paired-species to the western
brook lamprey (Docker 2009), has a similar migratory parasitic life-history as the Pacific
lamprey. The river lamprey has been reported to occur in the lower Columbia River (Weitkamp
et al. 2012, 2015) and a putative migratory juvenile was recently reported at the John Day Dam
smolt bypass facility (Jolley et al. in press). The majority of information on habitat preference,
occupancy, and distribution of larvae comes from shallow, wadeable tributaries of the Columbia
River Basin (Moser and Close 2003; Torgersen and Close 2004; Stone and Barndt 2005; Stone
2006) and coastal systems (Farlinger and Beamish 1984; Russell et al. 1987; Gunckel et al.
2009).

Lamprey larvae are known to occur in sediments of shallow streams but only recently has
their use of larger river (i.e., >5™ order [1:100,000 scale]) habitats in relatively deeper areas
become more apparent. These areas include the mainstem of the Columbia and Willamette
rivers (Jolley et al. 2012c; 2014) as well as larger, mainstem portions of tributaries to the
Columbia River and Puget Sound (Torgersen and Close 2004; Hayes et al. 2013; Jolley et al.
2013b; Hughes et al. 2014; Moser et al. 2015). Sea lamprey Petromyzon marinus larvae have
been documented in deepwater habitats in tributaries of the Great Lakes, in proximity to river
mouths within the lakes (Hansen and Hayne 1962; Wagner and Stauffer 1962; Lee and Weise
1989; Bergstedt and Genovese 1994; Fodale et al. 2003b), and in the deepwater habitats of the
St. Marys River, a large river that connects Lake Superior to Lake Huron (Young et al. 1996).



Larval densities in the St. Marys River are considered high enough for the Sea Lamprey Control
Program of the United States and Canada to actively reduce their numbers (Schleen et al. 2003).
References to other species occurring in deepwater or lacustrine habitats are scarce (American
brook lamprey L. appendix; Hansen and Hayne 1962).

Knowledge of patterns in occupancy, abundance, habitat use, and movement by Pacific
lamprey in regulated-rivers is generally lacking, but needed for management. Downstream
movement (or dispersal) of larvae within and out of tributary systems occurs year-round as the
result of both passive displacement and active relocation (Nursall and Buchwald 1972;
Gadomski and Barfoot 1998; White and Harvey 2003; Moser et al. 2015; Mesa et al. 2015). The
numerous hydroelectric dams on the Columbia River have transformed this river into a series of
low velocity pools. Anecdotal observations exist regarding larval lamprey occurrence in large
river habitats mainly at hydropower facilities or in downstream bypass reaches (Hammond 1979;
Moursund et al. 2003; Dauble et al. 2006; CRITFC 2008; Mesa et al. 2015), impinged on
downstream screens, or through observation during dewatering events. Occurrences at
hydropower facilities are generally thought to be associated with downstream migration and
specific collections of presumably migrating lampreys have been made in large river habitats
(Beamish and Youson 1987; Beamish and Levings 1991). However, patterns of occupancy,
abundance, and habitat use by larval Pacific lamprey in pools created by and influenced by dams,
and associated tailwater areas have been given only cursory attention. Understanding whether
and the extent to which larval lampreys utilize mainstem habitats for rearing, as well as passage
through hydroprojects may be paramount to the conservation of Pacific lamprey.

Here, we investigated and documented larval lamprey occupancy and habitat use in two
pools of the Columbia River, John Day and McNary pools. We also examined occupancy in
shallow-water and tributary mouth strata nested within respective pools, as these areas may be
particularly vulnerable to changing water conditions due to dam operations. Fish and
invertebrates can be influenced by flow regimes, tailwater levels, and other abiotic conditions
related to dam operation (Scheidegger and Bain 1995; Clarkson and Childs 2000; Vinson 2001)
and larval Pacific lamprey have been specifically mentioned as susceptible to stranding by dam
operations (Peterson Lewis 2009). Understanding larval lampreys usage of areas above and
below dams may be critical in assessing the contribution of these areas to long-term population
viability. This life-history information could be used to help inform how pool and tailwater
elevations are regulated and, in turn, help to minimize negative impacts to lamprey. Our study
nests into a larger effort that includes understanding the effects of dewatering and stranding on
larvae (Liedtke et al. 2015) and the effects of changing pool elevations on available rearing
habitat (Mueller et al. 2014).

Our specific objectives were to: 1) evaluate whether pools are occupied by larvae, 2)
within pools, evaluate strata-specific larval occupancy of pools (e.g., shallow areas potentially
subject to dewatering, river mouth areas), and 3) evaluate the size of larvae rearing in the pools.
The long-term objectives of the project are to: 1) determine if occupancy and detection of larval
lamprey decline with distance upstream and increasing number of migratory obstructions, 2)
identify habitats that may be positively related to larval lamprey detection, and 3) determine
effects of pool and water management operations on larval lamprey. Overall, information from
this study can be used to help inform how pool and tailwater levels might be regulated to
minimize negative impacts to lamprey. Understanding if and how larval Pacific lampreys use
mainstem habitats is essential to the conservation of this species.



John Day Reservoir

Sampled Quadrats
# Larvae Detected
e 0

. @ 0 125 25
4 E } t i
N Kilometers

Figure 1. John Day Pool sampled quadrats in 2014-2015.



Study Area

John Day Pool is an impoundment of John Day Dam (Rkm 348; operational 1971) and is
bounded on the upstream end by McNary Dam (Rkm 470). The pool is 103 km long and 22,257
-ha at full pool. John Day Pool was sampled from 11 August 2014 to 27 August 2014, from
John Day Dam to McNary Dam (Figure 1).

The mouths of two major tributaries that enter the Columbia River within John Day Pool
were sampled, the John Day River and the Umatilla River. The John Day River (6" order;
1:100,000 scale) originates in the Blue Mountain Range of eastern Oregon. The basin covers
20,980 km?and enters the mainstem Columbia River at Rkm 352 (Figure 1). The John Day Pool
impounds the lower 15 km of the John Day River, upstream to the base of Tumwater Falls
(Figure 2). The Umatilla River (6™ order; 1:100,000 scale) also originates in the Blue Mountain
Range of eastern Oregon. The basin covers 5,931 km?, and enters the mainstem Columbia River
at Rkm 466 (Figure 3). The rivers have fine sediments originating from the Blue Mountains that
provide rearing habitats for larval lamprey (Torgersen and Close 2004; Jackson and Moser
2012). The tributary mouths were sampled from 13 August 2014 to 9 September 2014 (Figure 2,
3). The John Day River mouth was sampled at the base of Tumwater Falls and the Umatilla
River mouth was sampled at the confluence with the Columbia River.

McNary Pool is an impoundment of McNary Dam (Rkm 470; operational 1954) and
bounded on the upstream portion by the free-flowing Hanford Reach beginning north of
Richland, Washington (Rkm 549; Anglin et al. 2006) and also by Ice Harbor Dam (Rkm 16) on
the Snake River. Priest Rapids Dam (Rkm 639) is the next upstream hydropower project on the
Columbia River. The pool is 82 km long and 15,702 -ha at full pool. McNary Pool was sampled
from 29 September 2014 to 25 June 2015 from McNary Dam to the downstream terminus of the
Hanford Reach (Figure 4).

The mouths of two major tributaries that enter the Columbia River within McNar?j/ Pool
were sampled, the Walla Walla River and the Yakama River. The Walla Walla River (6" order;
1:100,000 scale) originates in the Blue Mountain Range of eastern Oregon and Washington. The
basin covers 4,553 km? and flows into the mainstem Columbia River at Rkm 506 (Figure 5).
The Yakama River (7th order; 1:100,000 scale) originates on the eastern slopes of the Cascade
Mountain Range in Washington. The basin covers 15,900 km? and enters the Columbia River at
Rkm 539 (Figure 6). The rivers have fine sediments originating from the Blue and Cascade
ranges that provide rearing habitats for larval lamprey (Wydoski and Whitney 2003). The
tributary mouths were sampled from 30 September 2014 to 22 May 2015 (Figure 5, 6). Both
river mouths were sampled at the confluence with the Columbia River.
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Figure 2. John Day River backwater mouth sampled quadrats in 2014.
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Figure 3. Umatilla River mouth sampled quadrats in 2014.
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Figure 5. Walla Walla River mouth sampled quadrats in 2015.
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Methods

We used a Generalized Random Tessellation Stratified (GRTS) approach (Stevens and
Olsen 2004) to select sampling sites for our study. The GRTS approach orders all potential
sample sites within an area of interest in a random, spatially-balanced manner and the number
picked for sampling can be varied. This approach results in an unbiased sampling design
allowing quantification of detection probability (i.e., the probability that presence is detected in
at least one sampling site given that the area of interest is occupied). First, we developed a layer
of 30 m x 30 m quadrats (i.e., sampling sites) using ArcMap 9.3 (Environmental Systems
Research Institute, Redlands, California) which was overlaid on each area of interest. There
were 225,998 potential quadrats in the John Day Pool, and 165,215 quadrats in the McNary Pool
(Table 1). Universal Transverse Mercator (UTM) coordinates representing the center point of
each quadrat were determined and used to navigate the boat to the sampling location within each
quadrat during sampling. Quadrats were ordered sequentially as selected by the GRTS approach
and the lower numbered quadrats were given the highest priority for sampling. Quadrats that
could not be sampled feasibly due to dewatered conditions or depth less than 0.3 m, excessive
velocity, or excessive depth (>21 m) were eliminated and subsequent quadrats were increased in
priority (Table 1). River mouth areas were defined as the area contained by a 0.5 km semi-circle
from the point where the center of the tributary channel meets the respective pool.

A sampling event consisted of using a deepwater electrofisher (Bergstedt and Genovese
1994) in a 30 m x 30 m quadrat. This quadrat size was selected based on the previous experience
of sea lamprey researchers in the Great Lakes (M. Fodale, USFWS, personal communication) as
their sampling approach evolved from a systematic to adaptive approach (Fodale et al. 2003a).
A description of the complete configuration of the deepwater electrofisher is given by Bergstedt
and Genovese (1994). The bell of the deepwater electrofisher (0.61 cm?) was lowered from a
boat to the river bottom. The electrofisher delivered three pulses DC per second at 10% duty
cycle, with a 2:2 pulse train (i.e., two pulses on, two pulses off). Output voltage was adjusted at
each quadrat to maintain a peak voltage gradient between 0.6 and 0.8 VV/cm across the electrodes.
Suction was produced by directing the flow from a pump through a hydraulic eductor,
prohibiting larvae from passing through the pump. Suction began approximately 5 seconds prior
to shocking to purge air from the suction hose. Shocking was conducted for 60 seconds, and the
suction pump remained on for an additional 60 seconds after shocking to ensure collected larvae
passed through the hose and emptied into a collection basket (27 x 62 x 25 cm; 2 mm wire
mesh). The sampling techniques are described in detail by Bergstedt and Genovese (1994) and
were similar to those used in the Great Lakes region (Fodale et al. 2003b) and the Willamette
River (Jolley et al. 2012c).

Near-shore, non-tributary shallow-water areas were also identified for John Day and
McNary pools. We estimated depth strata most susceptible to dewatering due to normal
hydrosystem operations using orthophotography. Available images were reviewed in a GIS and
the best images detailing shallow-water regions were digitized to delineate the shallow-water
strata. Shallow-water strata extending from the shoreline to where the river bottom was no
longer discernible were digitized as a contiguous polygon. If waves, sun glare or other factors
precluded shallow water discrimination, a cut-off distance of approximately 20 meters from the
shoreline was used. These shallow-water strata are where lampreys have the highest probability
of being vulnerable to stranding. Digitized strata were overlaid on the GRTS sample quadrats
which were previously delineated. Sample quadrats that were within the shallow-water strata
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polygon were sampled in the manner described for each pool proper. The estimated shallow-
water strata of John Day Pool had an area of 1,941 ha which was 8.7% of the total pool area, or
21,576 quadrats (Figure 7). The estimated shallow-water strata of McNary Pool had an area of
1,248 ha which was 7.9% of the total pool area, or 13,877 quadrats (Figure 8). When visiting a
predicted shallow-water quadrat, the depth was greater than 1.2 m (i.e., depth < 1.2 m considered
susceptible to dewatering during normal pool management scenarios), the quadrat was
abandoned (i.e., not sampled) and the next candidate quadrat was selected from the list generated
by the GRTS operation.

We estimated occupancy of larval lamprey in John Day and McNary pools, tributary
mouths, and shallow-water strata by adapting an approach that was applied to studies of larval
lamprey in the Willamette and Columbia rivers (Jolley et al. 2012c, 2013a; 2013b; 2014). The
approach has several requirements: 1) a site- and gear-specific detection probability (assumed or
estimated); 2) the probability of presence at a predetermined acceptably low level (given no
detection); and 3) random identification of spatially-balanced sample sites that allow estimation
of presence and refinement of detection probabilities. A reach-specific probability of detection,
dreach, Was calculated as the proportion of quadrats (i.e., 30 m x 30 m sampling quadrat) occupied
(i.e., larvae captured) by larval lamprey in the Lower Willamette River, an area known to be
occupied. The posterior probability of reach occupancy, given a larval lamprey was not
detected, was estimated as:

P(Co|F) -P(F)
P(Co|F)-P(F)+ P(Co|~F)-P(~F)’

(1) P(FICo) =

where P(F) is the prior probability of larval lamprey presence. Although we knew the
Willamette River reach was occupied with larval lamprey, P(F) of 0.5 (uninformed) was used for
future study design (i.e., P[F|C,] ) in areas where larval lamprey presence is unknown. P(~F), or
1 —P(F), is the prior probability of species absence, and P(C,|F), or 1 —d, is the probability of
not detecting a species when it occurs (Cy = no detection; Peterson and Dunham 2003). Patterns
of occupancy by river were compared using the Chi-square test for differences in probabilities
(Conover 1999).

To pick the number of quadrats sampled at river mouths, we drew on information from
previous occupancy sampling in other river mouths, with detection rates ranging from 0.02 to
0.32. We assumed a relatively low to moderate detection rate of 0.08 (given an area was
occupied). We estimated that a minimal sampling effort of 17 quadrats was necessary to achieve
80% certainty of lamprey absence when they are not detected (see Jolley et al. 2012c¢). To be
conservative, we doubled that sampling rate to 34 quadrats (94% certainty of lamprey absence
when not detected).

We attempted to adjust for the large spatial scale of the pool and shallow-water strata
areas (e.g., pools are much larger than river mouths and we have less information on detection
probability of pools). We estimated detection probability (d) as a function of an assumed
proportion of sites occupied (Prop), an assumed density within occupied sites (Den), and an
assumed sampling efficiency to detect one individual (E) by the following equation:

d = Prop = (1 — (1 — E)Pen)
We wanted to ensure we could detect larvae if we assumed that at least 5% of the sample area
was occupied (conservative assumption), that when occupied, a site would have a density of at
least 1 individual/0.61 m? (i.e., at least one individual within the deepwater electrofisher frame)
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and that we would collect individuals at 1/3 of all occupied sites. Thus, the detection probability
at one random site within the area would be:

0.05* (1 — (1 —0.33)1) = 0.0167
This estimate of detection probability (0.0167) was used in the model by Peterson and Dunham
(2002) to estimate the number of quadrats that need to be sampled to obtain a posterior
probability of area occupancy below the acceptable level, if not a single individual is
detected. This exercise resulted in a target sampling effort of 83 quadrats to achieve a
probability of occupancy of less than 20%, if no individuals were detected (i.e., we would be at
least 80% certain the area was not occupied if no individuals were collected).

Table 1. Total number of quadrats delineated, visited, sampled, and occupied and species
of larval lamprey present in 2014-2015. Unidentified larval lampreys are noted as “Unid”.

Quadrats

Reach Date Total Visited Sampled Occupied d Pacific lamprey Lampetra spp. Unid Total

John Day Pool 8/11-8/27 225,998 125 85 0 0.00 0 0 0 O
John Day mouth 9/9 61 41 34 2 0.06 1 0 1 2
Umatilla mouth 8/13 - 8/28 442 39 34 2 0.06 1 0 1 2
John Day Pool shallow 5/6 - 5/19 21,576 110 90 1 0.01 0 0 1 1

McNary Pool 9/29 - 6/25 165,215 101 87 1 0.01 2 0 1 3
Walla Walla mouth 5/21 - 5/22 654 38 34 0 0.00 0 0 0 ©0
Yakima mouth 9/30 - 5/19 481 45 34 0 0.00 0 0 0 o0
McNary Pool shallow 5/19-6/25 13,877 116 81 2 0.02 2 0 0 2

Collected lampreys were anesthetized in a solution of tricaine methanesulfonate (MS-
222), and those fish >60 mm TL were identified as Pacific lamprey or Lampetra spp. according
to caudal pigmentation (Goodman et al. 2009; Docker et al. in review), and classified according
to developmental stage (i.e., ammocoete, macrophthalmia, or adult). Lampreys <60 mm TL
were deemed “unidentified”. A caudal fin tissue sample was collected from all larvae and stored
in 100% ethanol (Spice et al. 2011). Lampreys were measured (TL in mm), placed in a recovery
bucket of fresh river water, and released after resuming active swimming behavior. Length-
frequency histograms were constructed for each species to describe size structure.

Concurrent to each sampling event a sediment sample was taken from the river bottom by
using a Ponar bottom sampler (16.5 cm x 16.5 cm). A 500 mL sample was labeled, placed on
ice, and returned to the lab. Samples were oven-dried for 12 hours at 100°C to remove all water.
Sediment size was characterized by weighing the component portions of the sample that
collected on a set of sieves (opening sizes: 37.5 mm, 19 mm, 9.5 mm, 1 mm, 0.5 mm, and
remainder less than 0.5 mm). Percent organic content of replicate samples was determined using
loss-on-ignition methods (Heiri et al. 2001) by combusting organic material at 500-550 C for six
hours. All statistical analyses were conducted using SAS software (SAS 2002).

Results

We targeted 83 quadrats per pool and shallow-water strata and 34 quadrats per tributary
mouth strata (Table 1). Some quadrats were not sampled because they were not feasible
(dewatered conditions, excessive depth, excessive velocity, large boulder substrate). Feasibility
of sampling a quadrat in each stratum was 68% to 89%. Larval lampreys were detected in all
strata except the John Day Pool, the Walla Walla River mouth, and the Yakima River mouth
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(Table 1). All occupied strata contained either Pacific lamprey or unidentifiable small larvae
(genetic identification is currently ongoing). Detection probability was highest at the John Day
River mouth and Umatilla River mouth (d=0.06) and larvae were not detected in the John Day
Pool, the Walla Walla River mouth, and the Yakima River mouth. By definition, Pacific lamprey
occupied The John Day Pool since larvae were detected in the John Day River mouth, Umatilla
River mouth, and shallow-water strata, which are nested areas within the entire pool. As a
whole, larval lamprey are likely at a level of abundance too low in the John Day Pool proper to
be detected with our current sampling effort (there was a 20% chance that we failed to detect
larvae when they actually occupied the pool). Detection probabilities did not differ among
reaches (Fisher’s Exact Test multivariate permutation technique, Brown and Fears 1981,
P>0.05).

Lamprey larvae ranged in size from 23 to 147 mm TL. Sample sizes were too small to
assess potential length differences among strata with just one or two individuals captured in
many strata. Depths sampled ranged from 0.2 to 19.8 m and larvae were detected in depths from
0.6 to 3.7 m. The total number of larvae occupying any individual quadrat ranged from 0 to 3.

Analysis of river bottom sediment samples showed mean percent organic content ranged
from 0.1 to 5.8% among sites and was significantly different among strata (ANOVA, F=3.51,
df=7, P<0.01; Table 2). The John Day Pool shallow-water stratum had lower organic content
than the McNary Pool or Walla Walla River mouth strata. By strata, river mouths on average
had higher percentages of organic content (mean=1.7%) than shallow-water areas (mean=1.3%;
ANOVA, F=3.57, P<0.05). Multiple differences in the relative amount of different sediment
sizes were detected (Figure 7). Fine sediments were present in all reaches although the Walla
Walla River mouth and Yakima River mouth had the highest relative amount of the smallest-size
particles while the John Day River mouth had the least (i.e., <0.5 mm, ANOVA, F=8.31,
P<0.05). The John Day River mouth had the highest relative amount of larger-sized particles
(i.e., 19-37.5 mm; F=4.59; P<0.05). Large cobble/boulder or bedrock substrates (too large for
the dredge) were detected at up to 29% of sites at the John Day River mouth and no sites at the
Yakima River mouth.

Table 2. Mean percent organic content in sediment and large substrates in John Day and
McNary pools and river mouths in 2014-2015.

Mean percent ~ Standard  Percent boulder

Reach Number organic content error or bedrock
John Day pool 54 1.2 0.1 25.5
John Day mouth 7 1.1 0.1 9.2
Umatilla mouth 9 1.4 0.2 8.5
John Day shallow 72 1.1 0.1 135
McNary pool 52 1.7 0.2 28.7
Walla Walla mouth 33 1.9 0.2 0.3
Yakima mouth 33 1.7 0.2 0.0
McNary shallow 60 1.6 0.2 16.2
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Predictions of shallow-water habitat in John Day Pool and McNary Pool were
successfully estimated using orthophotography. The predictions agreed well with subsequent
field sampling, although a few points (n=6; <3%) were deeper than 1.2 m.
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Figure 9. Mean percent, by weight, of sediment in different size categories (mm) in river
strata in 2014 and 2015. Large cobble and bedrock categories not included.

Conclusions

Larval Pacific lampreys occupied all strata surveyed in the John Day and McNary pools
except the Walla Walla River mouth and Yakima River mouth while Lampetra spp. were not
detected in any strata. Higher detection rates in river mouth areas (although relatively low
overall) suggest these habitats may be valuable for larval lamprey rearing. Detection rates were
generally lower than those found in previous years downstream of John Day Dam (Jolley et al.
2012a; 2012b; 2013a; 2013b; 2014; Table 3). In those studies detection rates at river mouths
ranged from 0.03 to 0.35. The lower detection rates in this study might be related to the
increased number of mainstem dams that adults must pass (three or four dams) to access
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spawning areas with consequently less spawning and larvae produced; it has been reported that
up to 50% of adult lampreys approaching a dam do not pass (Moser et al. 2002). The John Day
Pool was found to be occupied with larval lamprey in the shallow-water strata, as well as the
mouths of the John Day River and Umatilla River, but no larvae were detected within the pool
proper. The John Day Pool is wide and shallow with complex backwaters and side-channels and
more sandy and silty substrates (Parsley et al 1993; Gadomski and Barfoot 1998) which may be
conducive to larval lamprey rearing. Whether larvae are not rearing in the pool or they occur at a
level too low to detect given our sampling effort is not known. Thus, lack of detection in the
pool was unexpected.

Our findings are similar to those of studies conducted in the Great Lakes, where multiple
size and age classes of larval sea lamprey and American brook lamprey Lampetra appendix have
been found in deepwater lentic areas (Hansen and Hayne 1962), deepwater tributaries (Bergstedt
and Genovese 1994; Fodale et al. 2003b) and large rivers (Young et al. 1996). This work also
corroborates our earlier findings that Pacific and western brook lampreys inhabit relatively deep
(14-16 m), mainstem areas of the Willamette and Columbia rivers (Jolley et al. 2011, 2012c;
2014). In addition, larvae collected likely comprise multiple age classes. Larvae emerge at 8-9
mm (Brumo 2006) and our smallest collections (i.e., TL<20 mm) were likely age-0 fish,
although accurately estimating age based on length remains difficult (Meeuwig and Bayer 2005).
The duration of occupancy of small larvae in these areas is not known, but it is likely that
recruitment occurred within a relatively short time prior to being captured. Deepwater river
spawning of lamprey has not been documented although lentic spawning has been observed
(Russell et al. 1987). The pools created by dams on the Columbia River may produce habitats
that historically didn’t exist or were likely less abundant prior to dam construction. Thus, larval
lamprey may use these areas at a disproportionally higher rate than pre-dam construction.
Alternatively, high detection rates of larval lampreys in tributary mouths compared to other areas
in our mainstem lamprey research to date (Jolley et al. 2012a; 2014), may be due to increased
local density and abundance relative to other areas (Royle and Nichols 2003), enhanced rearing
conditions in these areas, and/or tributaries serving as source sub-populations for larvae in the
mainstem. The use of these shallow-water areas brings into questions of susceptibility to
dewatering where mortality may eventually occur (Liedtke et al. 2015).

The origin of larval lampreys collected in river mouth strata in the mainstem Columbia is
unknown, but is a topic that warrants further investigation. For example, these larvae may have
dispersed (either actively or passively) downstream from headwater areas within the tributaries,
hatched in the mouths of these tributaries, or entered tributary mouth habitats from other areas of
the Columbia River mainstem (or a combination of the above). The preponderance of relatively
high detection rates in river mouth areas does suggest the associated tributaries serve as the
source for these detections. However, given the relative lack of suitable burrowing substrates in
some mainstem areas of the Columbia River, tributary mouth habitats may serve as areas for
larval recruitment from other areas. To better understand patterns of larval origin and dispersal
within the mainstem Columbia River and its major tributaries, directed studies utilizing tools to
identify unique genetic signatures from tributary systems may be one approach worth pursuing
(Hess et al. 2014). The John Day River, Umatilla River, Walla Walla River, and Yakima River
are known to have a sub-population of larval lamprey although information is scarce (NPPC
2004; Torgersen and Close 2004; Jackson and Moser 2012; Grote et al. 2014). Identifying
discrete sub-populations may allow monitoring larval dynamics, spatially and temporally.
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Substrate particle size and water velocity are consistently considered two of the most
important fine-scale predictors of larval lamprey presence and abundance (Beamish and Jebbink
1994; Ojutkangas et al. 1995; Beamish and Lowartz 1996) but the importance of organic matter
in the sediment is less clear and we found no obvious patterns relating sediment organic content
to lamprey occupancy. Organic detritus is generally deposited in areas of low water velocity
where accumulations of silt and sand provide suitable substrate for burrowing larvae. Potter et
al. (1986) found the presence of organic material in the substrate to be an important
environmental variable predicting the density of larval pouched lamprey Geotria australis in
three of their four seasonal models (i.e., in all seasons but winter). In their habitat selection
study, Smith et al. (2011) found that, after their preference for fine sand, least brook lamprey L.
aepytera larvae exhibited a secondary preference for an organic substrate (consisting of
approximately 70% decomposing leaves/stems and organic sediment particles and 30% silt/fine
sand). Malmqvist (1980) suggested that the presence of organic material in the sediment is not a
prerequisite for the larvae since they can ingest their food directly from the water column above
the sediment.

Overall, we provide empirical evidence that lamprey larvae of multiple sizes occupy John
Day and McNary pools and some tributary mouths. Multi-state occupancy models which are an
extension of standard occupancy models (Nichols et al. 2007) may be particularly useful to
model habitat effects on occupancy in these areas. Future work might couple thorough measures
of habitat variables to be used as co-variates to the detection probability models. Management of
these areas is important to conservation of these imperiled species. Continuing to document
patterns of occupancy by larval lamprey further upstream in mainstem Columbia and Snake
rivers is warranted for a number of reasons. It is likely that cumulative effects of multiple adult
migration passage challenges are resulting in sharply declining spawning adults in these
upstream areas. Larval rearing areas may be even more important to maintaining recruitment to
the population, providing pheromone-based migratory cues to adults (Li et al. 2003) and
preserving species subpopulations. This topic has been largely ignored and further research and
monitoring is needed to address larger uncertainties in population trends, recruitment, and
mortality.
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Pacific =~ Lampetra
Year Reach d lamprey Spp. Unid Total Source
2009 Lower Willamette River  0.07 5 6 1 12 Jolley et al. 2012c
2010 Bonneville Reservoir 0.02 1 0 0 1 Jolley et al. 2011a
Bonneville Tailwater 0.00 0 0 0 0
2011 Bonneville Tailwater 0.03 0 1 0 1 Jolley et al. 2012a
Hood River mouth 0.06 1 1 0 2
Klickitat River mouth 0.00 0 0 0 0
White Salmon River mout  0.00 0 0 0 0
Wind River mouth 0.29 22 9 6 37
Lower Klickitat River 0.26 13 0 2 15 Jolley et al. 2012b
Lower White Salmon Rive 0.29 5 11 3 19
Lower Wind River 0.32 13 9 4 26
2012 Klickitat River mouth 0.12 3 0 2 5 Jolley et al. 2013b
White Salmon River mout  0.03 1 0 0 1
Wind River mouth 0.29 6 15 16 37
Lower Klickitat River 0.03 1 0 0 1
Lower White Salmon Rive 0.09 0 4 0 4
Lower Wind River 0.24 4 10 1 15
The Dalles Pool 0.00 0 0 0 0 Jolley et al. 2013a
Deschutes River mouth 0.00 0 0 0 0
2013 Deschutes mouth 0.09 5 0 2 7 Jolley et al. 2014
Klickitat mouth 0.15 4 1 1 6
Klickitat mouth 0.26 49 4 0 53
Klickitat mouth 0.35 34 7 1 42
Wind mouth 0.18 4 11 1 16
Wind mouth 0.21 6 17 0 23
Wind mouth 0.24 5 20 0 25
Hood mouth 0.09 3 3 0 6
White Salmon mouth 0.15 3 4 0 7
Little White Salmon moutl  0.09 0 4 0 4
Bonneville Reservoir 0.03 2 0 0 2
The Dalles Reservoir 0.00 0 0 0 0
2014 Bonneville shallow 0.03 1 1 0 2
John Day Reservoir 0.00 0 0 0 0 Jolley et al. in prep
John Day mouth 0.06 1 0 1 2
Umatilla mouth 0.06 1 0 1 2
2014-15 McNary Pool 0.01 2 0 1 3
Yakima mouth 0.00 0 0 0 0
2015 John Day shallow 0.01 0 0 1 1
Walla Walla mouth 0.00 0 0 0 0
McNary shallow 0.02 2 0 0 2

Table 3. Summary of detection rate for all Columbia River mainstem larval lamprey work

to date.
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