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Summary

The salmon parasites, Ceratonova shasta and Parvicapsula minibicornis reduce the fithess of
outmigrating juvenile salmon in the lower Klamath River (below Iron Gate Dam). The distribution
of these parasites in the Klamath River Hydroelectric Project Reach (HPR) is undocumented
and anadromous salmon are expected to utilize this area after removal of the four lowermost
dams. This study occurred in each of the three years (2021-2023) preceding dam removal (the
date of which was unknown at commencement of the study) and comprised three main tasks
aimed to better understand disease risks to salmon from these two parasites and inform
management activities to mitigate those risks. The abundance of the two salmon parasites in
river water are described in the HPR each month from late spring to early fall. Prevalence of
these parasites in their annelid host, Manayunkia occidentalis, along with host density is also
described in populations stratified throughout the HRP (along the disturbance and discharge
gradients; spatial distribution) in summer and at a subset of sites seasonally (n=2; temporal
distribution). Benthic sampling for annelids was complemented with eDNA quantification in
water samples. The parasite and annelid host data were scaled as heat maps to model
infectious disease risk for salmonids utilizing the lower HPR. Because this study occurred
before the scheduled dam removal and reintroduction of anadromous salmonids, no after-
removal data were able to be collected within the study period.

Waterborne C. shasta was detected in each of the three study years; total densities (i.e. all C.
shasta genotypes) were below 10 spores per liter (disease threshold for Chinook salmon) in
year 2 (2022) but an order of magnitude higher in the first and third years; C. shasta densities
met or exceeded 10 spores per liter 3 times in 2021, 0 times in 2022 and 7 times in 2023. C.
shasta was detected at each site (5 mainstem and 1 tributary) in at least one month each study
year. Two C. shasta genotypes were detected: 0 and IlI; genotype | was not detected. Genotype
0 was the dominant type. However, only type Il was detected in Spencer Creek; though at low
densities < 2 spores per liter. As with C. shasta, P. minibicornis was detected in water samples
in each of the three study years; however, densities of P. minibicornis were typically 3-8x higher
than those of C. shasta. P. minibicornis was also detected at all sites, and was most abundant
at mainstem sites and was only detected in 1/19 sample months at SCB. In benthic samples M.
occidentalis were collected at all mainstem, but not from tributary sites. M. occidentalis eDNA
was detected at all sites during the study period, but low levels were measured at the tributary
site, supporting the benthic data. The synthesis of heat maps revealed that the relative
abundance of total waterborne C. shasta was highest in summer and fall periods and at the
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downstream section of the HPR (at sites KJAP, KFR, and KSL). The relative abundance of C.
shasta genotype 0 was similar to that of total C. shasta. However, the relative abundance of C.
shasta genotype Il was highest at a subset of genotype 0 seasons/sites - in summer and at
KSL. The relative abundance of P. minibicornis was highest in summer and at downstream
sites. The relative abundance of M. occidentalis was high at the upper study sites (KKN and
KBD) and the site proximal to Shovel Creek (KAS). The relative abundance of C. shasta-
infected annelid hosts was also high at KKN and KBD and for P. minibicornis-infected annelid
hosts, this was broader, including also KJAP.

The relative abundance of total C. shasta was scaled to provide a measure of the risk of C.
shasta infection for current and future salmonids inhabiting or migrating through the study reach.
The relative abundance of total P. minibicornis was more difficult to scale for risk metric due to
uncertainty associated with the composition of waterborne densities of P. minibicornis
(actinospores or myxospores), thus, identified hot spots of risk will need to be considered for
both annelid and fish hosts. The relative abundance of annelid hosts, including C. shasta- and
P. minibicornis- infected annelid hosts, provided measures of risk for current and future juvenile
salmonids inhabiting or migrating through the HPR, and for the potential establishment of future
infectious zones if infected adult carcasses settle in these locations.

The timing of this study was opportune - encompassing the three years before dam removal and
reconnection of the upper and lower Klamath basins. The data derived from the samples we
collected in combination with the heat maps provide proxies for relative risk that will facilitate the
evaluation of the effects of dam removal on the spatial and temporal distribution of two
myxozoan parasites and their annelid hosts within the HPR. These data will also be useful for
designing monitoring and planning habitat restoration as Chinook and coho return to the upper
Klamath Basin.
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BACKGROUND

The salmon parasite, Ceratonova shasta has a complex life cycle, involving an invertebrate
(annelid) host as well as salmon (Bartholomew et al. 1997). Salmon in the Klamath River have
evolved with C. shasta and are relatively resistant to infection compared to salmon from rivers
where the parasite is absent, thus the current severity of disease (enteronecrosis) in Klamath
River fishes suggests a shift in the balance between hosts and their parasites. Research
conducted by Oregon State University (OSU) and the US Fish and Wildlife Service (USFWS)
has demonstrated high C. shasta densities and infected invertebrate hosts occur immediately
downstream of the HPR (Stocking et al. 2006; Hallett and Bartholomew 2006; Stocking and
Bartholomew 2007; Foott et al. 2007), thus raising the question of how the HPR and proximal
river sections will change following dam removal. A second myxozoan pathogen of concern that
is prevalent in this reach is Parvicapsula minibicornis, which causes renal failure in salmonids; it
shares the same hosts as C. shasta (Bartholomew et al. 2006, 2007).

Klamath salmonid fishes

waterborne actinospores Cs a

annelid host

Figure 1: Life cycle of Ceratonova shasta (Cs) and Parvicapsula minibicornis (Pm), two
myxozoan parasites endemic to the Pacific North West, showing both the invertebrate host,
Manayunkia occidentalis (Mo), and the salmon host. Image: S. Atkinson.

Salmonids in the Klamath River Hydroelectric Project Reach

Although anadromous salmonids have been excluded from the HPR for the past century,
completion of the parasite life cycle for both C. shasta and P. minibicornis occurs in fluvial
Rainbow Trout (O. mykiss) (Carter and Kirk 2008). These trout are physically isolated from trout
in the lower river below Iron Gate Dam. In Upper Klamath Lake, there are native Redband Trout
(0. mykiss newberii), which spawn primarily in groundwater-fed areas, and their peak spawning
is in winter (W. Tinniswood, ODFW, personal communication). They are occasionally found in
the mainstem Klamath River and have likely interbred with the rainbow trout that inhabit the
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HPR. In the HPR, there are three spawning populations of rainbow trout: Spencer Creek,
Bypass Springs, and Shovel Creek (W. Tinniswood, ODFW, personal communication). The
Shovel and Spencer Creek populations can spawn anywhere from late February through early
May, and the Bypass Springs population spawn as early as the beginning of February (W.
Tinniswood, ODFW, personal communication).

Native Chinook salmon, coho salmon, and Steelhead Trout (Oncorhynchus mykiss) are
expected to re-establish in the HPR and the upper Klamath Basin, mirroring their historic
distributions. Populations of Chinook were described from the Frain Ranch reach (river
kilometer (rkm) 350) prior to construction of Iron Gate and Copco dams (Hamilton et al. 2005).
Other spawning locations for Chinook in this area include Shovel Creek and Spencer Creek
(BLM 1995). Spencer Creek is described as the upper limit for coho salmon in the Klamath
River (Hamilton et al. 2005). Downstream of Iron Gate Dam (rkm 310), the river supports
populations of fall-run Chinook, coho salmon, and steelhead trout, but spring-run Chinook
salmon are present only in sub-basins of the Klamath River 100+ river kilometers downstream
of the dam (Hereford et al. 2021).

Dam removal opens upriver habitat for salmon spawning but there is a lack of baseline data for
both C. shasta and P. minibicornis in the HPR and there is a need for disease risk assessment
in this soon-to-be-available habitat.

The study aims were to (i) collect and analyse water samples to quantify the spatial and
temporal distribution of myxozoan parasites (Task 3.1), (ii) conduct invertebrate host (annelid)
sampling to document host density and infection (Task 3.2), and (iii) produce risk maps for
infectious disease in salmonids (Task 3.3) specifically in the HPR.

These data improve our understanding of myxozoan disease risk for Klamath River salmonids
and will inform reintroduction and restoration efforts for Steelhead, Coho, and fall and spring-run
Chinook salmon that are expected to repopulate the upper basin following dam removal. These
efforts expand upon concurrent work in the Klamath River Basin (primarily downstream of Iron
Gate Dam) and augment existing datasets that were previously lacking for the HPR.

Scope of Work

This Scope of Work outlines the three main tasks necessary to collect data that will enable the
development of models that will improve the understanding of host and parasite interactions to
understand disease risks and inform management activities for the salmon parasites, C. shasta
and P. minibicornis in reaches of the Klamath River that will be available to salmon following
dam removal.

Task 3.1 Determine spatial and temporal distribution and density of salmon parasites

Dam removal and fish repopulation will affect the distribution and abundance of both parasites
and their fish and annelid hosts and thereby alter pathogen effects: both adult and juvenile
salmonids will be exposed to novel pathogens in the Upper Basin (upstream of Iron Gate Dam),
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and resident Upper Basin native fishes will be exposed to pathogens associated with the new
in-migrants. Pathogen data are lacking in the Upper Basin as Oregon Department of Fish and
Wildlife (ODFW) fish health assessments have been opportunistic and not comprehensive
(Sarah Bjork, pers. comm.). We consider it imperative that these knowledge gaps be addressed,
as we must understand current pathogen distribution if we are to be proactive in managing
potential effects of pathogens on salmonids after dam removal.

Task 3.1 addressed the hypothesis that C. shasta genotypes and P. minibicornis associated
with Chinook and Coho salmon will redistribute along with their hosts following dam removal. To
test this hypothesis, we designed a study based in Klamath River reaches upstream of Iron
Gate Dam, to span the years before and after the scheduled dam removal and reintroduction of
anadromous salmonids. It complements ongoing research in the Lower Basin and had the
following research objectives:

e Describe C. shasta genotypes and P. minibicornis distribution and abundance by spatial
water sampling before and after fish reestablishment/re-population

e FEvaluate associated host-pathogen changes and predict impact of pathogens on
salmonids in the Klamath Basin to inform management decisions associated with the
salmonid reintroduction program (see below, Task 3.3 for this objective).

These objectives for Task 3.1 were achieved through the following sub-tasks:

Subtask 3.1.1. Collect 24-hour composite water samples from 6 sites in the HPR, once each
month from June through October 2021, May through October 2022 and April through October
2023.

Subtask 3.1.2. Filter half the samples per site for parasite quantification and the other half for
eDNA for annelid quantification.

Subtask 3.1.3. Extract captured DNA and analyze parasite samples for C. shasta and
Parvicapsula minibicornis and eDNA samples for Manayunkia occidentalis.

Task 3.2 Annelid sampling for assessing pre- and post-dam removal distribution and
infection prevalence in invertebrate hosts

Annelid host distribution and infection dynamics within the HPR are not well understood, but will
directly impact salmonid reestablishment/re-population because salmonids will pass through, if
not spawn within this river section post dam removal.

The aims of this task were to collect, process, and analyze benthic invertebrate samples to
measure habitat use and relative density of Manayunkia occidentalis, the benthic invertebrate
host in the C. shasta and P. minibicornis life cycles. This task will also investigate how the
distribution of M. occidentalis correlates with waterborne C. shasta and P. minibicornis densities
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and genotypes and M. occidentalis in water samples (measured in Task 3.1). The goal of this
task is to lay the foundation to be able to evaluate the effects of dam removal on the spatial
distribution of annelid hosts within the HPR as well as evaluate changes over time at
established index sites.

Task 3.2 addressed the hypothesis that i) dam removal will alter M. occidentalis host distribution
and prevalence of C. shasta and P. minibicornis infection in the HPR. To test this hypothesis,
we planned to sample annelids in the HPR before and after the scheduled dam removal and
reintroduction of anadromous salmonids. It complements ongoing research in the Lower Basin
and had the following research objectives:

e Describe annelid distribution and abundance by benthic and water sampling before and
after fish repopulation, to evaluate associated changes in distribution and infection risk
for salmon.

e Describe infection prevalence in targeted annelid populations to inform management
decisions associated with the salmonid reintroduction program.

The objectives for Task 3.2 were achieved through the following sub-tasks:

Subtask 3.2.1. Collect benthic invertebrate samples from 6 sites once in each of 2 months in
2021, and 2022 and 2023.

Subtask 3.2.2. Process benthic samples for annelid density.

Subtask 3.2.3. Analyze annelids from benthic samples for infection with C. shasta and P.
minibicornis.

Task 3.3 Produce risk maps for infectious disease in salmonids utilizing the Klamath
Hydroelectric Project Reach

Data on current pathogen distribution and associated risk of infection will be important for
management decisions associated with the salmonid reintroduction program and for mitigating
potential effects of pathogens on salmonids after dam removal.

Task 3.3 addressed the data gaps in our knowledge of current pathogen distribution and
associated risk of infection for repopulating salmonids through the following objective:

e Produce heat maps reflecting risk and impacts of pathogens for re-populating/re-
introduced salmonids using data from Tasks 3.1 and 3.2.
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The objective for Task 3.3 was achieved through the following sub-tasks:

Subtask 3.3.1. Collate waterborne parasite data and annelid data with fish habitat data
(predicted rearing and spawning habitat).

Subtask 3.3.2. Create heat maps for risk factors including density of infected annelids,
waterborne parasite stages and overlap with timing of salmonid life histories.
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Figure 2. Map showing study area in the Klamath River Hydroelectric Project Reach highlighted
in red. Water sample sites included KKN, SCB, KBD, and KJAP, KFR, KSL. Annelid sample
sites included KKN, SCB, KBD, KJAP, KFR, KSL, KAS, SCM, and KCO.
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Study Area

The work occurred along the Klamath River within the Klamath Hydroelectric Project, between
Keno Dam and Copco Reservoir. Six water sampling sites were selected based on predicted
migration routes after reintroduction, available spawning/rearing habitat and longitudinal water
sampling conducted in 2018 and 2019 that measured C. shasta density. All selected index sites
were relevant for Coho Salmon; expected to repopulate up to Spencer Creek, spring and fall-run
Chinook Salmon; expected to repopulate the upper basin volitionally, and through reintroduction
efforts, respectively, and Steelhead; expected to congregate just upstream of Keno Eddy before
migrating further. Chinook are expected to spawn in the mainstem near these sites.

Task 3.1 Methods

To examine spatial and temporal distribution and abundance of C. shasta and P. minibicornis,
we stratified sampling sites across the HPR (Figure 2, described in Table 1) and across months
we expected to vary in parasite density (e.g. spring — fall) from 2021-2023. Sites were selected
to overlap with post-dam removal projected salmonid habitat (Figure 2, Table 1). Sites included
five mainstem river sites and a single tributary site. The single tributary site, located on Spencer
Creek was selected for sampling because it was historically coho spawning habitat (Hamilton et
al. 2005); SCB, samples collected ~ 1 km from the mouth of the tributary to ensure mainstem
water was not sampled. The mainstem habitat sites included KKN at the upper limit of coho
habitat (samples collected in a natural river eddy at the inlet of the J.C. Boyle Reservoir), two
sites in the former bypass section, selected to represent important historic coho and Chinook
salmon habitat and current habitat for resident trout (Hamilton et al. 2005; KBD - samples
collected directly downstream from the former J.C. Boyle Dam, and KJAP- samples collected
immediately upriver from the former J.C. Boyle Powerhouse), and two sites in the former
hydropeaking section selected to reflect historic Chinook salmon spawning habitat (KFR-
samples collected upstream of Caldera Rapid at Frain Ranch access point and KSL- samples
collected at State Line campground).

To examine spatial and temporal distribution and abundance of annelid hosts, and infection
dynamics, we stratified annelid sampling across the range of discharges present in the HPR.
Annelid sampling sites included a subset of water sampling sites (KKN, SCB, KBD, KJAP,
described above), and additional sites KAS, SCM, and KCO, selected for proximity to habitats
downstream from KSL- including Shovel Creek, which was described as a spawning tributary for
coho and steelhead (Hamilton et al. 2005).
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Table 1: Description of the six index sites that were selected for water sample collection within
the Klamath River Hydroelectric Project Reach. Sites are identified by 3-4 letter codes, followed
by a physical description relative to geographic features, along with approximate river kilometer
(rkm). All water samples were 24-hour composites, except for the dates listed in the ‘manual
sample’ column. (Note KKN=KED in sentinel fish studies.)

o MANUAL
RKM SITE DESCRIPTION COORDINATES (°) SAMPLES
Keno Reach, at upstream
) J 3/23, 4/23, 7/23,
368 KKN point of JC B_oyle 42.14968, -122.016 9/23. 10/23
Reservoir
368 = SCB Spe”cegﬁézeek’ below 42.15608, -122.027 6/23, 10/23
361 | kp JC Boyle bypass reach, at 42.12176, -122.05 All dates
bridge right below dam
JC Boyle bypass reach,
355 | KJAP upstream from 42.09333, -122.069 None
powerhouse
345 KFR Frain Ranch River Access 42.03911, -122.096 None
332 | ksL Oregon- California State 42.00715, -122.188 6/22, 7/22
Line River Access

Water sample collection to determine parasite density

Water samples were collected once per month over a 3-year period, from June-October
2021, May-October 2022, and March-October 2023 (starting month was funding dependent).
Water was collected from all six index sites in triplicate 1-L samples following Hallett et al.
(2012) and included composite and manual samples. Composite samples were obtained by
automated machines (ISCO portable water sampler, Teledyne Inc. or automated drip irrigation
system, Moistenland Inc.). We deployed tubing to collect water from 30 cm below the water
surface and 30 cm from the bank and collected 1 L of river water per hour over 24 h The
resultant composite was homogenized and subsampled for a total of 4 x 1 L. Manual samples
were collected when composite samples were not possible, e.g., restricted or insecure access
or machine failure. We were allowed access to KBD only to collect manual samples. Manual
samples were obtained by collecting 4 x 1-L samples using a Nalgene bottle deployed on a 6 ft
sampling pole to collect water from below the river surface, and off the riverbank, as in
composite sampling, above. Samples were stored on ice and transported to Oregon State
University for processing.

Water filtering- C. shasta and P. minibicornis

Following methods used in previous studies of C. shasta in the lower Klamath River, water
samples were filtered through a 5 pm nitrocellulose membrane filter, within 24 h of collection
(Hallett and Bartholomew 2006; Hallett et al. 2012). This pore size was chosen to isolate intact
spores (6—8 um) (Bartholomew et al. 2022). Each filter was stored in a 2-mL microcentrifuge
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tube and dried in a ThermoSavant DNA110 SpeedVac for 1-2 h. One sample was archived, and
the other three were used for DNA extraction and analysis.

Water filtering- M. occidentalis eDNA

Three replicate 1L water samples were filtered through a 0.2 ym mixed cellulose membrane
filter (142 mm diameter, Advantec) using a vacuum pump. For samples with excessive amounts
of suspended particulate matter, 500 mL of water was filtered. The filters were folded three
times using forceps (wiped with clean paper towel between filters) and stored in 50 mL conical
tubes. In 2023, the conical tubes were pre-filled with 2-5 mL of 100% ethanol (EtOH). The
samples were then dried completely (SpeedVac) and stored at -20°C. Between each site, we
filtered 1 L of deionized water as a negative control to measure any residual eDNA on the
filtering apparatus (filtration controls); we processed these filters alongside field sample filters. If
DNA was detected on the filter controls, this quantity was subtracted from sample 1 of the
following site.

DNA extraction and purification

Filters used to collect waterborne spores (5 yum) were processed following published methods
(Hallett and Bartholomew 2006; Hallett et al. 2012), with the following modifications: To each of
the 2-mL sample tubes, 1.25 mL of acetone and 2 x 3 mm glass beads were added to assist
with filter dissolution. Tubes were vortexed briefly to dissolve the filter, centrifuged, and the
supernatant was removed and discarded. The acetone step was repeated twice for each
sample, including removal of the supernatant, followed by a final step of adding 1.25 mL of
100% ethanol (EtOH). The sample with EtOH was also vortexed, centrifuged, and the
supernatant EtOH removed and discarded. These samples were dried in a SpeedVac for 15
min. Filters used to collect eDNA (0.2 um) were dissolved using 25 mL acetone, vortexed until
the filter dissolved completely, then centrifuged at 2500 rpm for 5 min. The supernatant was
removed via vacuum pump and glass pipet, preserving all biological material at the bottom of
the tube. An additional 1 mL of acetone was then added to the tube, mixed with the solid
material, and pipetted into a 2-mL microcentrifuge tube.

Following established methods (Hallett and Bartholomew 2006; Hallett et al. 2012), we
extracted DNA using the Qiagen DNeasy blood and tissue kit with modifications. The sample
was incubated with buffer ATL and Proteinase K for 1 h at 56°C, or overnight at 37°C, and was
vortexed multiple times during digestion. A duplicate wash step with AW?2 was added.
Purification of samples collected from June 2023 and onwards were carried out using a vacuum
manifold for the AW1 and AW2 wash steps rather than collection tubes and centrifugation. DNA
was eluted in 2 washes of 60 uL buffer AE. Extracted samples were stored at -20°C and
processed by quantitative polymerase chain reaction (QPCR).

Molecular assays for parasite densities

Quantification PCR was used to enumerate densities of Ceratonova spp. in water samples
using previously described methods (Hubbard 2019), with minimal modifications. In addition to
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the gPCR reagents described in Hubbard 2019, each 10 L reaction included 2 uL of sample
DNA at 1:10 dilution with buffer AE (Qiagen), or negative control of 2 pL of buffer AE (Qiagen).
As in Hubbard (2019), these were completed as duplex assays with an internal positive control
(IPC) (Applied Biosystems) to test for inhibition. Each reaction was completed using a
StepOnePlus Real-Time PCR System (Applied Biosystems) using StepOne Software Version
2.3 (Life Technologies) with 44 cycles of standard thermal cycling conditions. To decrease
gPCR inhibition, we used a combination of dilution and addition of BSA. And the IPC tracked
any remaining inhibition. We considered samples inhibited if their IPC value was > 1 Cq
(quantification cycle; the cycle where amplification crosses the fluorescence threshold) relative
to the negative control. Inhibited samples were re-run for Ceratonova at a 1:40 dilution with
buffer AE (Qiagen). Samples that showed signs of inhibition at the 1:40 dilution were labeled
“inhibited”.

Samples were tested for P. minibicornis following the Ceratonova assay to re-use prepared
dilutions and the IPC data. Any inhibited samples were run only at 1:40 dilution for P.
minibicornis. The P. minibicornis assay was based on Hallett and Bartholomew (2009). Each 10
ML reaction included: 5 uL TagMan Gene Expression Master Mix (Applied Biosystems), 800 nM
of each primer and 400 nM of probe (Integrated DNA Technologies), 250 nM BSA (Invitrogen),
0.75 uL molecular grade water, and 2 uL of sample DNA at 1:10 dilution with buffer AE (Qiagen)
or a negative control of 2 yL of buffer AE (Qiagen). Thermocycling conditions were identical to
the Ceratonova qPCR assay described above.

For both parasite assays, samples were assessed in triplicate, and the data were averaged, to
yield a single Cq value for each 1 L sample. When triplicate well Cq values differed by more
than 1 Cq (standard deviation of 0.6), if an outlier could be determined (> 1 Cq difference
relative to the other two wells), this value was omitted from the average. If an outlier could not
be determined, this sample was re-analyzed. Samples near the limit of quantification (around
Cq > 36) will have higher standard deviation, and these samples have low DNA (less than 1
spore/l), so they were not re-run.

Samples were considered positive for Ceratonova spp. and P. minibicornis if fluorescence was
detected in 2/3 replicate wells. Each plate included triplicate wells of a negative control and two
sets of positive controls (C. shasta or P. minibicornis positive samples, hereafter termed
‘reference samples’) also run in triplicate, prepared by the same methods as experimental
samples, but spiked with a known quantity of parasite spores on the 5 um filter. The reference
samples were used to convert experimental sample Cq values to spores/L by comparing the
unknown sample Cq to the reference sample Cq and adjusting for gPCR variation by adding a
correction factor multiplier so that the reference Cg accurately estimates the spore density of the
reference sample. If samples were diluted to decrease inhibition, they were corrected for this
dilution with regard to the reference sample. Replicates from the gPCR plate were converted to
spores/L, then averaged to represent a replicate sample. Three samples were averaged to
represent site spore densities. Densities were rounded to whole numbers for display in tables,
and densities below 0.5 spores/L were reported as < 1 spore/L.
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C. shasta genotypes

To determine the relative abundance of C. shasta genotypes in the hydroelectric reach, sample
1 from each month and site was sequenced and analyzed, unless the densities were estimated
to be < 2 spores/L, or the sample was inhibited, in which case sample 2 or 3 was substituted.
Purified DNA was diluted 1:10 with buffer AE (Qiagen) and first amplified in a PTC-200 (MJ
Research) thermocycler using previously published methods (Atkinson et al. 2018), with
modifications: Maintaining the same reagent concentrations, but decreasing total reaction
volume to 10 uL. Samples were then amplified through a second round of PCR with 10 uL
reaction volume, including additional 0.25 uL forward and reverse primers, 0.25 uyL GoTaqG2
and 2 uL 5X buffer (Promega), 0.25 uL dNTPs (Invitrogen), 0.25 yM BSA, 0.5 uL Rediload, 5.75
ML molecular water, and 0.5 uL of PCR product. We set the initial denaturation at 95°C for 3
min. This was followed by 35 cycles of 94°C for 20 s, 55°C for 30 s, and 72°C for 50 s. The final
extension step was at 72°C for 7 min. Results were visualized on a 1% TAE gel stained with
SYBR Safe (Thermo Fisher Scientific). PCR products were prepared in a total volume of 12 pL,
including 10.3 pL molecular water, 1.2 uL of forward primer, and 0.5 pL PCR product, then
sequenced at Oregon State University’s Center for Quantitative Life Sciences.

Data were analyzed following published methods (Atkinson et al. 2018), using BioEdit (Hall
1999) to visually inspect chromatograms. We estimated relative abundance for each genotype
by averaging the height of peaks at 5-7 polymorphic loci, then calculated the fraction of the total
area under the curve for each unique sequence. To determine the densities of individual
genotypes, we multiplied each genotype fraction by the mean spore density from that site and
month combination. We subtracted the non-C. shasta species proportions and included only C.
shasta genotypes in the final mean C. shasta spore densities.

Task 3.2 Methods

Annelid distribution and abundance

To describe spatial distribution of annelid hosts and infection dynamics, benthic samples were
collected at all sites once each in summer in 2021 and 2023 (“longitudinal data”). Summer is an
ideal time to complete these targeted surveys because population expansion has begun, so
annelids are easier to locate (but populations haven’t expanded to the point that detecting
infected annelid hosts is cost prohibitive). To examine temporal distribution of annelid hosts and
infection dynamics, benthic samples were collected seasonally (October, March, May and July)
at two sites that had high densities during the 2021 longitudinal survey (“seasonal data”).
Triplicate samples were collected during snorkel and SCUBA surveys in annelid habitat using a
modified Hess sampler (Alexander et al. 2014). Samples were transferred to 95% EtOH within
24 hours of collection.

Water sampling (to ‘describe annelid distribution by water sampling before and after fish
repopulation, to evaluate associated changes in distribution and infection risk for salmon’) is
described above in task 3.1.


https://www.zotero.org/google-docs/?broken=JnaqEh
https://www.zotero.org/google-docs/?broken=JnaqEh
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Annelid density estimates

Samples of M. occidentalis were processed at Oregon State University following published
procedure (Alexander et al. 2014) with the following modifications: Subsampled annelids were
not stained initially and instead were counted and recorded. These annelids were placed in
labeled microcentrifuge tubes for downstream DNA extraction and gPCR analysis, and the
substrate was saved. Subsample substrates were then stained (10% Rose Bengal, Fisher
Scientific) and recounted, adding any missed M. occidentalis individuals to the total count for
that subsample.

Unstained annelids were placed into a 96-well plate in groups of 5 or 10 for 80 of the wells. A
single annelid was placed into 8 wells, leaving the final 8 wells empty to add standards and a
negative control during gPCR preparation. Any remaining ethanol evaporated overnight.

Infection assays: DNA extraction and gPCR analysis

Total DNA was extracted (DNeasy Kit, Qiagen) by adding 95 uL ATL buffer and 5 pl of
Proteinase K to each well, followed by incubation for 30-90 minutes at 56 °C until tissues were
completely dissolved. Samples were then heated to 85 °C for 15 minutes, analyzed immediately
or stored at -20 °C. Dilutions were made up by adding 800 pL of nuclease-free, molecular grade
water to 2 mL wells (plate) and 2 puL of DNA from each sample to each respective well, including
7 standards (annelids positive for C. shasta or P. minibicornis infection) into the final set of
wells. The last well was designated as a negative control and filled with molecular water. The
diluted DNA was processed by gPCR for C. shasta and P. minibicornis infections, using the
same reagent concentrations and thermocycling conditions described in the methods for Task
3.1- assays for C. shasta and P. minibicornis.

Density of infected M. occidentalis was calculated (Alexander et al. 2014) based on prevalence
of infection, calculated as total number of annelids molecular pools positive for C. shasta or P.
minibicornis (measured by gPCR), divided by the total number of annelids in pools, apportioned
to respective density estimates. Data were averaged by site for longitudinal data (collected in
2021 and 2023) and by site and season for seasonal sites, KKN and KBD (collected in winter,
spring, summer and fall, from 2021-2023).

Correlations between annelid host and water data

Simple correlations (Pearson’s and Spearman’s Rank- for normally and non-normally distributed
data as appropriate) were performed (SAS, v 9.4) to examine relationships between densities of
M. occidentalis, including Cs and Pm infected Mo, measured in benthic samples and i) densities
of waterborne C. shasta genotypes, ii) P. minibicornis and iii) copies of M. occidentalis eDNA in
water samples (measured in Task 3.1).
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Task 3.3 Methods

To describe current pathogen distribution and associated risk of infection for salmonids after
dam removal, we produced heat maps to display relative abundance of individual risk factors
including waterborne parasites, annelid hosts, and infected annelid hosts.

Waterborne parasite data and annelid data collected during the study period were collated,
normalized, and used to produce heat maps for each organism. We had planned to overlay
these data with salmonid rearing and spawning habitat data (provided by other entities), but
these were not yet available for the HPR (pers comm, T. Williams, NOAA and D. Giudice,
CDFW). Collated data included mean, minimum and maximum densities for C. shasta
genotypes I, 0, and total C. shasta, P. minibicornis, and M. occidentalis eDNA. M. occidentalis
density and infection data were collated separately due to spatial and temporal differences in
the datasets.

Environments of study sites

Mean daily temperature and discharge data for KKN (station ID: 11509500), KFR and KSL
(station ID: 11510700) were obtained from the U.S. Geological Survey gauges (U.S. Geological
Survey 2016). Mean daily temperature and discharge for SCB (station ID: 11510000) were
obtained from the Oregon Water Resources Department Gauges (Oregon Water Resources
Department 2024). Mean daily discharge for KBD and KJAP were obtained from PacifiCorp.
Mean daily temperatures were recorded using HOBO temperature loggers (Onset) at KBD and
KJAP.

Data normalization and heat maps for relative abundance of myxozoans and annelid hosts

Heat maps displaying temporal variation in relative abundance of C. shasta genotypes Il, 0, and
total C. shasta, P. minibicornis, and M. occidentalis, were generated as a proxy to describe
relative risks of myxozoan infection and disease for steelhead/resident rainbow trout, spring and
fall Chinook, and coho salmon. Data were based on Klamath River HPR sample collection and
guantification from 2021-2023 described above, under tasks 3.1 and 3.2.

Data were modeled as a function of temperature and season as follows. For each organism, a
series of rank abundance distributions were constructed for each of three seasons including
spring (months when water temperatures were <15°Cprior to sample collection), summer (water
temperatures >15°Cprior to sample collection) and fall (months having water temperatures <15°C
that also occurred after peak discharge and July 15). The combination of season and water
temperature thresholds was selected to represent current and future overlap with timing of
salmonid life histories in addition to the range of values measured across the three water year
types captured during the study period (see below, ‘Environmental conditions during the study,’
in results). To generate rank abundance distributions, data were scaled relative to their
respective maximum values (measured across the study period 2021-2023) separately for each
organism and site. Annelid rank abundance distributions were generated based on longitudinal
data (summer data only) because only a subset of annelid sites were sampled in other seasons.
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RESULTS

Task 3.1- Results

Ceratonova shasta: waterborne spore densities

Total C. shasta (all genotypes, non-target removed) densities varied from 0-37 spores/L
throughout the study period (Table 2). Overall, C. shasta densities varied among sites but
densities were highest at lower HPR sites KJAP, KFR and KSL. In 2021, C. shasta densities
ranged from < 1 spore/L to 28 spores/L (June-October) and the maximum, 28 spores/L, was
detected at the downstream site KFR in August (Table 2). In 2022, C. shasta densities ranged
from 0-7 spores/L (May-October) with the maximum, 7 spores/L, detected at KJAP in
September (Table 2). In 2023, C. shasta densities ranged from 0-37 spores/L (March-October)
with the maximum, 37 spores/L detected at KSL, in August (Table 2).

Ceratonova shasta genotypes: waterborne spore densities

Genotypes 0 and Il were detected in all years (Tables 3, 4). Genotype | was not identified in any
samples from any site or year. An undescribed species (“Ceratonova X”) was amplified in the C.
shasta gPCR assay and was also observed in sequence data. While Ceratonova X has
previously been described from other Klamath River water samples, it has never been detected
in salmonid hosts (fish host unknown), thus the protocol is to remove/deduct it from calculated
C. shasta densities.

Both C. shasta genotypes 0 and Il were detected at all mainstem sites, but only genotype Il was
detected at the tributary site (SCB). C. shasta genotype 0 densities varied from 0-26 spores/L
throughout the study period (Table 3). In 2021, C. shasta genotype 0 densities ranged from < 1
spore/L to 21 spores/L (June-October) and the maximum, 21 spores/L, was detected at the
downstream site KFR in August (Table 3). In 2022, C. shasta genotype 0 densities ranged from
0-7 spores/L (May-October) with the maximum, 7 spores/L, detected at KJAP in September
(Table 3). In 2023, C. shasta genotype 0 densities ranged from 0-26 spores/L (March-October)
with the maximum, 26 spores/L detected at KSL, in August (Table 3).

C. shasta genotype Il densities varied from 0-11 spores/L throughout the study period (Table 4).
In 2021, genotype Il densities ranged from < 1 spore/L to 7 spores/L (June-October) and the
maximum, 7 spores/L, was detected at the downstream site KFR in August (Table 4). In 2022,
C. shasta genotype Il densities ranged from 0-4 spores/L (May-October) with the maximum, 4
spores/L, detected at KJAP in July (Table 4). In 2023, C. shasta genotype |l densities ranged
from 0-11 spores/L (March-October) with the maximum, 11 spores/L detected at KSL, in August
(Table 4).
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Table 2. Mean density of waterborne Ceratonova shasta (spores per liter) comprised of
genotypes 0 and Il measured at 6 sites in the Klamath River Hydroelectric Project Reach during
the study period spanning 2021-2023. Each datum is the average of 3 1-L water samples
subsampled from a composite of 1-L samples collected every 2 hours for 24 hours. KSL was not
collected in Aug 2022. Refer to Table 1 for site descriptions. Sites are ordered from upstream to
downstream, left to right. “<1” values indicate trace amounts were detected (greater than 0 but
less than 1 spore per L).

YEAR MONTH SCB KKN KBD KJAP KFR KSL TOTAL

2021 Jun 1 7 11 6 5 5 35
Jul <1 <1 <1l 1 4 7 12

Aug <1 0 1 10 28 5 44

Sep <1 4 1 4 7 7 23

Oct 2 <1 2 5 4 4 17

total 3 11 15 26 48 28 131
2022 May 0 5 2 <1 <1 <1 7
Jun <1 1 <1 <1l 2 0 3

Jul <1 5 1 4 3 0 13
Aug <1 <1 <1 5 2 . 7

Sep <1 <1 <1 7 2 2 11

Oct <1 2 <1 2 6 4 14

total 0 13 3 18 15 6 55
2023 Mar <1 0 1 <1 <1 0 1
Apr <1 <1 <1 <1 <1 <1 0

May 0 2 4 1 4 2 13

Jun <1 7 3 9 6 9 34

Jul 2 4 1 10 10 6 33

Aug <1 1 2 20 20 37 80

Sep 1 <1 4 23 6 24 58
Oct <1 <1 <1 5 4 <1 9

total 3 14 15 68 50 78 228
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Table 3. Mean density of waterborne genotype 0 Ceratonova shasta (spores per liter)
measured at 6 sites in the Klamath River Hydroelectric Project Reach during the study period
spanning 2021-2023. Each datum is the average of 3 1-L water samples subsampled from a
composite of 1-L samples collected every 2 hours for 24 hours. KSL was not collected in August
2022. Refer to Table 1 for site descriptions. Sites are ordered from upstream to downstream, left
to right. “<1” values indicate trace amounts were detected (greater than 0 but less than 1,
spores per L).

YEAR MONTH SCB KKN KBD KJAP KFR KSL TOTAL

2021 Jun 0 7 7 6 3 3 26
Jul 0 <1 <1 1 4 6 11

Aug 0 0 1 10 21 0 32

Sep 0 4 1 4 7 7 23

Oct 0 <1 2 4 3 2 11

total 0 11 11 25 38 18 103
2022 May 0 5 2 <1 <1 <1 7
Jun 0 1 <1 <1 2 0 3
Jul 0 0 0 0 3 0 3
Aug 0 <1 <1 2 2 4

Sep 0 <1 <1 7 2 2 11

Oct 0 2 <1 2 6 0 10

total 0 8 2 11 15 2 38
2023 Mar 0 0 <1 <1 <1 0 0
Apr 0 <1 <1 <1 <1 <1 0

May 0 2 4 1 3 2 12

Jun 0 5 2 7 5 9 28

Jul 0 3 <1 10 10 6 29

Aug 0 <1 1 20 20 26 67

Sep 0 <1 4 23 6 24 57
Oct 0 <1 <1 5 3 <1 8

total 0 10 11 66 47 67 201
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Table 4. Density of waterborne genotype Il Ceratonova shasta (spores per liter) measured
at 6 sites in the Klamath River Hydroelectric Project Reach during the study period spanning
2021-2023. Each datum is the average of 3 1-L water samples subsampled from a composite of
1-L samples collected every 2 hours for 24 hours. KSL was not collected in August 2022. Refer
to Table 1 for site descriptions (SCB is the sole tributary). Sites are ordered from upstream to
downstream, left to right. “<1” values indicate trace amounts were detected (greater than 0 but
less than 1, spores per L).

YEAR MONTH SCB KED KBD KJAP KFR KSL TOTAL
2021 Jun 1 0 4 0 2 2 9
Jul <1 <1 <1 0 0 1 1
Aug <1 0 0 0 7 5 12
Sep <1 0 0 0 0 0 0
Oct 2 0 0 <1 1 2 5
total 3 0 4 0 10 10 27
2022 May 0 0 0 <1 <1 0 0
Jun <1 0 <1 <1 0 0 0
Jul <1 5 1 4 0 0 10
Aug <1 <1 <1 2 0 . 2
Sep <1 <1 <1 0 0 0 0
Oct <1 0 <1 0 0 4 4
total 0 5) 1 6 0 4 16
2023 Mar <1 0 <1 0 0 0 0
Apr <1 0 <1 0 0 <1 0
May 0 0 0 <1 <1 0 0
Jun <1 2 1 3 <1 0 6
Jul 2 1 <1 0 0 0 3
Aug <1 <1 <1 0 0 11 11
Sep 1 <1 0 0 0 0 1
Oct <1 <1 0 0 1 0 1
total 3 3 1 3 1 11 22

Parvicapsula minibicornis: waterborne spore densities

P. minibicornis densities varied from 0-317 spores/L throughout the study period (Table 5).
Overall, P. minibicornis densities varied among sites but similar to C. shasta, densities were
highest at downstream HPR sites KJAP, KFR and KSL. In 2021, P. minibicornis densities
ranged from 0-69 spores/L (June-October) and the maximum was detected in July at KJAP
(Table 3). In 2022, P. minibicornis densities ranged from 0-76 spores/L (May-October), and the
maximum was detected in October at KJAP (Table 3). In 2023, P. minibicornis densities ranged
from 0-317 spores/L (March-October), and the maximum was detected in June at KJAP (Table
3).
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Table 5. Mean densities of waterborne Parvicapsula minibicornis (spores per liter) measured
at 6 sites in the Klamath River Hydroelectric Project Reach during the study period spanning
2021-2023. Each datum is the average of three 1-L water samples subsampled from a
composite of 1-L samples collected every 2 hours for 24 hours. Sites are ordered from
upstream to downstream, left to right. “<1” values indicate trace amounts were detected (greater
than O but less than 1, spores per L).

YEAR MONTH SCB KKN KBD KJAP KFR KSL TOTAL
2021 Jun 0 4 18 38 21 13 94
Jul 0 <1 <1 69 12 35 116
Aug 0 <1 <1 23 49 7 79
Sep 0 2 <1 15 6 8 31
Oct 0 <1 <1 51 10 9 70
total 0 6 18 196 98 72 390
2022 May 0 <1 <1 3 <1 <1 3
Jun 0 <1 <1 10 2 6 18
Jul 0 <1 <1 33 12 50 95
Aug 8 <1 0 53 15 . 76
Sep 0 1 <1 63 13 6 83
Oct 0 2 <1 76 27 20 125
total 8 3 0 238 69 82 400
2023 Mar 0 0 0 10 2 <1 12
Apr 0 0 0 12 2 <1 14
May 0 0 13 <1 4 1 18
Jun 0 10 4 317 51 53 435
Jul 0 1 <1 64 17 16 98
Aug 0 <1 1 33 19 31 84
Sep 0 <1 6 34 12 30 82
Oct 0 2 <1 19 13 4 38
total 0 13 24 489 120 135 781

Manayunkia occidentalis eDNA

M. occidentalis eDNA was detected in all mainstem samples and in 10/19 sampling months at
the tributary site, SCB (Table 6). The majority of detections at SCB were indicative of trace
amounts, measuring within 2 copies/pL of the assay limit of detection. In contrast, only a single
detection at mainstem sites was within 2 copies/uL of the assay limit of detection, indicative of
the high abundance of M. occidentalis eDNA throughout the mainstem in the HPR.
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Table 6. Manayunkia occidentalis eDNA (copies/uL) measured at 6 sites in the Klamath River
Hydroelectric Project Reach during the study period spanning 2021-2023. Each datum is the
average of three 1-L water samples subsampled from a composite of 1-L samples collected
every 2 hours for 24 hours. Sites are ordered from upstream to downstream, left to right. “<1”
values indicate trace amounts were detected (greater than 0 but less than 1, spores per L).

YEAR MONTH SCB KED KBD KJAP KFR KSL TOTAL
2021 Jun 0 79 6 15 17 19 136
Jul 0 653 17 37 10 37 754
Aug 0 67 11 13 41 44 176
Sep 3 235 245 27 25 96 631
Oct 3 34 5 4 6 69 121
total 6 1068 284 96 99 265 1818
2022 May 0 175 136 44 120 164 639
Jun 0 244 17 5 8 164 438
Jul 15 11 14 9 3 88 140
Aug <1 7 2 7 10 26
Sep 0 64 9 9 8 21 111
Oct 0 46 627 5 17 154 849
total 15 547 805 79 166 591 2203
2023 Mar <1 14 5 7 6 12 44
Apr 2 11 20 18 25 133 209
May 3 73 34 39 42 98 289
Jun 0 13 24 90 32 127 286
Jul <1 117 6 17 10 89 239
Aug <1 15 18 32 33 334 432
Sep <1 1385 36 60 45 91 1617
Oct 0 32 27 123 79 64 325
total 5 1660 170 386 272 948 3441
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Task 3.2 Results

Density of M. occidentalis

Manayunkia occidentalis (annelid host) densities varied from 0 to >2 million individuals m2
throughout the HPR (Table 7). In general, densities of M. occidentalis were highest in stable
sections, with the highest densities measured at KCB, KBD (bypass reaches), and KKN (JC
Boyle reservoir inlet). Densities of M. occidentalis were highest in fall (Table 8).

Prevalence of infection estimates (POI)

The prevalence of C. shasta- and P. minibicornis-infections in M. occidentalis were generally
<1% (1% is typical for myxosporean infections in natural invertebrate host populations,
Alexander et al., 2015). Spatially (longitudinal-summer samples only), the highest prevalence of
infection was measured at KKN (1.39%, C. shasta) and KCO (2.33; P. minibicornis) (Table 7).
Temporally (seasonal- samples from two sites only), the highest prevalence of infection was
measured at in winter for both C. shasta (1.25% at KKN) and P. minibicornis (0.66 at KBD)
(Table 8).

Density of infected M. occidentalis

The densities of C. shasta- and P. minibicornis- infected annelid hosts were never >10,000 m-2
(commonly observed in C. shasta infectious zone in lower river). Spatially (longitudinal-summer
samples only), the highest densities of infected annelids were measured at KBD (POI: 0.78%,
6,418 C. shasta- infected M. occidentalis m-2) and KCO (POI: 2.33%, 3,415 P. minibicornis -
infected M. occidentalis m-2) (Table 7). Temporally (seasonal- samples from two sites only), the
highest densities of infected annelids were measured at KBD in fall (POI: 0.91%, 7,618 C.
shasta- infected M. occidentalis m-2) and spring (POI: 0.50%, 5,030 P. minibicornis - infected
M. occidentalis m-2) (Table 8).

Correlations between annelid host and water data

Densities of annelids (M. occidentalis density), and C. shasta- and P. minibicornis- infected
annelids were not significantly correlated with densities of waterborne C. shasta (total or
genotype specific densities), P. minibicornis or M. occidentalis eDNA in water samples (all
p>0.05).
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Table 7. Mean annelid host (M. occidentalis, Mo) density, prevalence of infection (POI) for C.
shasta (Cs) and P. minibicornis (Pm), and calculated densities of C. shasta and P. minibicornis
infected M. occidentalis measured at longitudinal sites in the Klamath River Hydroelectric Reach
during the study period spanning 2021-2023.

Density Density

Site Description Year(s) Density of POICs POI Pm of Cs- of Pm-
code P sampled Mo (%) (%) infected infected
Mo Mo
Keno reach at top of 2021,
KKN former JC Boyle reservoir 2023 SHEfELL L2 Gy SR iz
JC Boyle bypass reach; 2021
KBD 100 m downstream from 2023’ 877,601 0.78 0.40 6,418 2,039
water sampling site KBD
kjp | JCBoylebypassreach, 2021, 4547  3g 0.60 108 216
upstream of powerhouse 2023
KFR Frain Ranch river access 22%2213 29,764 0.16 0.00 95 0
KAs | Upstream of shovelcreek, 2021, ,,; .5 446 0.16 1,056 351

overlaps with HER SITE 2 2023
Peaking reach, at top of

KCO former Copco reservoir,

overlaps with HER SITE 1

KCB Between Iron Gate and 2021 2,169,144  0.10 0.116 2,169 2,386
Copco at big bend

2021,

2023 89,387 1.28 2.33 1,832 3,415

KFC Mainstem/reservoir at fall 2021 161,77 0.46 0.23 74 37
creek mouth

2021,
2023

SCM Shovel Creek 2023 0 n/a n/a n/a n/a

SCB Spencer creek 0 n/a n/a n/a n/a
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Table 8. Mean annelid host (M. occidentalis, Mo) density, prevalence of infection (POI) for C.
shasta (Cs) and P. minibicornis (Pm), and calculated densities of C. shasta and P. minibicornis
infected M. occidentalis measured at seasonal sites in the Klamath River Hydroelectric Reach
during the study period spanning 2021-2023

Density Density

Season Samoling dates Site Density of  POI Cs POI Pm of Cs- of Pm-
ping Mo (%) (%) infected  infected
Mo Mo
KKN 227,505 1.25 0.42 3,372 397
Winter 3/22, 3/23
KBD 450,838 0.00 0.66 0 5,442
KKN 44,301 0.75 0.00 329 0
Spring 5/22, 5/23
KBD 534,415 0.45 0.50 4,527 5,030
KKN 277,133 1.09 0.50 2,724 572
Summer 7121, 8/22, 7/23
KBD 617,353 0.52 0.27 4,279 1,360
KKN 493,105 0.82 0.44 4,468 1,053
Fall 10/21, 10/22,
10/23
KBD 869,638 0.91 0.42 7,618 3,871

Task 3.3 Results

Environments of study sites

Environmental conditions during the study varied across sites and among years (Figure 3 and
b): The peak mean daily water temperature ranged from 24.0-25.1 °C at KKN, 20.2-20.7 °C at
KFR, KSL, and 21.5-24.1 °C at SCB from 2021-2023. Peak temperatures occurred in late June
(6/28 +/- 2 days across all three gauges) in 2021, late July (7/30 +/- 1 day) in 2022, and in mid
to late July in 2023 (KED: 7/16/2023, and the other sites on 7/23/2023 (+/- 1 day). Sites in the
lower section (KFR and KSL) were subjected to daily hydropeaking, increasing from 353 ft%/s to
1695 ft¥/s and decreasing to 353 m?®/s within 24 hrs. Exceptions included 9/19-10/2/21, 4/12-
22/22, 3/15-17/23 and 4/17-6/6/23.

In 2021, discharge was stable at all sites (Figure 3a and b). In 2022, peak discharge events
occurred 4/19/2022 (+/-3 days) for sites excluding Spencer Creek/SCB, where discharge was
stable (Figure 3a and b), and was 3844 m?/s in the upper section (KKN), 1589 ft¥/s in the middle
section (KBD, KJAP), 3991 m?/s in the lower section (KFR, KSL). In 2023, peak discharge
events occurred 4/20/2023 (+/-1 day for sites excluding Spencer Creek/SCB) and was 5545
m3/s in the upper section (KKN), 3248 m?/s in the middle section (KBD, KJAP), 5615 m?/s in the
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lower section (KFR and KSL), and peaked at 247 m®/s at Spencer Creek (SCB) on 5/1/2023
(Figure 3a and b).
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Figure 3a. Environmental conditions and densities of waterborne C. shasta and P. minibicornis
(spores per L) and M. occidentalis (Mo) eDNA (copies per pL) for sites SCB, KKN, and KBD
during the study period from 2021-2023. All axes except discharge are scaled to facilitate
comparisons among sites.
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Figure 3b. Environmental conditions and densities of waterborne C. shasta and P. minibicornis

(spores per L) and M. occidentalis (Mo) eDNA (copies per pL) for sites KJAP, KFR and KSL
during the study period from 2021-2023. All axes except discharge are scaled to facilitate
comparisons among sites.
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Heat maps for relative abundance of myxozoans and annelid hosts

Relative abundance of waterborne C. shasta (spores per L; n.b., total C. shasta was
comprised of genotypes Il and 0, no genotype | was detected, Figure 4). Relative abundance of
C. shasta was low overall in spring, and high in summer and fall periods. Spatially, the relative
abundance of C. shasta was low in the upstream section of the HPR and the tributary at sites
SCB, KKN and KBD and high at the downstream section of the HPR at sites KJAP, KFR, and
KSL.

Relative abundance of waterborne C. shasta genotype 0 (spores per L; other genotypes
removed, Figure 5): The relative abundance of C. shasta genotype 0 mirrored that of total C.
shasta reflecting the dominance of genotype 0, low overall in spring, and high in summer and
fall. Spatially, the relative abundance was also low at upstream sites including the tributary, and
high at downstream sites KJAP, KFR, and KSL.

Relative abundance of waterborne C. shasta genotype Il (spores per L; others removed,
Figure 6): Relative abundance of C. shasta genotype Il was low in spring, and highest in
summer. Spatially, the relative abundance of C. shasta genotype Il was high at KSL and low at
other sites, including the tributary (SCB) where genotype Il was the only genotype detected.

Relative abundance of waterborne P. minibicornis (spores per L, Figure 7): Relative
abundance of P. minibicornis was low in spring, moderate in fall, and highest in summer.
Spatially, the relative abundance of P. minibicornis was low at upstream sites including the
tributary, and high at downstream sites, with the highest relative abundance consistently
detected at KJAP, located at the downstream end of the bypass reach.

Relative abundance of annelid hosts: Relative abundance of M. occidentalis (individuals per
m?2, Figure 8) was low at tributary mouths (SCB, SCM) and hydropeaking reach site KFR,
moderate at the downstream end of the HPR sites, KJAP, KSL, and KCO, and high at upper
HPR sites (KKN and KBD) and the site proximal to Shovel Creek (KAS). The relative
abundance of C. shasta-infected annelid hosts (individuals per m?, Figure 8) was high at upper
HPR sites KBD (hotspot) and KKN, moderate at sites KJAP, KAS and KCO, and low at other
sites. The relative abundance of P. minibicornis-infected annelids was high at upper HPR sites
KKN, KBD, and KJAP, moderate at KCO, and low at other sites.
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DISCUSSION

Ceratonova shasta and P. minibicornis infect and cause disease in outmigrating juvenile salmon
in the lower Klamath River. C. shasta can be a major contributor to mortality and has been
associated with population level declines in Klamath River salmonids (Fujiwara et al., 2011).
While P. minibicornis is not considered a primary contributor to mortality, out-migrating juvenile
salmon exhibit high prevalence of infection and clinical disease signs (Bartholomew et al., 2007;
Voss et al., 2023). The distribution of these parasites was previously undescribed in the
Hydroelectric Project Reach (HPR), representing a significant data gap that needed to be
addressed ahead of dam removals to support anadromous salmon recovery. Although the
original work was planned to describe parasite abundance and disease risk pre- and post- dam
removal, dam removal timelines were in flux and the study was funded from 2021-2023, prior to
dam removal and reintroduction of anadromous salmonids. This report provides some of the
first comprehensive data on the abundance of waterborne C. shasta and P. minibicornis
(infectious stages) and annelid host distribution and infection dynamics within the HPR. These
parasite and annelid host data enabled the construction of heat maps for assessing the relative
risks of infectious disease in salmonids utilizing the lower Klamath HPR. Thus, although no
post-dam removal data were collected within the funded study period, we now have a
considerably better understanding of the risks presented by C. shasta and P. minibicornis to
salmon in the former HPR and the data herein can inform management actions to mitigate those
risks.

C. shasta

Waterborne C. shasta was detected in each of the three study years; total densities were only
below the 10 spores per liter disease threshold for Chinook salmon (Hallett et al. 2012) in one
year (2022) and often well above the disease threshold in 2021 and 2023. C. shasta was
detected broadly, at all sites, but was most abundant at mainstem sites (trace amounts detected
in Spencer Creek tributary). Two C. shasta genotypes were detected - 0 and Il; in the upper
basin, genotype Il has been measured at high densities in water samples and annelid hosts,
suggesting that non-native trout or landlocked salmon serve as an alternate host (it is not the
same biotype that infects Coho; has not been detected in targeted sentinel exposure studies but
otherwise exhibits the same transmission characteristics but with allopatric trout), genotype 0
has been described from non-anadromous O. mykiss (Redband Trout). Genotype | was not
detected, consistent with this section of the river having been inaccessible to Chinook for over a
century (no other salmonids propagate this genotype). Genotype 0 was the dominant type at the
majority of sites. However, at the Spencer Creek tributary site (SCB, sole tributary location of
water sampling), genotype Il was the only type detected, though at low densities (up to 2 spores
per liter).

Effects of C. shasta differ among salmonid species and strains because C. shasta genotypes
have differences in host specificity and virulence (Atkinson and Bartholomew, 2010a,b;
Bartholomew et al., 2022). Infection in Chinook and Coho Salmon by genotypes | and I,
respectively, result in high mortality when water temperatures are >14-16°C or parasite
densities are > 5 (genotype II) or 10 (genotype I) spores per L of river water. In contrast,
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infection with genotype 0 (hosts include Steelhead and Redband Trout) rarely result in overt
disease and these fish may carry and disperse myxospores for the duration of their lives.

The relative abundance of total C. shasta provides a measure of risk of C. shasta infection for
all salmonids utilizing the study reach pre-dam removal and a proxy for risk of C. shasta
infection for future salmonids passing through or utilizing the former HPR. By contrast, the
relative abundance of genotypes 0 and Il provide more specific measures of infection risk for O.
mykiss, and genotype Il hosts (e.g., non-native trout or landlocked salmon that may serve as an
alternate host for this biotype, and potentially for Coho salmon in future under the assumption
that transmission dynamics will be comparable). In general, relative risk of waterborne C. shasta
genotype 0 infection mirrored that of total C. shasta, low overall in spring, and high in summer
and fall periods, and highest in the downstream end of the HPR, whereas high relative risk for
C. shasta genotype Il was restricted to summer and one site in the downstream end of the
reach at KSL.

It is important to note that we anticipate changes to the distribution and abundance of C. shasta
following the return of anadromous salmonids to this reach. Differences in transmission among
genotypes likely drives differences in myxospore dispersal between genotype 0 (multiple
periods of shedding from live fish hosts), and other genotypes (shedding from dead or dying fish
hosts over a single discrete period). Additionally, Chinook and Coho returning to this reach will
disperse their respective genotypes (genotype | and coho biotype I, currently absent here) and
may overlap with, but also use different habitats, driving differences in distribution.

P. minibicornis

As with C. shasta, P. minibicornis was detected in water samples in each of the three study
years; however, densities of P. minibicornis were typically 3-8x higher than those of C. shasta.
P. minibicornis was also detected at all sites, and was most abundant at mainstem sites
(detected 1/19 months at tributary site SCB, in 2022).

The relative abundance of P. minibicornis was highest in summer and at downstream sites.
However, the relative abundance of total P. minibicornis is more difficult to interpret than C.
shasta in the context of a risk metric because of uncertainty about whether waterborne densities
of P. minibicornis represent actinospores or myxospores; both stages are similar in size and
relative buoyancy is unknown. Therefore, hot spots may represent a combination of spore
stages of P. minibicornis. In contrast, we have high confidence that waterborne densities of C.
shasta represent an accurate measure of actinospores (stage of parasite that infects fish) due to
differences in buoyancy between actinospores and myxospores and parallel water
sampling/sentinel fish studies elsewhere in the basin. Therefore, the relative abundance of total
P. minibicornis may actually provide a proxy for infection risk for both annelid AND fish hosts;
additional parallel annelid sampling and sentinel fish studies will resolve this.
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Annelid Hosts

Conditions in the HPR were suitable to support annelids and for them to be infected with both
myxozoan parasites and release waterborne stages. M. occidentalis were detected at all
mainstem sites and the relative abundance of annelid hosts was high at upper HPR sites, KKN
and KBD, low in tributaries and hydropeaking reaches, and moderate at the downstream end of
the HPR, reflecting differences in hydrologic disturbance (i.e. habitat stability); sites subjected to
daily hydropeaking were less stable and supported few annelid hosts, whereas bypass and
reservoir inlet sites were stable and supported an abundance of annelid hosts. Benthic sampling
for annelids was complemented with eDNA quantification in water samples. M. occidentalis
eDNA was detected at each of the six water sampling sites during the study period. Detections
of waterborne M. occidentalis eDNA were limited to trace amounts at SCB, indicating they are
likely not distributed in this tributary habitat, supporting the benthic sampling results.

The high relative abundances of M. occidentalis at the upper HPR sites (KKN and KBD) and the
site proximal to Shovel Creek (KAS), suggest the potential for the establishment of hotspots of
C. shasta infection risk if infected adult carcasses settle here (e.g., myxospore release post-
mortem for genotypes | and Il)(Foott et al., 2016). In contrast to the relative abundance of C.
shasta in water samples (highest at downstream end of the HPR), relative abundance of C.
shasta-infected annelid hosts was high at upper project reach sites, KKN, KBD and KJAP, with
a hotspot at KBD. The discrepancy between benthic annelid and water sampling data may be
explained by differences in actinospore and myxospore distribution and buoyancy properties;
water samples are more likely to collect actinospores and reflect risk to fish, whereas annelids
reflect myxospore point sources and dispersal. The sites having high relative abundance of C.
shasta-infected annelid hosts should be considered higher risk for juvenile salmonids inhabiting
these areas post-dam removal. Both juvenile and adult spring Chinook are expected to pass
through these habitats on their journeys to and from the upper basin. For P. minibicornis, the
high relative abundances of infected annelid hosts suggested that infection risk may be more
broadly dispersed than that of C. shasta, with high relative risk calculated for sites KKN, KBD,
and KJAP. Water samples were suggestive of a hotspot for P. minibicornis at KJAP- thus, the
high relative abundance of infected annelids at this site may indicate that, unlike with C. shasta,
water sampling for P. minibicornis does indeed capture both actinospores and myxospores, and
risk will need to be interpreted accordingly.

As with C. shasta, we anticipate changes to distribution and abundance of M. occidentalis
following dam removal: Pre-dam removal/during the study period, the KKN site (inflow of the
former JC Boyle reservoir) and bypass reaches (KBD, KCB; though note that KCB, sampled
July 2021, was not accessible outside of a single sampling period) supported some of the
highest densities of annelids measured during the study (as well as other reaches of the river,
Alexander et al., 2014). We anticipate lower densities of annelid hosts in these sections after the
restoration of flows, and in turn, a decrease in disease risk for salmon utilizing these areas.
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Disease Risk: Juvenile Life Stages of Anadromous Salmon

In the lower Klamath River, C. shasta can be a major contributor to mortality in juvenile
salmonids, depending on environmental conditions. For example, prevalence of C. shasta
infection was measured at over 90% in outmigrating juvenile Chinook salmon in the warm, dry
spring of 2021, and more than 50% of sampled fish were determined to have a fatal infection
(Voss et al., 2022), concurrent with C. shasta densities peaking at ~80 spores per L
(Bartholomew et al., 2023b). Disease-related mortality of juvenile Chinook and coho salmon is
observed when C. shasta densities exceed a threshold (>10 (Chinook; genotype I) or > 5 (Coho,
genotype I, spores per L of river water) and water temperatures are >14-16°C (Hallett et al.,
2012, Bartholomew et al., 2023a). The capacity of the HPR to support waterborne abundances
of C. shasta well in excess of these thresholds was demonstrated during the study period — and
the locations of relatively high risk are highlighted by the heat maps. It will be important to
consider these findings when designing monitoring and planning habitat restoration work as
Chinook and coho return to this river section. The relative risk will be highest for oversummering
juvenile stages- i.e. spring Chinook and Coho, and yearlings that do not emigrate until fall, i.e.,
fall-run Chinook. Thresholds for disease have not been similarly established for P. minibicornis
but co-infections with this parasite exacerbate the sub-lethal effects of C. shasta infection,
particularly for juvenile coho (True et al., 2012). Thus, as with C. shasta, it will be important to
prioritize the hotspots of high relative risk identified here for monitoring and additional planning
in the context of habitat restoration projects- and in particular, to monitor factors conductive to
high densities of invertebrate hosts.

Disease Risk: Adult Life Stages of Anadromous Salmon

In contrast to their juvenile counterparts, C. shasta is not considered a contributor to adult pre-
spawn mortality in the Klamath River. However, this parasite has been implicated in pre-spawn
mortality in salmon that have longer freshwater residencies (Chapman, 1986), and may
therefore be problematic in the future for adult salmon that enter the river prior to fall (e.qg.,
spring Chinook). Although though parasite abundance is typically low at this time of year, the
longer freshwater residency prior to spawning translates to an extended exposure period and
can result in a substantial dose. The longer residency also favors parasite development in the
salmon host, which is accelerated in summer with the warmer river temperatures. In the context
of adult anadromous salmon, risk of C. shasta was highest in summer and fall periods and at
the downstream section of the HPR (at sites KJAP, KFR, and KSL) and should be considered
when conducting spawning and redd surveys for returning adult salmon, particularly populations
spawning in the mainstem (fall Chinook) or tributaries (coho or spring Chinook) proximal to
areas identified as high risk.

As with C. shasta, P. minibicornis has not been identified as a cause of pre-spawn mortality in
Klamath River adult salmon, despite the high prevalence of infection observed in Chinook
salmon, Coho salmon, and Steelhead, and reported clinical disease signs (glomerulonephritis)
in Chinook salmon (Bartholomew et al., 2007). Thus, heat maps should also be considered
when conducting spawning and redd surveys for returning adult salmon, as above (populations
spawning proximal to areas identified as high risk), as well as for monitoring and additional
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planning in the context of habitat restoration projects (e.g., capacity to support high densities of
invertebrate hosts).

The heat maps we developed from the abundance and distribution data of the two myxozoan
parasites and their obligate annelid host in the HPR will help identify infection and disease risk
for salmonids, and should be considered when planning restoration and monitoring programs for
the management of Klamath River salmonid populations.

ACKNOWLEDGEMENTS

Data and samples collected for this research along the Klamath River were within the traditional
homelands of the Klamath, the Modoc and the Yahooskin-Paiute people, whose living
descendants are part of the Klamath Tribes (https://klamathtribes.org/). Samples were
processed and analysed at Oregon State University in Corvallis, OR which is located within the
traditional homelands of the Mary's River or Ampinefu Band of Kalapuya. Following the
Willamette Valley Treaty of 1855 (Kalapuya etc. Treaty), Kalapuya people were forcibly
removed to reservations in Western Oregon. Today, living descendants of these people are a
part of the Confederated Tribes of Grand Ronde Community of Oregon
(https://www.grandronde.org) and the Confederated Tribes of the Siletz Indians
(https://ctsi.nsn.us).

We thank Hayden Krause (OSU), Mark Hereford (ODFW), and Domenic Giudice (CDFW) for
collecting water samples. Ruth Milston-Clements, Tim Somers (OSU), Mackenzie Kawahara,
Laila Brubaker, and Nilanjana Das (OSU) assisted with water filtration. Whole organism
samples were counted by many different undergraduate students over the course of this study.
Kristin Kasschau assisted with genotyping and gPCR assay development.

The views in this report are solely the authors’ and do not necessarily represent the views of
PacifiCorp.

REFERENCES

Alexander, J. D., Hallett, S. L., Stocking, R. W., Xue, L., and Bartholomew, J. L. (2014). Host
and parasite populations after a ten year flood: Manayunkia speciosa and Ceratonova (syn
Ceratomyxa) shasta in the Klamath River. Northwest Sci. 88, 219-233. doi:
10.3955/046.088.0305.

Alexander, J. D., Kerans, B. L., EI-Matbouli, M., Hallett, S. L., Stevens, L. (2015). Annelid-
Myxosporean interactions in “Myxozoan evolution, ecology and development” Eds. B. Okamura,
A. Gruhl, J. Bartholomew (Springer; Cham), 217-234. 441 pp.

Atkinson, S. D., and Bartholomew, J. L. (2010a). Disparate infection patterns of Ceratomyxa
shasta (Myxozoa) in rainbow trout Oncorhynchus mykiss and Chinook salmon Oncorhynchus
tshawytscha correlate with ITS-1 sequence variation in the parasite. Int. J. Parasitol. 40, 599—
604. DOI:10.1016/j.ijpara.2009.10.010


https://www.grandronde.org/
https://ctsi.nsn.us/

) Oregon State
o’ University 37

Atkinson, S. D., and Bartholomew, J. L. (2010b). Spatial, temporal and host factors structure the
Ceratomyxa shasta (Myxozoa) population in the Klamath River Basin. Infect. Genet. Evol. 10,
1019-1026. DOI:10.1016/j.meegid.2010.06.013

Atkinson, S. D., S. L. Hallett, and J. L. Bartholomew. 2018. Genotyping of individual Ceratonova
shasta (Cnidaria: Myxosporea) myxospores reveals intra-spore ITS-1 variation and invalidates
the distinction of genotypes Il and lll. Parasitology 145(12):1588-1593.

Bartholomew, J. L., Whipple, M. J., Stevens, D. G., and Fryer, J. L. (1997). The life cycle of
Ceratomyxa shasta, a myxosporean parasite of salmonids, requires a freshwater polychaete as
an alternate host. J. Parasitology 83, 859-868.

Bartholomew, J. L., Atkinson, S. D. and Hallett, S. L. (2006). Involvement of Manayunkia
speciosa (Annelida: Polychaeta: Sabellidae) in the life cycle of Parvicapsula minibicornis, a
myxozoan parasite of Pacific salmon. J. Parasitology 92, 742-748.

Bartholomew, J. L., Atkinson, S. D., S. L. Hallett, C.M. Zielinki, J. S. Foott. 2007. Distribution
and abundance of the salmonid parasite Parvicapsula minibicornis (Myxozoa) in the Klamath
River basin (Oregon-California, USA). Diseases of Aquatic Organisms 78:137-146.

Bartholomew, J. L., Atkinson, S. D., Hallett, S. L., Zielinski, C. M., and Foott J. S. (2007).
Distribution and abundance of the salmonid parasite Parvicapsula minibicornis (Myxozoa) in the
Klamath River Basin (Oregon-California, USA). Dis. Aquat. Org. 78, 137-146.

Bartholomew, J. L., J. D. Alexander, J. Alvarez, S. D. Atkinson, M. Belchik, S. J. Bjork, J. S.
Foott, A. Gonyaw, M. E. Hereford, R. A. Holt, B. McCovey, N. A. Som, T. Soto, A. Voss, T. H.
Williams, T. G. Wise, and S. L. Hallett. 2023a. Deconstructing dams and disease: predictions for
salmon disease risk following Klamath River dam removals. Frontiers in Ecology and Evolution
11.

Bartholomew, J. B., Hallett, S.L., Holt, R. , Atkinson, S.D., Craig, R., and J.D. Alexander. 2023b.
Klamath River Fish Health Studies: Salmon Disease Monitoring and Research Oregon State
University & BOR/USGS Interagency Agreement #R19PG00027 FY2023, FINAL REPORT,
Project Years 1- 4, YRS 2019-2022, December 315t 2023

Bartholomew, J. L., J. D. Alexander, S. L. Hallett, G. Alama-Bermejo, and S. D. Atkinson. 2022.
Ceratonova shasta: a cnidarian parasite of annelids and salmonids. Parasitology 149(14):1862—
1875.

Carter, K., and S. Kirk. 2008. Fish and Fishery Resources of the Klamath River Basin. Page 36.

Chapman, P. F. (1986). Occurrence of the non-infective stage of Ceratomyxa shasta in mature
summer Chinook Salmon in the South Fork Salmon River, Idaho. Prog. Fish. Cult. 48, 304—-306.

Foott, J. S., R. Stone, E. Wiseman, K. True, and K. Nichols. 2007. Longevity of Ceratomyxa
shasta and Parvicapsula minibicornis actinospore infectivity in the Klamath River. Journal of
Aquatic Animal Health 19(2):77-83.



) Oregon State
o’ University 38

Foott, J. S., Stone, R., Fogerty, R., True, K, Bolick, A., Bartholomew, J. L., etal. (2016b).
Production of Ceratonova shasta myxospores from salmon carcasses: carcass removal is not a
viable management option. J. Aquat. Anim. Health 28, 75-84.

Fujiwara, M., Mohr, M. S., Greenberg, A., Foott, J.S., and Bartholomew, J. L. (2011) Effects of
ceratomyxosis on population dynamics of Klamath fall-run Chinook salmon. Trans. Am. Fish.
Soc. 140, 1380-1391. doi: 10.1080/00028487.2011.621811.

Hall, T.A. (1999) BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis
Program for Windows 95/98/NT. Nucleic Acids Symposium Series, 41, 95-98.

Hallett, S. L., and Bartholomew, J. L. (2006). Application of a real-time PCR assay to detect and
guantify the myxozoan parasite Ceratomyxa shasta in river water samples. Dis. Aquat. Org. 71,
109-118.

Hallett, S. L., and J. L. Bartholomew. 2009. Development and application of a duplex QPCR for
river water samples to monitor the myxozoan parasite Parvicapsula minibicornis. Diseases of
Aguatic Organisms 86(1):39-50.

Hallett, S. L., Ray, R. A, Hurst, C. N., Holt, R. A., Buckles, G., Atkinson, S. D., et al. (2012).
Density of the waterborne parasite, Ceratomyxa shasta, and biological effects on salmon. Appl.
Environ. Microb. 78, 3724-3731.

Hamilton, J. B., Curtis, G. L., Snedaker, S. M. and White, D. K. (2005). Distribution of
anadromous fishes in the Upper Klamath River watershed prior to hydropower dams—A
synthesis of the historical evidence. Fisheries 30, 10-20._https://doi.org/10.1577/1548-
8446(2005)30[10:DOAFIT]2.0.CO;2

Hereford, M. E. Wise, T. G., Gonyaw, A. (2021) Oregon Department of Fish and Wildlife and
The Klamath Tribes. Implementation plan for the reintroduction of anadromous fishes into the
Oregon portion of the Upper Klamath Basin. 125 pp.

Hubbard, K. 2019. Spatiotemporal distribution of Ceratonova shasta and its genotypes in the
Deschutes River Basin. Master’s Thesis, Oregon State University, Corvallis, OR.

Stocking, R. W., Holt, R. A. , Foott, J. S., and Bartholomew, J. L. (2006). Spatial and temporal
occurrence of the salmonid parasite Ceratomyxa shasta in the Oregon—California Klamath River
Basin. J. Aquat. Anim. Health. 18, 194—-202.

Stocking R. W., Bartholomew J. L. (2007). Distribution and habitat characteristics of
Manayunkia speciosa and infection prevalence with the parasite Ceratomyxa shasta in the
Klamath River, Oregon-California. J. Parasitol. 93, 78—89. doi: 10.1645/GE-939R.1.

True, K, A. Bolick and JS Foott. 2012. FY2008 Investigational Study: Prognosis of Ceratomyxa
shasta and Parvicapsula minibicornis infections in Klamath River coho and Trinity River
Chinook. U.S. Fish & Wildlife Service California — Nevada Fish Health Center, Anderson, CA.

Voss, A., Benson, C., and Freund, S. (2022). Myxosporean Parasite (Ceratonova shasta and
Parvicapsula minibicornis) Prevalence of Infection in Klamath River Basin Juvenile Chinook


https://doi.org/10.1577/1548-8446(2005)30%5b10:DOAFIT%5d2.0.CO;2
https://doi.org/10.1577/1548-8446(2005)30%5b10:DOAFIT%5d2.0.CO;2

) Oregon State
¢ University 39

Salmon, March — July 2021. U.S. Fish and Wildlife Service. California — Nevada Fish Health
Center, Anderson, CA.

Voss, A., Benson, C., and Freund, S. (2023). Myxosporean Parasite (Ceratonova shasta and
Parvicapsula minibicornis) prevalence of infection in Klamath River Basin juvenile Chinook

Salmon, March — August 2022. U.S. Fish and Wildlife Service. California — Nevada Fish Health
Center, Anderson, CA.



