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Ceratonova shasta is an obligate endoparasite of salmonid fish that is endemic
to the Pacific Northwest of North America. The parasite has a complicated lifecycle
with two distinct spore stages and two obligate hosts, a salmonid and a freshwater
annelid. Myxospores released from infected salmonid hosts, infect Manayunkia
occidentalis (freshwater annelid), and actinospores released from infected annelid
hosts infect salmonids. C. shasta infects multiple salmonid species, and genetically
distinct strains (genotypes I, II and 0) vary in specificity and virulence in their
respective fish hosts. In the Deschutes River, OR, high pre-spawn mortality in Spring
Chinook salmon has been associated with genotype I. Genotypes 0 and II are also
present but have not been associated with disease. Previous studies on the Deschutes
River showed that C. shasta exhibits temporal variability with onset (first date of
detection of >1 spore/L) typically occurring in late spring and peak densities
occurring in summer. However, it was not clear whether there were differences in
timing of genotypes’ onsets and peaks. To explore this question, I used water
sampling data from 2015-2019, qPCR, and genotyping to describe the temporal
distributions of genotypes (Chapter 2). I observed that genotype I had the earliest
onset (late spring) and peak (late spring-early summer), while genotype 0 was
primarily detected in mid-late summer, and genotype II was primarily detected in late
summer-fall. To further study temporal dynamics of each genotype, I back-calculated
hypothetical infection dates for the annelid hosts based on thermal development units

(Chapter 2). I found evidence that adult Fall Chinook Salmon correlated with
genotype I onsets and adult Spring Chinook Salmon run size correlated with genotype
I peaks. Genotypes 0 and II correlations were less robust, but data suggested adult
Steelhead and Rainbow trout were contributors of genotype 0, and Coho correlated
with genotype’s II onset while adult and juvenile Sockeye correlated to its peak.
Using linear models, I tested how peak discharge, total number of fish host during a
year, and mean temperature during last 200 dd of development within the annelid host
were related to the genotypes’ peaks (Chapter 2). I found that the temperature model
explained the majority of the variation in peak sizes (R2>0.5 in all models), while fish
host run size and peak discharge explained less variation, and not at all sites. In
Chapter 3 I explored relationships between spatial distribution of C. shasta and M.
occidentalis, including the prevalence of C. shasta infection in M. occidentalis. I used
spatial surveys from 2018-2020 and simple correlations. I observed correlations
between spatial distribution of C. shasta and its annelid host in spring surveys: Sites
having high densities of C. shasta also had high densities of C. shasta-infected M.
occidentalis. In addition, densities of M. occidentalis were correlated with prevalence
of C. shasta infection in annelid hosts in spring surveys but these relationships were
undetectable in late summer surveys suggesting targeted habitats (e.g., spawning sites
in spring surveys) may be important.
I concluded that abiotic variables (temperature) were correlated with C shasta
dynamics (timing of onset and peak spore release) and both biotic and abiotic
variables were associated with the magnitude of C. shasta genotype peaks in the
Deschutes River below the dams. I recommend conducting more annelid surveys
along with C. shasta surveys that target M. occidentalis habitats stratified throughout
the lower basin to better understand how their distribution and densities affect the risk
of C. shasta for salmonids. Furthermore, annelid host surveys should be conducted in
June or July so they correspond with the periods of peak C. shasta densities.
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CHAPTER 1: INTRODUCTION
Myxozoans
Myxozoas are microscopic endoparasitic cnidarians. They have complex lifecycles
that involve two hosts and two spore stages. The phylum Cnidaria is a diverse group of
invertebrates that is widespread in marine and freshwater environments. Most Cnidaria
are free-living organisms, whereas myxozoans diverged an estimated 600 million years
ago and became parasitic (Holzer et al., 2018). For members of the class Myxosporea, a
vertebrate host is infected by actinospore stages and an invertebrate host is infected by
myxospore stages (Siddall et al., 1995). Myxozoa is a very widespread and diverse clade
with 2,200 described species (Lom and Dyková, 2006). Marine and freshwater fishes are
common vertebrate hosts of myxozoans (Kent et al., 2001).

Infections caused by myxozoan parasites can lead to disease outbreaks that harm a
variety of aquaculture and wild fisheries. In the USA, the commercial channel catfish
(Ictalurus punctatus) industry is affected by Henneguya ictaluri (Pote et al., 2000). This
parasite damages gills and causes respiratory problems in catfish that can result in
reduced growth and death (Wise et al., 2008). Myxobolus cerebralis causes salmonid
whirling disease, which impacts cultured salmonids worldwide (Hoffman, 1990).
Inadvertently introduced to North America, M. cerebralis has caused outbreaks in fish
culture facilities as well as declines in wild rainbow trout (Oncorhynchus mykiss)
(Walker and Nehring, 1995; Baldwin et al., 1998). Ceratonova shasta causes
enteronecrosis (“gut-rot”) in salmonids. C. shasta is endemic to the Pacific Northwest
and also has been associated with fish population declines (Noble, 1950; Ratliff, 1983;
Foott et al., 1999). Parvicapsula is a myxozoan genus that infects kidneys and urinary
tract of salmonids (Kent et al., 1997). Parvicapsula minibicornis is remarkable for
causing high mortality in adult Sockeye Salmon (Oncorhynchus nerka) and having the
same invertebrate host as C. shasta, the freshwater polychaete, Manayunkia occidentalis
(formerly identified as Manayunkia speciosa) (Bartholomew et al., 2006; Bradford et al.,
2010; Atkinson et al., 2020).
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Factors influencing myxozoan disease
The development of a myxozoan within a host and its pathogenicity are influenced by
both abiotic (e.g. temperature and discharge) and biotic (e.g. host specificity) factors.
Ongoing climate change is expected have a profound effect on parasite-host relationships
in freshwater and marine ecosystems (Marcogliese, 2008). For myxozoans, increased
temperatures result in faster rates of development and maturation within the fish host and
ultimately increase parasite spore production. For example, Baldwin et al. (2000)
observed a significant correlation between water temperature, as it increased from 7oC to
11oC, and percentage of Rainbow Trout infected with M. cerebralis as well as correlation
between temperature and lesion severity in infected fish. Ray et al. (2012) observed
similar correlation between water temperature as it increased from 13oC to 21oC and
mortality rate in Chinook Salmon infected with C. shasta. Furthermore, there is evidence
that myxozoans proliferate faster within their respective invertebrate host at higher
temperatures. For example, higher temperatures (between 9 and 17 °C) induced earlier
actinospore release of M. cerebralis among infected Tubifex tubifex worms and increased
actinospore production over the course of the experiment (Blazer et al. 2003). Tops et al.
(2006) conducted an experiment which showed that increased temperatures drive the
proliferation of Tetracapsuloides bryosalmonae in the bryozoan host by provoking,
accelerating, and prolonging the production of spores from proliferative stages. Water
temperature affects myxozoan stages in water as well with spore stage viabilities being
inversely related to temperature. Actinospores are more negatively affected by
temperature than myxospores. For example, C. shasta actinospores remained viable for 7
days at 4°C and 4 days at 20°C (Chiaramonte, 2013). Same study showed that myxospore
stage of C. shasta is more resilient: it was viable for over 100 days at 4°C and for 50 days
at 20°C. Similar pattern was seen in M. cerebralis, where infective triactinomyxon stage,
produced by an invertebrate host, persisted for only 3-4 days at 12.5 oC and for less time
at warmer temperatures (Markiw, 1992). Myxospores of M. cerebralis, on the other hand,
were shown to be much more resilient and some could survive several months in water
temperatures ranging from 5 oC to 15 oC (Nehring et al., 2015).
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River discharge also affect myxozoan lifecycles. These effects are less studied than
those of temperature, but several studies showed that decreased magnitudes of peak
discharge allow invertebrate hosts to use more habitat (Marcogliese, 2001). The
expansion of invertebrate host ranges in space or time can result in a larger overlap
between vertebrate and invertebrate hosts, which may result in a greater infection
prevalence. Water velocity, which is influenced by discharge, affects the infection
dynamics of myxozoan parasites (Hallett and Bartholomew, 2007; Bjork and
Bartholomew, 2009). Prevalence of infection and severity of disease in fish hosts were
higher in low velocity exposures vs high velocity exposures, demonstrating that high
water velocity negatively affects the parasite’s ability to successfully attach to the host
(Hallett and Bartholomew, 2007, Ray and Bartholomew, 2013).

Ceratonova shasta
Ceratonova shasta is a myxozoan parasite capable of infecting several economically
important salmonid species in the Pacific Northwest of North America (Hoffmaster et al.,
1988). First described by Noble (1950), external signs of enteronecrosis may include the
following disease signs: anorexia, lethargy, swollen abdomen, exophthalmia, and
emaciation (Bartholomew, 2012). Internal signs
of the disease include inflammation and
necrosis of the intestinal tissue (Bjork and
Bartholomew, 2010), and abdominal swelling
and lesions on organs (e.g. liver and
gallbladder) in severe cases (Noble, 1950).
Bartholomew et al. (1997) discovered that C.
shasta requires an annelid host for its
development, a freshwater annelid,
Manayunkia occidentalis. Salmonids get
infected by actinospores released from annelids and annelids are infected by myxospores
released from the salmonid host (Fig. 1.1). Myxospores consumed by foraging annelids
migrate from the gut epithelium into the epidermis where they undergo asynchronous
development with continuous formation of spores from proliferative stages, which are
3

released directly through the epidermis into the water (Meaders and Hendrickson, 2009).
Actinospores in turn, infect salmonids through the gills and migrate to the gill blood
vessels where they produce secondary cells (Bjork and Bartholomew, 2010). Finally,
parasite stages can either continue multiplying in the blood vessels or migrate to the
intestine and proliferate there before maturing into myxospores (Bjork and Bartholomew,
2010).

Ceratonova shasta is a species complex comprised of genetic variants which exhibit
differences in fish host specificity (Atkinson and Bartholomew 2010a). The species
complex is distinguished by the number of ATC repeats in the parasite’s internal spacer
region 1 (ITS-1) of ribosomal DNA. Early studies proposed four genotypes (O, I, II, and
III), which were named according to the number of ATC repeats. However, Atkinson et
al. (2018) discovered that the intra-genomic ribosomal DNA variants can exist within a
single parasite spore, and genotypes II and III were not different genotypes. Although all
genotypes appear to be able to infect most salmonid hosts, they differ in specificity and
virulence. Genotype 0 is most commonly detected in Rainbow Trout (Oncorhynchus
mykiss), but is not typically associated with mortality (Atkinson and Bartholomew
2010b). Genotype I is also a specialist that infects and causes mortality in Chinook
Salmon (Oncorhynchus tshawytscha). Genotype II is a generalist and is associated with
mortality in Coho Salmon (Oncorhynchus kisutch), Sockeye Salmon (Oncorhynchus
nerka), and Chum Salmon (Oncorhynchus keta) (Hallett et al., 2012, Hurst and
Bartholomew, 2012, Stinson, 2012).

Detection of Ceratonova shasta

Ceratonova shasta can be detected in the vertebrate or invertebrate hosts, as well as in
river water using molecular techniques. Before the development of molecular assays, fish
exposures were the most commonly used method for detecting the parasite in water
(AFS-FHS, 2014). In these “sentinel exposures” susceptible and resistant fishes are
placed in cages, exposed to river water for a period of time (usually 3-7d) and brought
back to the laboratory to be placed in pathogen-free water for monitoring. C. shasta4

associated disease is identified by external and internal clinical signs described earlier in
the chapter, histology of intestinal tissue, and observation of myxospores (Bartholomew
et. al., 1989; Bartholomew, 2012).

Molecular tools can be used to detect the parasite in infected host tissues in the
absence of any clinical signs of disease. The development of a C. shasta-specific
polymerase chain reaction (PCR) assay allowed for a more sensitive method of detection
(Palenzuela et al., 1999). For the fish host, common tissues used are gills (site of
infection) and lower part of the intestine (where maturation and proliferation of spores
occur). Assessing prevalence of infection (POI) in the annelid host can also be a good
way to establish potential risk before a fish disease outbreak. PCR used to be the most
common way to detect C. shasta DNA in an annelid host (Bartholomew et al., 1997).
However, due to frequent inhibition among annelid samples, most current studies use
quantitative polymerase chain reaction (qPCR; Hallett and Bartholomew 2006; Hallett et
al., 2012) to quantify parasite DNA in the annelid host (Alexander et al., 2014). Annelid
samples are collected from a variety of habitats using a modified Hess sampler and
transferred to the laboratory in 95% ethanol for later processing (Alexander et al., 2014).
DNA is extracted from individual or pooled worms and tested for C. shasta by qPCR
(Hallett and Bartholomew 2006; Hallett et al. 2012; Alexander et al., 2014).

Waterborne parasite stages can be detected in water samples, which can be used as a
quick and non-invasive way to detect and quantify the parasite spores. A water filtering
protocol and a qPCR assay were developed to quantify C. shasta in water samples
(Hallett and Bartholomew, 2006). A volume of water (e.g. 1 L of river water) is filtered
through a 5 µm MF-Millipore filter membrane (Sigma-Aldrich, Germany). The filter is
dissolved in acetone and DNA is extracted using a Qiagen DNeasy Tissue Kit (protocol
for animal tissues) (Hallett et al., 2012). This approach is currently used for temporal and
spatial surveys of C. shasta. However, it is important to note that this method does not
distinguish between actinospores and myxospores.

5

In addition to being able to detect C. shasta, molecular techniques further allow us to
distinguish among the three genotypes of C. shasta (Atkinson and Bartholomew, 2010).
In this approach, the ITS-1 region is amplified, confirmed via gel electrophoresis then
Sanger-sequenced. The sequence chromatogram allows the number of ATC-repeats to be
determined and even in mixed samples with multiple genotypes present in a host or in a
water sample this will be evident in the chromatogram and allow the proportions of each
genotype to be calculated by measuring the relative average height of coincident peaks.

Ceratonova shasta development is temperature dependent

Both C. shasta waterborne stages (actinospore and myxospore) are affected by
temperature. Actinospores remain viable for 15 days at 15°C whereas only 9 days at 20°C
(Bjork, 2010). Myxospores are more resilient to temperature extremes and can survive at
higher temperatures (Hallett et al. 2012; Ray et al. 2012; Chiaramonte, 2013).
Development of C. shasta within a host is temperature dependent. Chiaramonte (2013)
calculated the mean thermal constant required for C. shasta development in Chinook
salmon using the following formula:
𝐷𝐷 =

where

𝑇𝑚𝑎𝑥 +𝑇𝑚𝑖𝑛
2

𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛
− 𝑇𝑏𝑎𝑠𝑒
2

is the mean temperature during a day provided by the USGS website

and Tbase is the temperature, below which the development of an organism stops. No
research has been done on the survival of C. shasta actinospores, so Tbase was assumed to
be 0oC (water freezing point). The resultant number was 282.2 degree days (DD). Degree
days are heat units and are often used to describe the timing of biological processes
(McMaster and Wilhelm, 1997). The mean thermal constant in M. occidentalis was 651.7
DD. Increasing water temperature speeds up parasite proliferation in the annelid host
causing actinospores to be released earlier, potentially prolonging the exposure period for
fishes.
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Multiple studies examined how temperature affects C. shasta-induced mortality in
salmonids. Udey et al. (1975) exposed non-native rainbow trout and native Coho salmon
to C. shasta at various temperatures from 3.9 to 23.3°C. Percent mortality was unaffected
by temperatures between 6.3 and 23.3°C, but fish in warmer waters died more quickly. In
contrast, for Coho salmon, both mortality and mean time to death were dependent on
temperature. Ray et al. (2012) examined the relationship between increased water
temperatures and mortality of Klamath River Chinook and Coho salmon and found that
higher water temperature resulted in both higher cumulative mortality and shorter time to
death. Mortality in Chinook salmon increased from 68.8% at 13°C to 97.7% at 20°C.

The Deschutes River

Located in central Oregon, the Deschutes River is 278 river kilometers (Rkm) long
and drains the area of 26,936 square
kilometers. Basin boundaries consist
of Columbia River to the north, the
Cascade Mountains on the west, lava
plateaus to the south, and the Ochoco
Mountains and the plateau between
the Deschutes and John Day Rivers
on the east (O’Connor et al. 2003)
(Fig. 1.2). The Deschutes River has
great cultural value: it is an important
resource for Native Americans,
specifically the Warm Springs Tribe,
and was used by Euro-American
pioneers in the 19th century on the
Oregon Trail.
Figure 1.2: Map of the Deschutes River,
including major tributaries and temporal sites.

Climate along the Deschutes is
continental. Water from springs flowing through the steep basalt canyons created a stable
7

channel. Three dams were built on the Deschutes River in the late 1950s-early 1960s: the
Re-regulation (Rkm 165), Pelton (Rkm 171) and the Round Butte (Rkm 188), which all
present an artificial barrier for fish migration. Big Falls (Rkm 211) is upstream from the
dams and a natural barrier to fish migration (Zimmerman and Ratliff, 2003). These
natural and artificial barriers divide the river into an upper and lower section (Fig. 1.2).
Round Butte Hatchery was built below the Round Butte Dam in 1978 to mitigate the
effects of the dams on spring Chinook and Steelhead trout (Ratliff and Schultz, 1999).
Furthermore, Pelton Trap (Rkm 160) that is located below the Re-regulating Dam
collects, enumerates, sorts adult salmonids, and releases them back into the river, either
to Round Butte Hatchery for spawning or above the Round Butte Dam for reintroduction.
Finally, the Selective Water Withdrawal (SWW) tower is located above the dam
complex, and collects information about locations of juvenile Sockeye, spring Chinook,
and Steelhead as well as regulates temperature and river discharge to imitate conditions
of pre-dam river (Hydropower Reform Coalition and River Management Society, 2015).

Salmonids of the Deschutes River and their susceptibility to Ceratonova shasta
There are seven anadromous salmonids that are native to the Pacific Northwest. Four of
them represent the majority of the Deschutes River: Chinook, Coho salmon, Sockeye
salmon, and Steelhead trout. Chinook salmon have substantial cultural and economic
value. They are native to the Deschutes River and have two behavior types: the “streamtype” Spring Chinook salmon, and the “ocean-type” Fall Chinook Salmon (Groot and
Margolis, 1991). Fall Chinook juveniles emigrate soon after hatching. Adults mature in
the ocean and return in the fall for spawning (Fig. 1.3 & Fig. 1.4). Spring Chinook
juveniles emigrate after residing in freshwater for a year. Adults begin spawning
migration in spring and mature in the stream (Fig. 1.3 & Fig. 1.4). Genotype I of C.
shasta causes mortality in both Spring and Fall Chinook (Atkinson and Bartholomew,
2010, Stinson, 2012).

Coho salmon were introduced to the Deschutes River between the late 1940s and 1981
(WDF et al. 1993). Juveniles stay in freshwater for 12 months and adults stay 18 months
at sea (Fig. 1.4). Similar to Chinook salmon, Coho are susceptible to C. shasta, however,
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they primarily are infected by Type II (Groot and Margolis, 1991; Atkinson and
Bartholomew, 2018).

Sockeye salmon are native to the Deschutes River and have a non-anadromous form:
kokanee. Anadromous Sockeye juveniles spend more than 1 year in freshwater, and
adults spend more than 1 year in the ocean (Groot and Margolis, 1991; Fig. 1.3 & Fig.
1.4). This salmon is also susceptible to Type II of C. shasta (Atkinson and Bartholomew,
2010).

Steelhead trout are anadromous fish that are native to the Deschutes River and have a
non-anadromous form, rainbow trout. They have high cultural value to local tribes and
other users. Summer steelhead (May to Oct) type mature in freshwater (Fig. 1.3 & Fig.
1.4) whereas Winter steelhead (Nov to Apr) mature in the ocean (Groot and Margolis,
1991).

Additionally, there are three native species of trout that are found throughout the river:
Rainbow Trout (Oncorhynchus mykiss), Bull Trout (Salvelinus confluentus), and
Redband Trout (Oncorhynchus mykiss gairdnerii) (Deschutes Subbasin Plan, Appendix
I). Like native species, non-native Brown Trout (Salmo trutta) is also present in both the
upper and lower basins.
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Figure 1.3: This map represents when each salmonid is present at Sherars Falls
(ODFW, 2019)

Figure 1.4: This map represents when each salmonid is present at Pelton Trap (PGE,
2020)

Ceratonova shasta in the Deschutes River

Ceratonova shasta is native to the Deschutes River (Sanders et al., 1970; Ratliff,
1983). Following dam construction in 1950s-early 1960s, declines observed in Chinook
were linked to several factors including shifts to hot/dry climate, harvest, habitat
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degradation due to human activity (Lichatowich et. al., 1995), and disease (Stinson,
2012). Series of sentinel studies in 1970s and 2015-2018 suggest that native salmonid
populations were not harmed by C. shasta as much as they are harmed now. One of the
earliest studies was conducted in 1973 and 1974 by Ratliff (1981). Researchers observed
that infection prevalence in juvenile Spring Chinook salmon exposed in the lower
Deschutes (below Pelton Dam) was between 47% and 77% (Ratliff, 1981). In 2014,
following a high pre-spawn mortality among Spring Chinook salmon around Warm
Springs National Hatchery, more fish exposure studies were conducted. These studies
suggested that C. shasta was a main contributor to premature decline in Chinook with
infection prevalence ranging from 58% in juvenile spring Chinook to 100% in spawning
adult spring Chinook (Connolly and Mclean, 2016, Hubbard, 2019).

C. shasta exhibits differences in both temporal and spatial distribution. Hubbard
(2019) analyzed data from bi-weekly water samples from 2015-2018 and concluded that
generally C. shasta density (spores/L) in the river water starts to increase in April/May,
peaks in June/July and starts to decrease at the end of August/September. Peak C. shasta
densities coincide with the return of adult Spring Chinook salmon, resulting in high prespawn mortality (Sanders, 1970). Spring Chinook salmon, which enter the river system in
May, are exposed to high C. shasta densities for a longer period of time than Fall
Chinook salmon, which return to the system in late summer or fall, when C. shasta
density is decreased (Zimmerman, 2003; Hubbard, 2019; Fig. 1.3 & Fig. 1.4). Spatial
surveys for C. shasta conducted twice a year (June and August) since 2016, suggest that
C. shasta is distributed disproportionately along the river with the highest densities
observed between river kilometers 65-85; medium densities between river kilometers 4565 and 200-230; and the lowest densities between river kilometers 0-45 (Hubbard, 2019).

Spatial surveys also demonstrated that C. shasta genotypes exhibit spatial differences.
Genotype I is found only in the lower part of the river (0-165 rkms), genotype 0 is found
in both basins (0-406 rkms) in low levels, genotype II is also found in both basins but is
most abundant in the upper basin (200-406 rkms) (Stinson, 2012; Hubbard, 2019). Spring
Chinook enter the system from Columbia River in mid-late May and migrate upstream to
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Warm Springs River and into Pelton (Rkm 160; PGE, 2020). As a result, they are
exposed to high densities of genotype I during their migration (Hubbard, 2019). Fall
Chinook enter the system in September and migrate upstream (PGE, 2020). Even though
this run is not exposed to high C. shasta densities as they start to decrease in August, it is
still at risk of acquiring infection.

Climate change and Ceratonova shasta in the Deschutes River
Climate change is predicted to result in warmer water temperatures and lower summer
stream flows in the Deschutes River. A ClimateWise report on the Deschutes River basin
(2011) provides the climate change projections for the Deschutes River. These
projections use models based on physical, chemical, and biological processes on both
global and local scales. According to projections from three global climate models
(CSIRO, HADCM, and MIROC), ClimateWise predicted future temperature in the
Deschutes River will increase by 3.2-4.8°C in the next 55 years. These models do not
agree on annual projected precipitation but do agree that winters will be wetter and that
the other seasons will be drier. Snowpack depth, which impacts peak discharge in the
spring, is dependent on temperature. Higher temperatures will result in precipitation
falling as rain instead of snow. Furthermore, high temperatures will result in an earlier
melt-off, resulting in higher summer temperatures and decreased summer flows. All
models agree that summer stream flows that are associated with snowpack will continue
to decline.

Increases in temperature will negatively affect salmon. Spring Chinook salmon are
considered most at risk because during the summer it resides in cool pool habitats
(thermal refuges) when the mainstream becomes too warm. In another river system that is
affected by C. shasta, the Klamath River, as the average temperatures of the water in the
mainstem and tributaries increase, the number of thermal refugia decreases directly
affecting Spring Chinook (Strange, 2010). A thermal imaging study conducted on the
Deschutes River at the end of July in 2016 showed that temperatures in the areas where
Spring Chinook reside during the summer months (rkms 125-160), vary from 14°C to
16.5°C making it a good thermal refuge, compared to other areas along the mainstem
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(rkms 0-125), where summer temperatures vary from 16.5°C to 20°C (McMillan et al.,
2016). The same study showed that no tributary has a thermal effect more than 100
meters from its confluence with the lower part of the Deschutes River. With climate
change the coldwater refugia may become warmer or smaller and overall be reduced in
numbers. For Chinook salmon, optimal rearing temperatures at natural feeding regimes
range from 12.2 to 14.8oC (Hicks, 2000) and the upper incipient lethal temperature is
25°C (Richter and Kolmes, 2005). For juvenile salmon, temperatures above 16°C
negatively affect behavior and physiology. Above 22°C negative health effects are
intensified, and death occurs from temperature alone. Altogether, increased water
temperature not only has negative effects on Chinook salmon by itself but also results in
elevated and accelerated mortalities from C. shasta (e.g. 69% at 13°C and 98% at 21°C)
(Ray et al., 2012).
Climate change will benefit C. shasta through changes in discharge patterns. The 21st
century warming trends predicted by the Parallel Climate Model (PCM) suggest earlier
springtime snowmelt (Stewart et al., 2004) which will affect fish migration timing, which
is dependent on flow events. Milder winter and earlier snow-melt result in earlier
migration from ocean to freshwater of adult salmon and from freshwater to ocean of
juveniles potentially prolonging host exposure to parasites in the river water (Lynch et
al., 2016; PGE, 2020).
It is uncertain how climate changes may affect the invertebrate host of C. shasta.
Stocking and Bartholomew (2007) described distribution and microhabitat preferences of
M. occidentalis in the Klamath River. M. occidentalis was identified in 52% of pools,
47% of eddies and 40% of runs. Frequency of occurrence also increased from fastest
flowing habitats to slowest. They concluded that stability of micro- and macrohabitats is
an important factor that influences annelid density and distribution. For example, the
highest M. occidentalis densities were observed on silt, sand, boulder, and bedrock
substrates following low peak discharge in the summer. In contrast, high peak discharge
resulted in lower densities of annelids. Another study conducted by Alexander et al.
(2016) also showed that the distribution of M. occidentalis in the Klamath River is
influenced by depth, velocity, and substrate. As a result, on one hand M. occidentalis
might benefit from climate change since, as it was mentioned earlier, higher temperatures
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result in lower overall flow. At the same time, rapid melting of snowpack in rivers, such
as Deschutes River, often result in flooding during spring, which negatively affects
populations of M. occidentalis.
Climate change may benefit C. shasta in the Deschutes River because time for
development from one stage to another within the host is negatively correlated with
temperature, meaning that more C. shasta life cycles may be completed in warmer years
(Udey et al., 1975, Ray et al., 2012, Chiaramonte, 2013). Furthermore, as water
temperatures increase, production of infective stages within its host, both invertebrate and
vertebrate, will speed up (Chiaramonte, 2013). This will lead to an earlier release of
actinospores from the annelid host, prolonging the exposure period for returning fish,
which, in turn, will lead to higher pre-spawn mortality and earlier release of myxospores.
Higher temperatures will also result in an increased severity of the disease within the
salmonid host and faster mean time to death (Ray et al., 2012) allowing additional
parasite generations per year.

Research Aims and Objectives

In this thesis, I aim to better understand the distribution of C. shasta genotypes in
the Deschutes River, especially in light of potential effects of climate change on spore
production and associated infection in salmonids. This research has two objectives. The
first objective (Chapter Two), is to describe and predict the temporal dynamics of C.
shasta genotypes. I use bi-weekly spore data, collected at two sites from 2015-2019, fish
count data, and temperature and discharge data to develop a series of predictive models
for C. shasta genotypes. My second objective (Chapter Three), is to examine
relationships between C. shasta density, annelid host density, and parasite infection
prevalence in the annelid host in different reaches of the Deschutes river. I use annelid
spatial data, collected from 2018-2020, spatial C. shasta data from water samples
collected during the same periods, and correlation tests to examine whether spatial
differences in C. shasta densities can be explained by annelid host spatial distribution and
prevalence of infection. My hope is that by better understanding C. shasta dynamics in
the Deschutes River we will be able to improve the handling and release of hatchery fish
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in the immediate future and facilitate fisheries management in the context of climate
change.
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CHAPTER 2: CERATONOVA SHASTA GENOTYPES EXHIBIT DIFFERENCES
IN TEMPORAL DISTRIBUTION IN THE DESCHUTES RIVER BASIN
Sofiya Yusova, Julie Alexander, Kalyn Hubbard, Sascha Hallett, and Jerri Bartholomew
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Abstract
Ceratonova shasta is a myxozoan parasite that infects salmonids in the Pacific
Northwest of the United States. There are three genetically distinct genotypes of C.
shasta, each of which causes different levels of disease in certain salmonid species.
We described the waterborne distributions and abundances of C. shasta genotypes at
two sites on the Deschutes River, Oregon from 2015-2019 and developed linear
models for predicting the temporal dynamics of genotypes. We expected that C.
shasta genotypes would exhibit differences in temporal distributions, which we
hypothesized would be driven by differences in degree day requirements in the
annelid host and timing of adult fish host (spawning). We also hypothesized that
abiotic factors (e.g., river temperature through degree day accumulation) and biotic
factors (run size of adult fish host) influenced C. shasta dynamics including timing of
genotype i) onset (initial detection in river water of more than 1 spore/L), ii) peak,
and iii) peak magnitude. The temporal distributions and abundances differed among
C. shasta genotypes. Genotype I was the most abundant genotype and onset was in
early spring with an early summer peak. Genotype 0 was typically detected in the
summer with a peak in July-August and was detected less often than genotype I.
Genotype II was rarely detected. Water temperature during the last 200 degree-days
(dd) of development within the invertebrate host, Manayunkia occidentalis (i.e. prior
to release into the water column) explained more than half of the variation in
magnitude of genotypes’ peaks. The number of returning adult fish also explained
over half of the variability in magnitude of the peak for genotypes 0, I and II at the
lower river site, and for genotype II at the upper river site, while peak discharge
explained more than a half of the variability in the magnitude of genotype I peaks at
the upper river site. We conclude that abiotic variables (temperature) associate to C
shasta dynamics (timing of onset and peak spore release) and both biotic and abiotic
variables are associated with the magnitude of C. shasta genotype peaks in the
Deschutes River below the dams, which were historically a barrier to salmonid
migration.
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Introduction
Ceratonova shasta (Noble, 1950; syn. Ceratomyxa shasta) is an obligate
endoparasite of salmonids that belongs to the phylum Cnidaria and subphylum
Myxozoa. It is endemic to the Pacific Northwest of North America, where it infects
salmonid fishes and causes enteronecrosis (death of the intestinal tissue) and can
cause population level effects (Ratliff, 1981; Fujiwara et al., 2011). C. shasta infects
multiple salmonids, and fish hosts vary widely in their susceptibility to the parasite
(Zinn et al., 1977; Bartholomew, 1998). Moreover, C. shasta strains (genotypes) vary
in specificity and virulence in their respective fish hosts (Atkinson et al., 2018).
While all three genotypes can infect all salmonid hosts, different fish species and life
stages show variance in mortality between genotypes (Hurst and Bartholomew,
2012). Genotypes 0 and I exhibit host-specific relationships with Oncorhynchus
mykiss, which includes Summer Steelhead and its non-anadromous form, Rainbow
Trout and Chinook Salmon (O. tshawytscha), respectively. Genotype II affects a
broader range of salmonids (Hurst and Bartholomew, 2012). These relationships may
have been shaped by the immunological characteristics of the various fish species, but
they may also reflect that different genotypes exhibit different environmental optima
or tolerances (Ray et al., 2012).
C. shasta has an indirect lifecycle with two spore stages and two obligate hosts: a
salmonid fish and a freshwater annelid, Manayunkia occidentalis (Bartholomew et
al., 1997; Atkinson et al., 2020). Myxospores infect annelid hosts through feeding,
undergo sexual reproduction in the intestine, and get released through the epidermis
in the form of waterborne actinospore (Meaders and Hendrickson, 2009). In the water
column, an actinospore attaches itself to the salmonid’s gill lamellae. The parasite
then penetrates through the gill epithelium into the bloodstream and travels to the
intestine where it proliferates within the epithelium (Bjork and Bartholomew, 2010).
Environmental conditions influence all phases of the C. shasta life cycle. Udey
observed that percent mortality due to C. shasta in juvenile Coho (Oncorhynchus
kisutch) increased from 2% at 9.4oC to 84% at 20.5oC. Ray et al. (2012) conducted 2
studies examining the relationship between temperature and C. shasta–induced
mortality in native Klamath River Chinook and Coho Salmon. The results of both
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experiments showed that higher temperatures (18oC and 21oC, respectively) result in
higher mortality and less mean days to death. Survival of waterborne stages of C.
shasta is inversely related to temperature. For example, survival of actinospores at
15°C is 15 days and only 9 days at 20°C (Bjork, 2010). Myxospores appear to be
more resilient to higher temperatures, but also exhibit decreased viability when
exposed to higher temperatures. Chiaramonte et al. (2012) demonstrated that a small
proportion (<1%) of C. shasta myxospores can survive up to 56 days at 19.1oC
(Chiaramonte, 2013).
The effects of discharge on C. shasta are more difficulty to quantify because of its
interrelationship with temperature and difficulty to simulate flow conditions in the
lab. Water velocity, which is influenced by discharge, affects the infection dynamics
of myxozoan parasites (Hallett and Bartholomew, 2007; Bjork and Bartholomew,
2009). Prevalence of infection and severity of disease in fish hosts were higher in low
velocity exposures vs high velocity exposures, demonstrating that high water velocity
negatively affects the parasite’s ability to successfully attach to the host (Hallett and
Bartholomew, 2007, Ray and Bartholomew, 2013).
Ceratonova shasta is native to the Deschutes River (Sanders et al., 1970; Ratliff,
1983). Following dam construction, Chinook and Steelhead were excluded from the
upper basin (Deschutes Subbasin Plan), and declines observed in Chinook were
attributed a number of factors including C. shasta infection (Lichatowich and
Mobrand, 1995, Connoly and MacLean 2017). Multiple studies have examined C.
shasta and Chinook Salmon in the Deschutes River. Ratliff (1981) described high C.
shasta prevalence in juvenile fall and spring Chinook Salmon captured near Pelton
Dam (Fig 2.1.) during the summer, when temperatures approached 16°C. Ratliff
(1981). In May and June infection prevalence was low but in July it increased up to
90%, suggesting C. shasta infection risk is highest during summer. Hubbard (2019)
described the temporal distribution of waterborne stages of C. shasta in water
samples collected bi-weekly at two sites on the Deschutes River from 2015-2018. C.
shasta increased in the spring with increasing water temperature and peaked in the
summer, before decreasing again in the fall.
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Project aims and hypotheses:
Using available biotic and abiotic data in addition to C. shasta water samples
collected previously (2012-2018) and during this project period (2019), we aimed to
1) describe the water year environments at the temporal monitoring sites, 2) describe
the distributions and abundances of C. shasta genotypes at the temporal sites in each
water year, and 3) develop models for predicting the temporal dynamics of C. shasta
genotypes in the Deschutes River. We hypothesized that abiotic (e.g., temperaturedegree day accumulation) and biotic factors (fish host densities) drive C. shasta
dynamics including timing of genotype i) onset (initial presence of more than 1
spore/L in river water), ii) peak, and iii) peak magnitude. For hypotheses i) and ii) we
expected that C. shasta genotypes would exhibit differences in temporal distributions
(onset and peak at different times), which would be related to differences in presence
(spawning timing) of adult fish hosts and degree day requirements of each genotype.
For hypothesis iii) we expected the magnitude of the peak for each genotype would
also differ as above and tested this by constructing models to examine relationships
between abiotic factors (temperature and flow dynamics), biotic factors (run size of
adult fish hosts) and the magnitude of C. shasta genotypes’ peaks.

Methods
Study area: Dams were built on the Deschutes River in the late 1950s and early 1960s
including the Re-regulation (River kilometer 166), Pelton (Rkm 171) and Round
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Butte (Rkm 188). The Round Butte
.

dam divides the Deschutes River
into what is considered lower and
upper basins (Zimmerman and
Ratliff, 2003; Fig. 2.1).
To better understand the spatial and
temporal dynamics of C. shasta in
the Deschutes River, temporal water
sampling surveys were conducted in
May, June, and July of 2012-2014
(Bartholomew, unpublished) at sites
downstream from the dam. In 2014
Warm Springs National Hatchery
staff observed high pre-spawn
mortality among returning adult
Chinook Salmon, which was later
Figure 2.1: Deschutes River data collection sites
including temporal Ceratonova shasta sampling
sites (black), USGS stream flow gages (yellow)
used for environmental data and ODFW/PGE fish
traps (red) where fish are enumerated

linked to C. shasta (Connolly and
Mclean, 2016). This spurred a biweekly (every two weeks)
monitoring program in 2015, which

was continued into 2020. One site was established near Oak Springs Hatchery (DOS;
Rkm 75), and the other downstream from Pelton Dam (DPT; Rkm 160; Fig. 2.1;
Table 2.1). Samples at these sites were collected by solar-powered automatic
samplers that sampled 1 L every 2 hours for 24 hours continuously into a reservoir,
from which four 1 L subsamples were collected. (ISCO; Teledyne ISCO, USA;
Hubbard, 2019). We filtered these through a 5 µm, 47 mm diameter MF-Millipore
filter membrane (MF disc hydrophilic mixed cellulose esters; Merck Millipore Ltd.,
Ireland) within 24-h from collection (Hallett and Bartholomew, 2006). C. shasta
myxospores are >5 μm, so filter paper captures only whole organisms. Samples that
contained considerable amount of particulate matter were divided for filtering and
recombined during DNA extraction.
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Abiotic data: To describe the water year environments at the temporal monitoring
sites (aim 1), we obtained abiotic data including water temperature and discharge data
and biotic data with fish count data for both temporal sites.
We used data collected from United States Geological Survey (USGS) gages
14092500 and 14103000 for discharge data and water temperatures. Station
14092500 is located on the Deschutes River near Madras (Rkm 165; Fig. 2.1) and
was used in analyses for the Pelton Trap (DPT) temporal monitoring site (Rkm 160;
2015-2019; Fig. 2.1). Station 14103000 is located on the Deschutes River at Moody,
near Biggs (Rkm 0; Fig. 2.1). We averaged daily temperatures from the Biggs and
Madras stations and used the resultant values in our analyses for the Oak Springs
(DOS) temporal monitoring site (Rkm 75; 2015-2019; Fig. 2.1). Discharge data was
also downloaded from USGS sites: Madras (14092500) for DPT and the sum of
Madras (14092500), Shitike Creek (14093000), and Warm Springs river (12323770)
for DOS (Fig. 2.1). To distinguish particularly warm (mean monthly temperature was
above median) and cool (mean monthly temperature was below median) years, we
compared mean monthly temperature values to the median monthly temperature from
a span of 10 years (10/01/2010-09/30/2019).

Adult salmon data: Salmonids inhabiting the lower basin of the Deschutes River,
include spring and fall run Chinook, Coho, and Sockeye (O. nerka) Salmon, and both
resident (Rainbow Trout) and anadromous (Steelhead) forms of O. mykiss.). We used
daily, year-round data on in-migrating adult Chinook and Sockeye salmon and
Steelhead and Rainbow Trout at the Pelton Trap (Rkm 160) from 2012-2019
(Portland General Electric website). Three species of salmonids were enumerated
near Pelton Trap from 2012-2019: Chinook Salmon (O. tshawytscha), Sockeye
Salmon (O. nerka), Steelhead Trout (O. mykiss), and Rainbow Trout (O. mykiss). We
also used data collected by Oregon Department of Fisheries and Wildlife (ODFW) at
Sherars Falls to estimate counts for in-migrating adult fish at the Oak Springs site
(Rkm 69; Fig. 2.1; ODFW, 2019). Data were collected for Chinook Salmon and
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Steelhead from 2013-2019, and for Sockeye and Coho Salmon from 2014-2019. At
Sherars falls, adult fish data were collected during summer, beginning as early as
June 23rd, and continuing as late as November 8th from 2013-2019. At Pelton Trap,
adult fish data were collected year-round.

Ceratonova shasta density: A combination of sample sets were used to obtain data on
C. shasta densities and genotypes. For 2012-2014 temporal data, C. shasta density
data were available from reports for DMP using grab sampling (collected by hand),
but original samples could not be located for genotyping analyses . For 2015-2018, C.
shasta density data were also obtained from reports as above, and samples were
available for genotyping (see below, ‘genotyping’ for methods) (see table 2.1, which
details the number of samples genotyped from each site and date). For 2019,
preserved filters from water samples collected from DPT and DOS from 2015 to 2019
were available for processing (see below, DNA extraction and qPCR), and I
processed these samples to determine density of C. shasta and genotyped a subset
(see table 2.1, which details the number of samples genotypes from each site and
date).
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Table 2.1: Temporal water sampling at DMP (Maupin City Park), DOS (Oak
Springs), and DPT (Pelton Trap) from 2012-2019. In 2017, samples from 5/29-7/24
at DOS were compromised and removed from the analysis. In 2019 high flow
events caused the loss of ISCO, and samples prior to 4/1 were lost. Total sample
events indicates the number of times samples x4 (samples n=4, 3 of which were
assayed for density, one of which was archived) were collected. *note that only
samples having > 2-5 spores L-1 could be genotyped due to assay limitations

Year

2012

Site

DMP

Sampling

Sampling

Total

Total

period

frequency

sample

samples

events

genotyped*

6

0

9

0

10

0

5/10-7/20

Twice a
month

2013

DMP

5/12-9/12

Twice a
month

2014

DMP

6/18-10/24

Twice a
month

2015

2016

2017

2018

2019

DOS

4/7-11/24

Weekly

34

10

DPT

4/14-11/24

Bi-weekly

18

7

DOS

3/9-12/2

Bi-weekly

42

8

DPT

3/8-7/26

Bi-weekly

9

4

DOS

1/2-10/19

Bi-weekly

42

4

DPT

4/4-10/31

Bi-weekly

18

5

DOS

3/6-10/30

Bi-weekly

18

5

DPT

3/6-10/30

Bi-weekly

18

5

DOS

4/1-10/30

Bi-weekly

18

4

DPT

3/12-10/22

Bi-weekly

18

2

DNA extraction and qPCR: Three out of the four filters were processed, and the
fourth was stored at -20°C for archival purposes. Filters were dried using a
dehydrating centrifuge. Once dehydrated, 1.5 ml of acetone was added, and the tubes
were then vortexed until filters dissolved and centrifuged. The supernatant was then
discarded. The acetone treatment was repeated to ensure that the filter was dissolved
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completely. Then 750 µL of 95% ethanol was added to each sample, and samples
were vortexed and centrifuged. The supernatant was removed, and samples were
dried in a dehydrating centrifuge. DNA extraction and purification were completed
using a QIAGEN DNeasy Tissue Kit following the protocol of Hallett and
Bartholomew (2006). Samples were stored at -20°C until assessed by qPCR.
We followed the TaqMan Universal PCR Master Mix protocol guidelines
(Applied Biosystems) to quantify the number of spores in each of the 1-L samples.
Samples were assayed in triplicate on an ABI MicroAmp AE optical 96-well reaction
plate and ran through the following program: initial 2 min at 50°C, 10 min at 95°C,
followed by 40 to 50 cycles of denaturation at 95°C for 15 s and annealing/extension
at 60°C for 1 min. Each plate had 3 wells with only molecular-grade water as a
negative control and 3 wells of known C. shasta-positive fish as a positive control.
We used reference samples (samples with known numbers of parasites) to transform
Cq values to number of spores/L using a standard curve. A TaqMan exogenous
internal positive control (IPC) was used to assess inhibition in each sample.

Genotyping: To describe the distributions and abundances of C. shasta genotypes at
temporal sites in each water year (aim 2) we genotyped a subset of samples collected
from 2015-2019 (Table 2.1) and included genotyping data from Hubbard (2019) in
our analysis. Sample selection was stratified to capture at least one sample per month
from each of the two temporal sites and included a total of 17 samples from 2015, 12
samples from 2016, 9 samples from 2017, 9 samples from 2018 and 6 samples from
2019. One out of the 3 samples from each selected time point was genotype- selected
based on density, so that the sample with the highest C. shasta density value was
genotyped. Only sample time points have overall C. shasta densities > 1 spores/L
were selected. We used PCR and sequencing protocol by Atkinson et. al (2018) to
determine the proportions of genotypes in water samples; final PCR volume was 10
μL, including 0.2 μL of Titanium Taq and 1 μL of titanium buffer, 0.15 μL of each of
novel primers, Cs1479F and Cs2067R. PCR was performed on the PTC-200
thermocycler with the following program: 95 °C for 3 mins, 34 cycles of 20 s at
95 °C, 45 s at 68 °C, then terminal extension of 7 min at 68 °C.
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We visualized the bands by electrophoresis with 1% TAE gel. If a band was not
visible on the gel, this indicated that the amount of DNA in the sample was
insufficient for genotyping. In these instances, we reamplified took 0.5 μL of the PCR
product using the protocol described above.
Gel-positive samples were diluted based on the brightness of the band and
submitted to the Center for Genome Research and Biocomputing (OSU) for Sanger
Sequencing, using the primer Cs1479F. We inspected sequence chromatograms using
BioEdit (Hall, 1999) and the parasite genotype was determined manually based on the
number of ATC repeats at position ~460 (Atkinson and Bartholomew, 2010a). If a
chromatogram was mixed, we calculated the proportions of each genotype by
measuring average heights of coincident peaks, adding them to ascertain total height
and dividing each peak by the calculated total.

Data analyses and calculated metrics: To develop models for predicting the temporal
dynamics of C. shasta genotypes (aim 3) in the Deschutes River we examined
relationships between C. shasta genotypes and biotic and abiotic data including
calculated metrics and predictors. We calculated several predictors for modeling the
temporal distribution (peak and onset) of C. shasta genotypes to test the following
assumptions:
1) Adult fish host densities predict magnitude of genotypes’ peaks
2) Water temperature during the final 200 degree-days (DD) of parasite development
in the annelid host predicts magnitude of genotypes’ peaks
3) Peak discharge predicts the magnitude of genotypes’ peaks.

Degree day calculations: Daily water temperatures (see above, environmental data)
from the USGS sites were used to calculate degree-days (DD). We used the
following formula to calculate degree-days accumulation (McMaster and Wilhelm,
1997):
𝐷𝐷 =

𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛
− 𝑇𝑏𝑎𝑠𝑒
2
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where

𝑇𝑚𝑎𝑥 +𝑇𝑚𝑖𝑛
2

is the mean temperature during a day provided by the USGS website

and Tbase is the temperature, below which the development of an organism stops. No
research has been done on the survival of C. shasta actinospores, so Tbase was
assumed to be 0oC (water freezing point). For each genotype, we calculated degree
days backwards from the peak density to the first waterborne detection in water
sample. Previous research suggests that C. shasta genotype 0 requires 1000 degreedays to develop within an annelid host, genotype I requires 800 degree-days, and
genotype II requires 600 degree-days (Alexander, in prep). Thus, we calculated the
projected date of annelid host infection for 600 degree-days 800 degree-days, and
1000 degree-days from the initial detection and peak of genotypes II, I, and 0,
respectively. We compared hypothetical annelid infection dates to the presence of
adult fish hosts in the system to determine whether fish hosts also drive the dynamics
of C. shasta genotypes.

Statistical analysis: Calculated predictor variables were the following (Table 2.2): i)
total estimated or actual number of adult fish that passed through the trap during a
year. We used data from the fish trap located at Sherars Falls for the analysis of C.
shasta temporal dynamics at DOS (Rkm 75; Fig. 2.1), and the fish trap located below
the Re-regulating dam for the analysis of the C. shasta temporal dynamics at Pelton
Trap (Rkm 160; Fig. 2.1); ii) temperature during development in the annelid host.
Meaders and Hendrickson (2009) described four stages of actinospore development
from infection of an annelid host (stage one) to sporogony (stage four). The whole
process took 49 days post-exposure (PE) at 17oC. Mitotic/meiotic division occurs at
the end of stage 3 and is followed by sexual reproduction, which they observed to be
between 35- and 49-days PE. Based on their observations, we calculated that the
period that involves meiotic division and sexual reproduction requires approximately
200 degree-days. We hypothesized that elevated temperatures during mitotic/meiotic
division and sexual reproduction will result in faster reproduction. Therefore, we used
the mean temperature during the last 200 degree-days of the 600 degree-days for
genotype I, 800 degree-days for genotype II, and 1000 degree-days for genotype 0
periods to predict the peak of each genotype, and iii) peak discharge.
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Table 2.2: Predictor and response variables used for analysis of the temporal distribution
of C. shasta genotypes at Oak Spring (DOS) and Pelton Trap (DPT).

Predictor

Response

Fish host run size

Magnitude of peak of
genotype I/0/II

Mean temperature (oC)

Magnitude of peak of

during 200 dd development

genotype I/0/II

Peak Discharge

Magnitude of peak of
genotype I/0/II

We used simple linear regression model to examine relationships between
predictor variables and C. shasta genotypes timing and density.
𝑦 = 𝑏0 + 𝑏1 ∗ 𝑥1
Above is the equation for a simple linear regression model, where y is a dependent
variable; b0 is a constant, b1 is a coefficient, and x1 is an independent variable. Data
were examined for normality prior to inclusion in analyses and transformed if needed
(W<0.8).

Results
Abiotic data: Water temperatures at Oak Springs (DOS) from 2012-2019 (Tables 2.3
& 2.4): Compared to the median water temperature, 2012 was relatively cool in
winter spring, 2013, cool in fall and winter, 2014, 2018, 2019 were average, 2015 and
2016 warm winter and spring, and 2017 cold winter- relative to median (Fig. 2.2).
Overall discharge varied from 148-305 m3/s during the study period and peaked
early or mid-spring (Fig., 2.2). Notably, 2017 and 2019 peak discharge reached 300
and 350 m3/s, respectively, which is unusually high for such a stable system (Fig.
2.2). 2018 was a low flow year with peak discharge only 148 m3/s.
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Water temperatures at Pelton Trap (DPT) from 2012-2019 (Tables 2.3 & 2.4):
Compared to the median water temperature, 2012, 2013, 2018 were average, 2014
had warm spring, 2019 had cold spring, 2015 and 2016 had warm winter and spring,
and 2017 had cold winter and spring, and warm summer- relative to median (Fig.
2.2).
Overall, DPT is a more thermally stable site than DOS. Minimum temperatures at
Oak Springs were consistently detected in January, when it varied between 4.93oC
and 6.80oC. At the same time, highest temperatures usually occurred in July, when
water temperature reached up to 17+ oC. Temperatures at DPT, in contrast, didn’t go
lower than 5.61oC in January or higher than 14.5oC in July.
Discharge patterns are similar among two sites. Peak discharge occurred in the
Spring, around same time. DOS had higher peak discharge than DPT.
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Table 2.3: Estimated mean monthly temperature (oC) at Oak Springs (DOS) and Pelton Trap
(DPT). For DOS, temperatures were calculated by averaging mean monthly temperatures of
Madras (14092500) and Biggs (14103000). For DPT, mean temperatures were obtained
from Madras (14092500).

Month

Site

Mean temperature
2012

2013

2014

2015

2016

2017

2018

2019

DOS

6.2

5.6

6.1

6.8

6.5

4.9

6.8

6.8

DPT

6.7

6.2

6.6

7.0

7.0

5.6

6.9

7.3

DOS

6.5

6.5

5.7

7.8

7.5

6.0

6.9

6.1

DPT

6.6

6.4

6.2

7.6

7.4

5.9

7.1

6.7

DOS

7.6

8.0

8.1

9.5

8.5

7.9

8.0

7.2

DPT

7.3

7.5

7.8

8.7

8.1

7.2

7.7

7.0

DOS

9.8

10.6

10.9

11.4

12.0

10.2

10.4

10.1

DPT

9.0

9.8

10.1

10.4

11.2

9.4

9.6

9.4

DOS

12.7

13.7

13.9

14.1

14.2

13.6

14.2

13.4

DPT

11.8

12.4

12.8

12.3

12.8

12.2

12.3

11.9

DOS

14.6

15.4

14.8

16.4

15.5

15.5

15.4

15.6

DPT

13.0

13.2

12.7

13.6

13.4

13.3

13.2

13.4

DOS

16.5

16.7

16.0

16.7

16.0

17.4

17.1

16.0

DPT

14.0

13.9

13.3

13.6

13.2

14.5

14.2

13.2

August DOS

16.2

16.1

15.8

15.8

15.9

16.1

16.0

16.2

DPT

13.8

13.5

13.1

13.4

13.4

13.4

13.5

13.5

DOS

14.1

14.6

14.7

14.5

14.3

14.1

13.9

14.3

DPT

12.5

12.9

13.2

13.3

13.0

12.5

12.6

12.8

DOS

12.0

11.5

13.3

13.3

12.6

11.7

12.1

11.4

DPT

11.7

11.3

12.7

12.8

12.1

11.6

11.8

11.5

DOS

10.2

9.4

9.6

10.1

11.0

9.7

9.7

9.2

DPT

10.4

10.0

10.4

10.9

11.0

10.2

10.3

9.7

DOS

7.7

6.3

7.8

7.6

7.0

7.1

7.7

7.5

DPT

8.2

7.3

8.4

8.4

7.8

7.9

8.3

8.2

Jan

Feb

March

April

May

June

July

Sep

Oct

Nov

Dec
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Table 2.4: Estimated median monthly temperatures at DOS and DPT, For DOS,
temperatures were calculated by averaging median monthly temperatures of Madras
(14092500) and Biggs (14103000).
For DPT, median temperatures were obtained from Madras (14092500).

Month

Site

Median temperature

January

DOS

6.3

DPT

6.7

DOS

6.6

DPT

6.6

DOS

8.0

DPT

7.5

DOS

10.6

DPT

9.7

DOS

13.7

DPT

12.2

DOS

15.3

DPT

13.2

DOS

16.6

DPT

13.9

DOS

16.0

DPT

13.6

DOS

14.3

DPT

12.9

DOS

12.3

DPT

11.9

DOS

10.0

DPT

10.4

DOS

7.3

DPT

8.0

February

March

April

May

June

July

August

September

October

November

December
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Figure 2.2: Environmental data for Oak Springs (A) and Pelton Trap (B). X-axis shows
years 2012-2019. Discharge is shown in m3/sec, temperature is in Celsius (oC).
Temperature median was calculated by averaging the daily temperature from 2010-1001 to 2019-09-30. Red line indicates that water temperature was higher than the
median and blue line indicates than water temperature was lower than the median.
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Fish count data 2012-2019: Between 2012 and 2019, Summer Steelhead were the most
abundant salmonids at both DPT and DOS. The average number of Summer Steelhead
enumerated at the fish trap near the Re-regulating Dam (Fig. 2.1) was around 2000 fish
per year. 2019 was the lowest year, with 1186 fish enumerated and 2015 was the
highest year with 2882 fish. Fewer Summer Steelhead were estimated at Sherars Falls
each year, with a maximum of 1709 adults in 2015 and minimum of 417 adults in 2019.
Rainbow trout numbers were consistently around 1200 annually.
The abundances of Chinook Salmon underwent a substantial fluctuation during this
study. At Pelton Trap, prior to 2014 there were around 2000+ Spring Chinook
enumerated each year. In 2014, there were only 558 counted. After 2014 the counts
increased each year reaching 2620 in 2017 and then decreased again until 2019 when
only 480 were counted. Fall Chinook Salmon decreased consistently from 1000+ adults
detected from 2012-2015 to only 339 adults detected in 2019. The same patterns are
visible at Sherars Falls: total Chinook Salmon counts decreased from 1420 in 2014 to
224 in 2019. Sockeye is the least abundant species in the Lower basin with less than
100 fishes detected each year at Pelton Trap, except for 2016 when 536 adults were
detected. It is also the rarest species at Sherars Falls, with no more than 50 fishes
estimated per year. Coho Salmon estimates at Sherars Falls are very consistent, around
180 adults a year, except for 2018 with only 60 fish (Fig. 2.3).
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Figure 2.3: Total number of adult salmonids enumerated at fish traps (A: Sherars Falls and
B: Pelton Trap) from 2012-2019. The fish trap at Sherars Falls was not operating in 2012. In
2013, it was operating from 7/10-11/8. In 2014, it was operating 7/1-10/30. In 2015, it was
operating from 6/23-10/29. In 2016, it was operating from 6/26-10/19. In 2017, it was
operating from 7/11-10/18. In 2018, it was operating from 8/6-11/2. In 2019, it was working
from 7/16-10/28. Fish Trap near Pelton Trap was operating year-round from 2012-2019.
Blue shades denote genotype II hosts, green shades denote genotype I hosts, and red shades
denote genotype 0 hosts.
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Ceratonova shasta densities 2012-2019
Lower River Sites
Maupin City Park 2012-2019
Ceratonova shasta onset (first detection of more than 1 spore/L) was impossible to
detect in 2012 because sampling started in May, when C. shasta was already likely to
be present. 2012 was a low C. shasta year with a peak occurring in the beginning of
June. 2013 was a moderate C. shasta year with the peak occurring in the beginning of
July. 2014 was a low C. shasta year with the peak occurring in mid-June (Table 2.5).
After 2014, C. shasta levels increased at the site (Fig. 2.4).
Oak Springs 2015-2019
Ceratonova shasta onset (first detection of more than 1 spore/L) occurred in mid- or
late April, except for 2015 and 2016 when the onset was detected at the end of March
and beginning of April, respectively. The peaks (maximum spores/L) also differed
between years. In 2015 and 2016 there were two peaks: the first one in late April 2015
and mid-May 2016, and the second peaks were in late September in 2015 and late
August in 2016. In all the other years there was just one peak, in the beginning of June
(2017) or in the mid-July (2018 & 2019). No C. shasta was usually detected from
October on (Table 2.5). Overall, 2015 was the highest C. shasta year. 2016 and 2018
were moderate C. shasta years. 2017 and 2019 were low C. shasta years (Fig. 2.5).
Upper River Site
Pelton Trap 2015-2019
Timing of the onset of C. shasta (first detection of more than 1 spore/L) at Pelton Trap
was less consistent than at Oak Springs. In 2015 and 2019 C. shasta was first detected
at the middle and at the end of April, respectively. In 2016 and 2017 this occurred in the
beginning and middle of May, respectively, and in 2018 at end of March. Peak densities
occurred in mid-June (2017 & 2018), in the beginning of July (2015 & 2019), and end
of July (2018) (Table 2.5). Overall, 2015 and 2018 were high C. shasta years. 2016 and
2017 were moderate C. shasta years. 2019 was a low C. shasta year (Fig. 2.6).

42

Figure 2.4: Mean Ceratonova shasta density (y-axis) in the Deschutes River at
Maupin City Park. Each point is the mean C. shasta density from triplicate
water samples collected using an automatic sampler (ISCO). Data from 2015
and 2016 were collected and processed by Vojnovich et al., 2016. Data from
2017 and 2018 were collected and processed by Hubbard, 2019.

Figure 2.5: Mean Ceratonova shasta density (y-axis) in the Deschutes River at
Oak Springs. Each point is the mean C. shasta density from triplicate water
samples collected using an automatic sampler (ISCO). Data from 2015 and 2016
were collected and processed by Vojnovich et al., 2016. Data from 2017 and
2018 were collected and processed by Hubbard, 2019.
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Figure 2.6: Mean Ceratonova shasta density (y-axis) in the Deschutes River at Pelton
Trap. Each point is the mean C. shasta density from triplicate water samples collected
using an automatic sampler (ISCO). Data from 2015 and 2016 were collected and
processed by Vojnovich et al.,2016. Data from 2017 and 2018 were collected and
processed by Hubbard, 2019. Data from 2019 were part of the current study.
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Table 2.5: Onset and peak of Ceratonova shasta including all genotypes (“total C.
shasta”) at temporal sites, Pelton Trap (DPT) and Oak Springs (DOS), 2015-2019. (G)
next to spores/L value indicates that samples were collected by hand and represent true
replicates, as opposed to ISCO collected samples (composite samples that were
subsampled).

Date of first Spores
detection

per liter

of >1 spore at first
Year Site

per liter

Spores
Date of

detection 1st peak

per liter
at peak

2012 DMP

N/A

N/A

06/07/12

10.70

2013 DMP

N/A

N/A

07/02/13

45.50

2014 DMP

N/A

N/A

06/18/14

10.30

DOS

4/07/15

8.2

04/28/15

371.7

2015 DPT

4/14/15

4.1

7/7/15

15.6

DOS

3/22/16

4.5

05/16/16

185.1

2016 DPT

05/03/16

2

07/26/16

10.1

DOS

04/24/17

1.5

06/06/17

23.1 (G)

2017 DPT

05/16/17

1.8

06/13/17

7.4

DOS

04/17/18

1.5

07/10/18

101.1

2018 DPT

03/20/18

1

06/12/18

13.9

DOS

04/23/19

2.4

07/16/19

10.2

2019 DPT

04/23/19

1.9

07/02/19

2.6
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Trends in Ceratonova shasta genotype densities timing and mag of peak(s) from
2015-2019: Genotype I was the most abundant genotype at Oak Springs. The overall
dynamics were as following: the first detection occurred in Spring and the peak
occurred in the end of Spring-Summer. In 2015, sampling started in April 7th and for
our analysis this was assumed to be the date of first detection. The peak occurred at the
end of April. In 2016, the first detection occurred at the end of March and the peak
occurred in mid-May. In 2017, the onset was detected in the end of April, however 2017
samples from the end of May till October were compromised, thus the peak was not
determined. In 2018, the first detection occurred in mid-April and the peak occurred in
the beginning of July. In 2019, the onset occurred in the end of April and peak occurred
in mid-July (Table 2.6).
Genotype 0 was less abundant than genotype I at Oak Springs. In some years, the
onset and peak occurred at the same time, so it was difficult to analyze the dynamics. In
2015, the onset occurred at the end of June and peak occurred at the end of July. In
2016, both the onset and peak occurred on June 7th. In 2017, both the onset and peak
occurred at the end of August (summer data from temporal sampling was compromised,
so we used data from a co-current spatial survey). In 2018, the onset occurred in midAugust and the peak occurred at the end of September. Finally, in 2019, both the onset
and the peak occurred at the end of April (Table 2.6).
Genotype II was the least abundant genotype at this site, except for 2015 and 2018 in
which it was more abundant than genotype 0. Overall, except for 2018, when its onset
occurred in the beginning of June and peak occurred in the beginning in July. Genotype
II was not detected in 2019 (Table 2.6).
Genotype I was the most abundant genotype at DPT, and the onset occurred in the
spring and the peak occurred in the beginning or middle of summer. In 2015 genotype I
was first detected in mid-April and peaked in the end of June. In 2016 it was first
detected in the beginning of May and peaked in the end of July. In 2017 it was first
detected in the mid-May and peaked in the mid-June. In 2018 it was first detected at the
end of March and peaked in the mid-June. Finally, in 2019 it was first detected at the
end of April and peaked in the beginning of July (Table 2.7).
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Genotype 0 was less abundant than genotype I at Pelton Trap. Overall, it was first
detected in the beginning or mid-summer and its peak fell on the mid- or end of
summer. In 2015 it was first detected in the beginning of June and peaked in the
beginning of July. In 2016 its onset and peak fell on the same day, July 26 th. In 2017 its
onset and peak fell on the same day as well, August 30th (Table 2.7).
Genotype II was the least abundant genotype at Pelton Trap. It was only detected in
2015-2017, so it was difficult to observe overall dynamics. In 2015 it was first detected
in the mid-May and peaked in the beginning of June. In 2016 its onset and peak fell on
the same day, June 28th. In 2017 its onset and peak fell on August 30th (Table 2.7).
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Table 2.6: Onset (date of first detection) and peak of Ceratonova shasta
genotypes in river water at Oak Springs (DOS), 2015-2019.
Year

Genotype Date of first Spores
detection

per liter

(>1spore/L)

at first

Date of

Spores

Peak

per liter
at peak

detection

2015 I

4/7/15

8.2

4/28/15

371.7

0

6/30/15

12.2

7/23/15

14.0

II

8/11/15

59

8/11/15

59

3/22/16

4.5

5/16/16

185.1

0

6/7/16

13.0

6/7/16

13.0

II

8/15/16

3.54

9/13/16

3.56

2017 I

4/24/17

1.5

6/6/17

23.1 (G)

0

8/30/17

6.15 (G)

8/30/17

6.15 (G)

II

10/11/17

3.56

10/11/17 3.56

2018 I

4/17/18

1.5

7/10/18

91.2

0

8/14/18

1.78

9/25/18

3.14

II

6/5/18

7.72

7/10/18

9.91

2019 I

4/23/19

2.4

7/16/19

8.90

0

4/23/19

1.2

4/23/19

1.2

II

not detected

2016 I
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Table 2.7: Onset (date of first detection) and peak of Ceratonova shasta
genotypes at Pelton Trap (DPT) 2015-2019.
Year

Genotype Date of first

Spores

Date of

Spores

detection

per liter

Peak

per liter

(>1 spore/L)

at first

at peak

detection

2015 I

4/14/15

4.1

6/23/15

9.3

0

6/9/15

7.73

7/7/15

15.6

II

5/13/15

2.53

6/9/15

2.58

5/3/16

2.0

7/26/16

8.3

0

7/26/16

1.8

7/26/16

1.8

II

6/28/16

1.56

6/28/16

1.56

2017 I

5/16/17

1.8

6/13/17

7.4

0

8/30/17

1.8

8/30/17

1.8

II

8/30/17

2.07

8/30/17

2.07

2018 I

3/20/18

1

6/12/18

13.9

0

8/20/18

2.1

8/20/18

2.1

II

not detected

2016 I

2019 I

4/23/19

1.9

07/02/19 2.6

0

6/18/19

2.23

6/18/19

II

not detected

2.23

Data analysis: For genotype I, dates calculated from onsets ranged from the beginning
of January to mid-February at DOS. Dates calculated from peaks ranged from the
beginning of March to the beginning of June. For DPT, dates, calculated from onsets,
ranged from the end of January to mid-March. Dates calculated from peaks ranged from
end of April to mid-June (Fig. 2.7).
For genotype 0, dates calculated from onsets ranged from end of April to beginning
of July at DOS. Dates calculated from peaks ranged from end of May to beginning of
July. 2019 was an exception, because the infection date was calculated to be in midDecember. At DPT, dates calculated from onsets ranged from mid-March to end of
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June. At DPT, dates calculated from peaks ranged from mid-March to end of June (Fig.
2.7).
Finally, for genotype II, annelid infection dates, calculated from onsets, ranged from
end of June to mid-August at DOS. Dates, calculated from peaks, ranged from end of
May to mid-August. At DPT, dates calculated from onsets ranged from end of February
to beginning of July. Dates calculated from peaks ranged beginning of April to
beginning of July (Fig. 2.7).
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Oak Springs (DOS)

Pelton Trap (DPT)

Figure 2.7: Composite showing timing of adult fish hosts at two index sites,
DOS (Oak Springs) and DPT (Pelton Trap) on the Deschutes River and
assumed annelid host infection dates back-calculated from onsets and peaks of
Ceratonova shasta genotypes. Peak numbers of Fall Chinook are observed in
late fall while peak numbers of Spring Chinook are observed in late spring.
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The significant predictor at DOS for genotype 0 was mean temperature during the final
200 dd development in the annedli host, which explained 68% of variation; for
genotype I at DOS it also was mean temperature during 200 dd development, which
explained 89% of variation; genotype II at DOS didn’t have any significant predictors
(Table 2.8). Significant predictor at DPT for genotype 0 was mean temperature during
200 dd development, which explained 78% of variation; peak discharge was able to
explain more than 82% of the variation for genotype I at DPT; mean temperature during
200 dd development, which explained 99% of variation of genotype II (Table 2.9).
Other univariate models were not significant (p-value >0.1).
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Table 2.8: Results of the univariate model analysis of genotypes at Oak Springs.
Boldface type highlights significant relationships (marginal significance set at p<0.1).

Predictor

Response

Number

R2

p-value

of
datapoints
Run size of Steelhead

Magnitude of peak

trout

of genotype 0

Peak Discharge

Magnitude of peak

5

0.532 0.162

5

0.256 0.384

5

0.680 0.086

6

0.018 0.826

6

0.564 0.143

6

0.233 0.332

6

0.886 0.005

4

0.018 0.865

4

0.301 0.451

4

0.559 0.252

of genotype 0
Mean temperature

Magnitude of peak

(oC) during 200 dd

of genotype 0

development
Run size of fall Chinook

Magnitude of peak
of genotype I

Run size of spring

Magnitude of peak

Chinook

of genotype I

Peak Discharge

Magnitude of peak
of genotype I

Mean temperature

Magnitude of peak

(oC) during 200 dd

of genotype I

development
Run size of Coho

Magnitude of peak

salmon

of genotype II

Peak Discharge

Magnitude of peak
of genotype II

Mean temperature (oC)

Magnitude of peak

during 200 dd

of genotype II

development
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Table 2.9: Results of the univariate model analysis of Ceratonova shasta genotypes at
Pelton Trap. Boldface type highlights significant relationships (marginal significance
set at p<0.1).

Predictor

Response

Number of

R2

p-value

datapoints
Run size of Steelhead

Magnitude of peak

5

0.454

0.212

5

0.589

0.130

5

0.080

0.646

Mean temperature

Magnitude of peak 5

0.779

0.048

(oC) during 200 dd

of genotype 0

5

0.131

0.550

5

0.010

0.605

0.822

0.034

5

0.593

0.128

3

0.781

0.310

3

0.946

0.149

0.996

0.041

of genotype 0
Run size of Rainbow

Magnitude of peak

trout

of genotype 0

Peak Discharge

Magnitude of peak
of genotype 0

development
Run size of fall

Magnitude of peak

Chinook

of genotype I

Run size of spring

Magnitude of peak

Chinook

of genotype I

Peak Discharge

Magnitude of peak 5
of genotype I

Mean temperature

Magnitude of peak

(oC) during 200 dd

of genotype I

development
Run size of Sockeye

Magnitude of peak
of genotype II

Run size of Rainbow

Magnitude of peak

trout

of genotype II

Mean temperature

Magnitude of peak 3

(oC) during 200 dd

of genotype II

development
Peak discharge

Magnitude of peak
of genotype II

3

<0.001 0.987
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Discussion
We described the distributions and abundances of C. shasta genotypes at two sites
on the Deschutes River from 2015-2019 and developed models for predicting the
temporal dynamics of these genotypes in this river. We observed that C. shasta
genotypes exhibited differences in temporal distributions (onset and peak at different
times), which we found were correlated with differences in degree day requirements
and timing of adult fish host spawning that provides myxospore input. We used linear
modeling to examine relationships between abiotic (temperature and discharge) and
biotic (magnitude of adult fish host) parameters and the magnitudes of genotypes’
peaks.
Based on the results from genotyping water samples, we concluded that due to their
high relative abundances, Spring Chinook Salmon and Summer Steelhead are likely
major contributors of myxospores in the lower basin of the Deschutes River.
Genotype I, contributed by Chinook Salmon, was the most abundant genotype in the
system throughout each year at both sites. The first detection of genotype I occurred in
early spring, with peak densities in early summer, coinciding with the time when adult
Spring Chinook begin migrating into the river. Their immunocompromised state and
long duration of exposure to high densities of C. shasta suggests Spring Chinook
Salmon may be the most C. shasta vulnerable species in the lower basin. 2015 was the
highest C. shasta year with almost 400 spores/L detected at the end of April in water
samples from Oak Springs. The lethal threshold dose for Chinook Salmon in the
Klamath river was shown to be 10 spores/L (Hallett et al., 2012), suggesting that 2015
was a high disease risk year for this species. Another important component of the fish
host-parasite interaction is the timing of when adult fish come back into the system for
spawning. C. shasta levels start to increase in spring and peak in the summer, which
presents increased risk for adult salmon that migrates back into the system. Despite
coevolving with the parasite- the long migration distance and high doses might
overwhelm them.
Summer Steelhead and Rainbow Trout are also relatively abundant in the basin
and would contribute genotype 0 myxospores to the system and contribute to its
temporal patterns. Unlike genotype I, genotype 0 doesn’t usually kill its host. Instead,
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myxospores appear to be released in feces in low numbers, but over time the numbers
can get high. Genotype 0 was first detected later, usually in mid-late summer (in 2016
and 2019 it was also detected in spring), coinciding with the time when Summer
Steelhead migrate into the river from the ocean. In most years, genotype 0 was rarely
detected, so we can’t be confident that our conclusions about the timing of the
genotype’s onset and peak were correct. Densities of genotype II were too low to
discern a temporal distribution, however, most detections occurred between mid-August
and mid-October. Small numbers of adult Sockeye come into the system in July-August
and adult Coho migrates in September-October. Juvenile Sockeye migrate to the ocean
in May. All three species could be contributors of genotype II in the system.
Degree-day analysis based on the data from Alexander (in prep) and the hypothesis
that genotypes have different degree-days requirements to develop within M.
occidentalis showed that hypothetical infection dates varied among genotypes and
usually were close to dates when fish hosts of each genotype were present in the system.
According to the calculations, genotype I would infect the annelid host in the winter, a
month or so after Fall Chinook’s spawning period in October-December and several
months after Spring Chinook’s spawning period in September. Spores, detected during
the peak, would be those that infected the host in the second half of the spring, during
the time when adult Spring Chinook enters the system and juveniles are migrating out.
As a result, we concluded that our hypothesis was correct and genotype I requires 600
degree-days to develop within the invertebrate host. Genotype 0 would infect M.
occidentalis during the spring. Both the anadromous and resident O. mykiss are hosts of
genotype 0, with Rainbow Trout being present in the system year-round and Summer
Steelhead migrating into the river in the spring. Because both Steelhead and Rainbow
Trout are in the system at the same time, we couldn’t conclude what species is the main
contributor of genotype 0. As a result, we couldn’t support or reject our hypothesis that
genotype 0 requires around 1,000 degree-days to develop within the invertebrate host.
Finally, hypothetical infection dates for M. occidentalis by genotype II ranged from
February to mid-August. Both hosts of genotype II enter the system either in the second
half of the summer or in the fall. However, juvenile Sockeye migrate from the
Deschutes River to the Pacific Ocean in the spring, meaning that it might also
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contribute genotype II. In this case, Coho contributes to the onset of genotype II and
juvenile and adult Sockeye contribute to its peak. We concluded that our hypothesis
about genotype II requiring 800 degree-days to develop within invertebrate host was
correct.
Abiotic factors (temperature and discharge) play an important role in C. shasta
lifecycle (Ray, 2012). The Deschutes River is considered to be a thermally stable river.
The relatively small seasonal variation in temperature (usually no more than 1oC
different from the median monthly temperature calculated from 10-year period) in the
area close to Pelton Trap can be explained by the series of dams that are immediately
upstream of this site. Dams tend to buffer river systems, resulting in a smaller range of
temperatures compared to systems without dams (Puff et al., 2007). At the same time,
as you move downriver from Pelton variations in temperature become broader/larger
and peak discharge increases as a result of tributary accretions. Finally, we observed
that from March to October, mean temperatures for sites downstream of Pelton Trap
were consistently higher than mean temperatures calculated for Pelton Trap. Warmer
temperatures in spring and summer could be one of the reasons why Oak Springs
consistently had high C. shasta densities compared to Pelton Trap (3.4X higher in 2019
to almost 40X higher in 2015). However, it does not explain why sites that are
downriver of Oak Springs and have higher mean temperatures had low C. shasta
densities. This could be explained by the effects of discharge. We observed that peak
discharge near the mouth of the river was always higher than that at the sites upstream,
which can potentially explain low levels of C. shasta in that area. Our statistical
analysis supported our hypothesis that temperature affects C. shasta dynamics,
specifically, magnitudes of genotypes’ peaks. Mean temperature during the last 200
degree-days of development within invertebrate host could predict more than half of the
magnitude of the peaks of all genotypes at each site. Interestingly, we also observed that
peak discharge explained 82% of the variation in magnitude of the peaks of genotype I
at DPT but didn’t explain variation in other genotypes. One explanation is that we
didn’t have enough data on other genotypes. Another explanation for this result is that
the peak of genotype I occurs in late spring/early summer, meaning that peak discharge
events, which occur in spring, would have the most impact on this particular genotype.
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Although densities are much lower, if genotype 0 does have a peak and it occurs in the
second half of the summer, when water temperature reaches its highest values, we
concluded that temperature has a significant effect of this genotype. It is also likely that
flow events do not a play major role in the lifecycle of genotype II, because it was
mostly detected late in the summer and in the fall.
Another factor that affects spatial distribution of C. shasta is the distribution of the
annelid host, M. occidentalis. We predicted that higher densities of M. occidentalis
would overlap with higher densities of C. shasta. This may also explain why we
observed by low C. shasta densities after high peak discharge events in the spring:
flushing flows can negatively impact annelid host populations (Jordan, 2012;
Alexander, 2016), resulting in low densities of both host and parasite. This assumption
will be further discussed in Chapter 3.
There were some complications that might have affected the outcomes of our
models. First, the trap at Sherars Falls operates by counting only tagged fish, meaning
that numbers used for our analysis of genotype peaks at DOS might have been an
underestimation of actual numbers. Second, we used the average values between
Madras and Biggs for the temperature parameter used for the analysis of genotype
peaks at DOS, which might have resulted in either an underestimation or overestimation
of actual values. Finally, for peak discharge at DOS, we summed values from Madras,
Warm Springs, and Shitike Creek, which also might have compromised the result,
because Deschutes River is also largely fed by ground waters and snowmelt, which we
didn’t include in our calculations. Finally, for genotype II at DOS and DPT only four
and three datapoints, respectively, were available, making statistical analysis less
precise.
We observed that C. shasta genotypes in the lower basin of the Deschutes River
exhibit differences in temporal distribution and abundances. These differences are
caused by multiple factors, such as the timing and run size of their fish host,
temperature during development within annelid host, and flow events. More data on
temporal distributions of genotypes in the Deschutes River is needed to better
understand species specific salmon disease risk and implement appropriate management
strategies. In future studies, establishment of a temporal site in the upper basin would
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help to monitor the dynamics of genotype II and learn more about differences between
temporal dynamics among genotypes.

Acknowledgements:
Stacy Strickland (Oregon Department of Fish and Wildlife) and Ken Lujan (United
States Fish and Wildlife Service) for collecting and filtering water samples from
temporal surveys, and for their continued collaboration with the Bartholomew
laboratory. Funding for this research was provided by The Confederated Tribes of the
Warm Springs Reservation of Oregon-Pacific Coastal Salmon Recovery Fund.
Benjamin Americus edited this chapter.

References:
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 II and III. Parasitology 145:1588–
1593.
Atkinson, S.D., J.L. Bartholomew, and G.W. Rouse. 2020. The invertebrate host of
salmonid fish parasites Ceratonova shasta and Parvicapsula minibicornis (Cnidaria:
Myxozoa), is a novel fabriciid annelid, Manayunkia occidentalis sp. nov. (Sabellida:
Fabriciidae). Zootaxa 4751 (2):310–320.
Atkinson S. D. and J. L. Bartholomew. 2010. Disparate infection patterns of
Ceratomyxa shasta (Myxozoa) in rainbow trout (Oncorhynchus mykiss) and Chinook
salmon (Oncorhynchus tshawytscha) correlate with internal transcribed spacer-1
sequence variation in the parasite. Journal of Parasitology 40(5):599–604.
Bartholomew, J. L. 1998. Host resistance to infection by the myxosporean parasite
Ceratomyxa shasta: A review. Journal of Aquatic Animal Health 10: 112–120.
Bartholomew, J.L., M.J. Whipple, D.G. Stevens, and J.L. Fryer. 1997. The Life Cycle
of Ceratomyxa shasta, a Myxosporean Parasite of Salmonids, Requires a Freshwater
Polychaete as an Alternate Host. The Journal of Parasitology 83:859.
Bjork, S.J. and J.L. Bartholomew. 2010. Invasion of Ceratomyxa shasta (Myxozoa) and
comparison of migration to the intestine between susceptible and resistant fish hosts.
International Journal for Parasitology 40:1087–1095.
Blazer, V.S., T.B. Waldrop, W.B. Schill, C.L. Densmore, and D. Smith. 2003. Effects
of water temperature and substrate type on spore production and release in eastern
59

Tubifex tubifex worms infected with Myxobolus cerebralis. Journal of Parasitology 89
(1):21-26
“Combatting C. Shasta.” U.S. Fish & Wildlife Service,
www.fws.gov/pacific/fisheries/FY16Highlights/DeschutesRiverBasinCShasta.cfm.
Chiaramonte, L.V. 2013. Climate warming effects on the life cycle of the parasite
Ceratomyxa shasta in salmon of the Pacific Northwest. Oregon State University.
Thesis.
Connoly, S. and B. McLean. “Using the Power of Collaboration to Combat a Dangerous
Fish Parasite”. Fish and Aquatic Conservation Program, May 25, 2017.
https://www.fws.gov/pacific/fisheries/FY16Highlights/DeschutesRiverBasinCShasta.cf
m
Appendix I - Fish Focal Species. Deschutes Subbasin Plan.
https://www.nwcouncil.org/sites/default/files/Appendix_I___Fish_Focal_Species.pdf
Fujiwara, M., M.S. Mohr, A. Greenberg, J.S. Foott, and J.L. Bartholomew. 2011.
Effects of Ceratomyxosis on Population Dynamics of Klamath Fall-Run Chinook
Salmon. Transactions of the American Fisheries Society 140:1380–1391.
Hall, T.A. 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symposium, 41:95-98.
Hallett, S. L. and J.L. Bartholomew. 2006. Application of a real-time PCR assay to
detect and quantify the myxozoan parasite Ceratomyxa shasta in river water samples.
Diseases of Aquatic Organisms, 71:109-118.
Hallett, S. L., R. A. Ray, C. N. Hurst, R. A. Holt, G. R. Buckles, S. D. Atkinson, and J.
L. Bartholomew. 2012. Density of the waterborne parasite Ceratomyxa shasta and its
biological effects on salmon. Applied and Environmental Microbiology 78(10):37243731.
Hubbard, K.M. 2019. Spatiotemporal distribution of Ceratonova shasta and its
genotypes in the Deschutes River basin. Oregon State University. Thesis.
Hurst, C.N. and J.L. Bartholomew. Ceratomyxa shasta genotypes cause differential
mortality in their salmonid hosts. Journal of Fish Diseases 35(10):725-732.
Lichatowich, J.A. and L.E. Mobrand. Analysis of Chinook Salmon in the Columbia
River from an Ecosystem Prespective. U.S. Department of Energy, Project No. 92-1 8.
McMaster, G.S. and W.W. Wilhelm. 1997. Growing degree-days: one equation, two
interpretations. Agricultural and Forest Meteorology 87:291-300.

60

Meaders, M.D. and G.L. Hendrickson. 2009. Chronological Development of
Ceratomyxa shasta in the Polychaete Host, Manayunkia speciosa. Journal of
Parasitology 95:1397–1407.
Noble, E. R. 1950. On a myxosporidian (Protozoan) parasite of Californian trout.
Journal of Parasitology 35:457-460.
Oregon Department of Fish & Wildlife (ODFW). 2019. Sherars Falls Fish Counts.
https://myodfw.com/sherars-falls-fish-counts
Portland General Electric (PGE). 2020. Deschutes daily fish counts.
https://www.portlandgeneral.com/corporate-responsibility/environmentalstewardship/water-quality-habitat-protection/fish-counts-fish-runs/deschutes-daily-fishcounts#
Puff, N.L., J.D. Olden, D.M. Merritt, D.M. Pepin. 2007. Homogenization of regional
river dynamics by dams and global biodiversity implications. PNAS 104 (14):57325737.
Ratliff, D.E. 1981. Ceratomyxa shasta: Epizootiology in Chinook Salmon of Central
Oregon. Transactions of the American Fisheries Society 110:507–513.
Ray, R.A., R.A. Holt, J.L. Bartholomew. 2012. Relationship Between Temperature and
Ceratomyxa shasta–Induced Mortality in Klamath River Salmonids. Journal of
Parasitology 98:520–526.
Udey, L.R., J.L. Fryer, and K.S. Pilcher. 1975. Relation of water temperature to
Ceratomyxosis in Rainbow trout (Salmo gairdneri) and Coho salmon (Oncorhynchus
kisutch). Journal of the Fisheries Research Board of Canada 32: 1545–1551.
Zimmerman, C.E., and D.E. Ratliff. 2003. Controls on the distribution and life history
of fish populations in the Deschutes River: geology, hydrology, and dams. A Peculiar
River: Geology, Geomorphology, and Hydrology of the Deschutes River, Oregon.
Published by the American Geophysical Union as part of the Water Science and
Application Series 7.
Zinn, J. L., J. A. Johnson, J. E. Sanders, and J. L. Fryer. 1977. Susceptibility of
salmonid species and hatchery strains of Chinook salmon (Oncorhynchus tschawytscha)
to infections by Ceratomyxa shasta. Journal of the Fisheries Research Board of Canada
34: 933–936.

61

CHAPTER 3: SPATIAL DISTRIBUTION OF CERATONOVA SHASTA AND ITS
INVERTEBRATE HOST, MANAYUNKIA OCCIDENTALIS IN THE DESCHUTES
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Abstract
Ceratonova shasta is a myxozoan parasite that causes enteronecrosis (necrosis of
intestinal tissue) in salmonid fish. Ceratonova shasta has a complex lifecycle that
involves two hosts including a salmonid and an annelid, Manayunkia occidentalis.
Ceratonova shasta exhibits spatial variation along the Deschutes River, with the highest
densities detected between river kilometers 45-82. We hypothesized that spatial
distribution of C. shasta was related to the spatial distribution of its invertebrate host, M.
occidentalis. Our methods involved describing spatial distribution of M. occidentalis and
C. shasta-infected M. occidentalis in spring and summer surveys conducted from 20182020 and comparing them to C. shasta densities in concurrently collected water samples.
Sites with high C. shasta densities also had high densities of M. occidentalis and C.
shasta infection prevalence in M. occidentalis in spring but not summer surveys.
Furthermore, there was a positive relationship between densities of M. occidentalis and
prevalence of C. shasta infection in M. occidentalis in May surveys. We didn’t observe a
significant relationship between C. shasta densities, M. occidentalis densities, and
prevalence of C. shasta infection in the August survey.

Introduction
Ceratonova shasta (Noble, 1950; syn. Ceratomyxa shasta) is an obligate endoparasite
of salmonid fish that is endemic to the Pacific Northwest of America (Hoffmaster et al.,
1988). It has a has a complicated lifecycle with two distinct spore stages and two obligate
hosts, a salmonid and a freshwater annelid (Bartholomew, 1997). Myxospores infect
Manayunkia occidentalis (freshwater annelids). Once within the annelid host, the
sporoplasm penetrates the gut epithelium and migrates to the epidermis, develops into
actinospore stages (Meaders and Hendrickson, 2009) and are released into the water
column through the secretory pores in the epidermis (Bartholomew et al., 1997). When
actinospores encounter vertebrate hosts, they attach to the fish gills, penetrate, and travel
through the circulatory system to the intestine, where they mature into myxospores
(Bjork and Bartholomew, 2010).
A number of environmental and host factors affect transmission of myxospores to the
annelid host including flow, substrate type, temperature and host competence. Although
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myxospore dispersal is not well understood (difficult to detect in the environment, Gates,
2007), distribution is affected by environmental factors, such as flow and type of
substrate (Kerans and Zale, 2002; Jordan, 2012). Most annelids are deposit feeders,
meaning that feed on sand, mud, water, or sediment. A subset, including M. occidentalis,
consume sediment particles caught with tentacles, making them more similar to
suspension/filter feeders (Rodriguez et al., 2001) than deposit feeders. Organic material is
then removed from the particles and digested. C. shasta myxospores have negative
buoyancy, meaning that they sink in water (Jordan, 2012). As a result, M. occidentalis
most likely encounter them during feeding, along with the consumption of other fine
particles. Transmission likely occurs over an extended temporal period because
myxospores of C. shasta are more resistant to thermal stressors than actinospores. For
example, Chiaramonte (2013) found that myxospores can survive in high temperatures
(18 and 23oC) up to 1 month, even though the viability was reduced by >90%. In
comparison, survival of actinospores decreased from 15 to 9 days as temperature changed
from 15°C to 20°C (Bjork, 2010). Therefore, C. shasta transmission to annelid hosts may
occur over a longer temporal period.
Host factors such as density may also affect transmission through effects on
myxospore encounter. For example, several studies showed that mixed cultures of nonpermissive and permissive Tubifex tubifex, an invertebrate host of another myxozoan
parasite, Myxobolus cerebralis, had lower prevalence of infection (POI) compared to
monocultures (Zielinski et al., 2011). However, other study observed no difference in
prevalence of infection (Elwell et al., 2009a). This indicates that different approaches,
such as myxospores dosage, might affect the outcome of the studies. Although, the results
were contradictory, they suggest that hosts may vary in competence and density may play
a role in transmission.
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Chinook Salmon pre-spawn mortality
has been associated with C. shasta in
the lower Deschutes River (Connolly
and Mclean, 2016). Consequently, in
2015, water sampling sites were
established to monitor the densities of
C. shasta throughout the year
proximal to Chinook spawning sites
(Rkm 75, above White River and 160,
above Shitike Creek; “temporal sites”
Fig. 3.1). In addition, longitudinal
surveys were conducted in June and
August to measure C. shasta densities
at 20 sites located in both lower and
Fig. 3.1: Spatial and temporal sampling sites.

upper basins (Fig. 3.1, “longitudinal
sites”). These studies showed that the

distribution of C. shasta was unequal and led to the identification of sites where high
densities of C. shasta were commonly observed (Hubbard (2019, Rkms 48-82, 116, and
155).
Few data exist on distribution and density of M. occidentalis in the Deschutes River.
A macroinvertebrate study conducted on the Lower Deschutes River conducted by
Portland General Electric (PGE) and the Confederated Tribes of the Warm Springs of
Oregon characterized the spatial distribution of macroinvertebrate communities from
river kilometers (rkms) 0-160, with most sites located between rkms 155-160 in 20132015. They observed that gravel-augmented sites used for salmonid redds supported M.
occidentalis (Nightengale et al., 2016). However, sampling sites were mostly restricted to
the river section immediately downstream of the Pelton-Round Butte Dam (PRB)
complex, and data on densities and prevalence of C. shasta infection in M. occidentalis
in other sections of the river were unavailable prior to this study.
Our aims were to 1) describe densities of M. occidentalis including densities of C. shastainfected M. occidentalis in the lower Deschutes River and 2) compare them to C. shasta
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densities in water samples. We examined correlations between C. shasta density and
annelid factors using data collected during three surveys including two completed in May
(2018 and 2020) and one completed in late August (2019). The aim of the May surveys
was to target Spring Chinook and Fall Chinook spawning habitat proximal to the PRB
complex, and the aim of the August survey was to target sections of river having low,
moderate, and high C. shasta risk for fish (approximated by densities of C. shasta in
water samples), during the period when adult fall Chinook Salmon begin migrating into
the river. We hypothesized that the spatial distribution of M. occidentalis was correlated
with spatial distribution of C. shasta and that M. occidentalis would be low at sites where
C. shasta densities were low, and high at sites were C. shasta densities were high, and
that POI would be similar (low) among sites, i.e., that differences in annelid host
densities would explain variation in densities of C. shasta and POI would be similar
among sites.

Methods
Study site: We conducted our study in the Deschutes River, Oregon. The Deschutes
River watershed encompasses ~10,400 square miles in Oregon and flows into the
Columbia River, OR. A series of dams built in the late 1950s-early 1960s divided the
river into upper and lower basins and act as a barrier to fish migration (Zimmerman and
Ratliff, 2003). Salmonid fish present in the lower basin include Spring and Fall Chinook
(O. tshawytscha), Steelhead Trout (O. mykiss), Coho Salmon (O. kitsuch), Sockeye
Salmon (O. nerka), and a non-anadromous form of Steelhead, Rainbow Trout.
Surveys were conducted in 2018-2020. In 2018 and 2020, surveys were conducted in
early May (05/02/2018 and 05/06/2020) to assess M. occidentalis densities and
prevalence of C. shasta infection (POI) and assess infection risk for juvenile and adult
Chinook. Juvenile Chinook begin out-migrating in May (Lindsay et al., 1989), and adult
Spring Chinook begin immigrating (PGE, 2020). Sample sites were selected to target
Spring Chinook and Fall Chinook spawning habitat and PGE gravel augmentation
reaches. Sites were located on the mainstem river between the Warm Springs river
(medium/low C. shasta site; Rkm 155) and Pelton Trap (low C. shasta site; Rkm 160;
Fig. 3.2). These surveys were part of an ongoing Oregon Department of Fisheries and
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Wildlife (ODFW) project in collaboration with OSU. The rationale for sampling gravel
augmentation sites within this reach was based on the results from a study conducted by
Nightingale et al. (2016), that suggested M. occidentalis densities were higher in gravel
augmentation reaches than elsewhere. Water samples to assess C. shasta densities were
collected at the same time (Stacy Strickland, ODFW, personal communication). In 2018
(but not 2020) benthic samples were also collected in the canyon part of the lower basin
(high C. shasta site; Rkm 75, Fig 3.2).

Figure 3.2: Sites for water and worm sampling along the lower part of the Deschutes River. (A) a
complete map of the lower basin with the sites represented by yellow circles (2018), blue circles (2019),
and red circles (2020. (B) a zoomed-in map with more precise locations of sites within the boxed area
from 2018, 2019, and 2020. Warm Springs Boat Ramp (WS) was sampled all years. Oak Springs (DOS)
was sampled in both 2018 and 2019. Paxton’s Riffle (PR), Jason Smith’s (JS), and Zane Jackson’s (ZJ)
were sampled in both 2018 and 2020.

The 2019 survey was conducted to assess infection risk for salmonids in the late summer,
e.g., returning adult Fall Chinook Salmon, which begin migrating into the river in
September. Sites were chosen based on the spatial distribution of C. shasta from 20152019 and not proximity to spawning sites. Planned collection sites were stratified along
the lower river to target low (n=3), moderate (n=3) and high (n=3) C. shasta sites, but we
were only able to sample at 6 sites due to accessibility issues (Table 3.1). Benthic (n=3)
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samples were collected on 08/29 and water samples (n=3 per annelid site) were collected
to assess C. shasta densities two days later.
Table 3.1: Planned locations of 2019 survey sites including river kilometer
(Rkm), C. shasta density target, and status of sampling.
Rkm
C. shasta density target
Sampled (Y/N)
0

Low

Yes

160

Low

No

154

Low

No

38

Moderate

Yes

155

Moderate

Yes

157

Moderate

Yes

60

High

Yes

75

High

Yes

200

High

No

At each site, samples were collected by a snorkeler using a modified Hess sampler
(schedule-40 joint section of PVC pipe 17.0 cm in diameter fitted with an 83 μm mesh
collection net), following the protocols of Alexander et al. (2014). To collect a sample,
the snorkeler dove down and scraped the top 10 cm of the substrate into the Hess
sampler. Samples were preserved in 95% ethanol (ETOH) and processed in the
laboratory.
Following the protocol by Alexander et al. (2014), large samples were evenly
distributed in a sorting tray (19.5 x 29.5 cm, Wildco, FL), and three subsamples (5.0 x 5.0
cm) were randomly selected, stained with 10% Rose Bengal (Fisher Scientific, PA), and
counted under a dissecting microscope at 20-50X magnification. Density was expressed
as number of M. occidentalis/m2 and calculated as the mean number of M. occidentalis in
(sub)sample/area of (sub)sample x area of the sorting tray/area of Hess.
DNA was extracted following the protocol developed by Jordan (2012) with
modifications. First, all worms were plated individually in 96-well plates filled with 95%
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ethanol. Plates were centrifuged and placed into the incubator at 56oC to evaporate
ethanol for 1-2 hours, then 47.5 µL of ATL and 2.5 µL of Proteinase K were added to
each plate and incubated for 1-2 hours. Finally, samples were incubated at 85oC for 15
minutes. Extracted samples were stored at -20°C until assessed by qPCR. To estimate
prevalence of C. shasta infection in annelids we tested 1,148 annelid hosts in 2018, 1,710
annelid hosts in 2019, and 441 annelid hosts in 2020 (Table 3.2).
We followed the TaqMan Universal PCR Master Mix protocol guidelines (Applied
Biosystems) to test for C. shasta. Samples were assayed using DNA pooling (10
worms/pool) in duplicate on an ABI MicroAmp AE optical 96-well reaction plate with
molecular grade water as negative control and C. shasta DNA standards as positive
control. Samples that fluoresced by the 30th quantification cycle (Cq) were considered
positive. A TaqMan exogenous internal positive control (IPC) was used to assess
inhibition in each sample. If a pool was positive, we tested worms from that pool
individually, following the same procedure as described above.
Prevalence of infection was calculated for each sample (number of infected worms/
number of worms tested). Density of infected annelids was calculated as prevalence of
infection*density of M. occidentalis.
To determine density of C. shasta in water samples we collected 4x1L water samples
by hand at each site either at the same time of benthic sample collection (2018 and 2020)
or the following day (2019). Water samples were processed following the protocol by
Hallett and Bartholomew (2006) and Hallett et al., (2012) using a QIAGEN DNeasy
Tissue Kit. Three out of the four filters were processed according to the following
procedure (fourth sample was archived, stored at -20°C). Filters were dried using a
dehydrating centrifuge. Once dehydrated, 1.5 ml of acetone was added, the tubes were
then vortexed until filters dissolved and centrifuged. The supernatant was then discarded.
The acetone treatment was repeated to ensure that the filter was dissolved completely.
After that, 750 µL of 95% ethanol was added to each sample, and samples were vortexed
and centrifuged. The supernatant was removed, and samples were dried in a dehydrating
centrifuge. DNA extraction and purification were completed using a QIAGEN DNeasy
Tissue Kit following Hallett and Bartholomew protocol (2006). Samples were stored at 20°C until assessed by qPCR.
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We followed the TaqMan Universal PCR Master Mix protocol guidelines (Applied
Biosystems) to quantify the number of spores in each of the 1-L samples. Samples were
assayed in triplicate on an ABI MicroAmp AE optical 96-well reaction plate and ran in a
through 50 cycles of standard thermal cycling conditions. Each plate had 3 wells with
only molecular-grade water as a negative control and 3 wells of known infected sample
as a positive control. We used reference samples (samples with known numbers of
parasites) to transform Cq values to number of spores/L using a standard curve. A
TaqMan exogenous internal positive control (IPC) was used to assess inhibition in each
sample.
Statistical analyses
Data from May surveys (2018 and 2020) were combined prior to analyses but we
examined August survey data separately. The rationale for combining data from the May
surveys was that 2018 and 2020 were similar in timing of sample collection and water
year type (low/moderate peak discharge, warm winter and spring water temperatures).
Relationships between annelid variables (density of M. occidentalis, POI, and density of
C. shasta-infected M. occidentalis) and C. shasta density were examined using Pearson
Product Moment (normally distributed variables) and Spearman’s Rank (non-normally
distributed variables) correlations in R (R core team, 2018).

Results
In 2018 and 2020, surveys were conducted in early May on small spatial scales
(encompassing 4 Rkms), whereas the 2019 survey was conducted in late August and
encompassed 159 Rkms (Fig 3.3, Table 3.3). Despite differences in timing and
longitudinal distribution of sampling effort, C. shasta densities in water samples were
relatively low (<20 spores L-1) at all from 2018-2020 (Table 3.3).
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Table 3.2: Sample sites and location (river kilometer, rkm) used to evaluate prevalence of
Ceratonova shasta infection in Manayunkia occidentalis and number of annelid hosts
tested for infection.

Year

Site

RKM

# of annelids tested

2018

DI

157.6

22

2018

JS

158

31

2018

ZJ

159.3

200

2018

PR

156.3

32

2018

HR

156.9

63

2018

WS

155

400

2018

DOS

75

400

2019

DCY

38

190

2019

DTS

60

570

2019

DOS

75

570

2019

WS-A

156.3

380

2020

WS

155

190

2020

PR

156.3

190

2020

ZJ

159.3

6

2020

PR-C

156.5

37

2020

JS

158

18
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Table 3.3. Ceratonova shasta densities, densities of M. occidentalis, and C. shasta-infected M.
occidentalis by survey and river kilometer (Rkm). Not assayed = samples with insufficient numbers
(n<100) for molecular assays. Underlined font indicated the highest densities of C. shasta in water
samples for each survey. Boldface type indicates highest densities of M. occidentalis and C. shastainfected M. occidentalis measured in each survey.

Date

Rkm

Site
code

Ceratonova
shasta
density
(spores/L)

Manayunkia
occidentalis
density
(worms/m2)

Prevalence
of infection
(proportion)

May
2018

75

DOS

5.7

29,290

0.010

Density of
C. shastainfected
worms
(number of
infected
worms/m2)
293

155
156.3
156.6
156.9
157.3
157.6
158
159.3
159.6
0.64

WS
PR
PR-C
HR
DI
DI-C
JS
ZJ
ZJ-C
DHP

8.6
5.5
5.5
5.5
3.5
3.5
1.6
0.4
0.4
2

9,754
3,234
108
5,022
1,509
862
3,341
323
3,841
29

0.030
0
0
0
0
0
0
0
0.044
Not assayed

297
0
0
0
0
0
0
0
85
Not assayed

38
60
75
155
156
155

DCY
DTS
DOS
WS
WS-A
WS

11
12
7
16
16
8

47,795
173,750
265,322
122
72,219
3,818

0
0
0.002
Not assayed
0
0.016

0
0
464
Not assayed
0
61

156.3
156.6
156.9
157.3
157.6
158
159.3
159.6

PR
PR-C
PR-ctrl
DI
DI-C
JS
ZJ
ZJ-C

8
5
9
1
1
8
1
2

9,750
543
647
647
29
264
59
88

0.014
0
Not assayed
Not assayed
Not assayed
0
0
Not assayed

137
0
Not assayed
Not assayed
Not assayed
0
0
Not assayed

Aug
2019

May
2020
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High densities of M. occidentalis (>100,000) were measured at Rkms 60 and 75.
Moderate densities of M. occidentalis (>10,000) were measured at Rkm 155. The lowest
M. occidentalis densities (>1,000) were measured at the mouth of the river, Rkm 0, and
upstream from Warm Springs (Rkm 156; Fig. 3.3). C. shasta-infected M. occidentalis
were detected at Rkms 75, 155, and 156 (Table 3.3; Fig. 3.3).
In 2018 the highest densities of M. occidentalis (29, 290 m-2) were measured at Oak
Springs (DOS; Rkm 75, C. shasta densities 5.7 spores L-1) but the highest densities of C.
shasta in water samples (8.6 spores L-1) were measured at Warm Springs (WS; Rkm 155;
Table 3.3) where M. occidentalis (9,754 m-2) were about half as abundant. Notably, the
densities of C. shasta-infected M. occidentalis were comparable at these sites (293 m-2 at
DOS and 297 m-2 at WS). This result is explained by differences in the prevalence of C.
shasta infection in M. occidentalis at these sites: POI=1.0% at DOS and 3.0% at WS. C.
shasta-infected M. occidentalis were also detected at the ZJ site (85 m-2, POI=4.4%) but
not at other sites in 2018.
In 2019 the highest densities of M. occidentalis (265,322 m-2) were measured at Oak
Springs (DOS; Rkm 75, C. shasta densities 7 spores L-1) but the highest densities of C.
shasta in water samples (16 spores L-1) were measured at Warm Springs (WS; Rkm 155;
Table 3.3) where M. occidentalis (72,219 m-2) were about one third as abundant. In 2019,
C. shasta-infected M. occidentalis were detected at only the DOS site (density 464 m-2,
POI=0.2%).
In 2020 the highest densities of M. occidentalis (9,750 m-2) were measured at Paxton’s
Riffle, PR; Rkm 156 Springs (PR; Rkm 75, C. shasta densities 8 spores L-1) but the
highest densities of C. shasta in water samples (9 spores L-1) were measured at the nearby
control reach of Paxton’s riffle (approximately 0.5 km away) where M. occidentalis (647
m-2) were far less abundant (Table 3.3). C. shasta-infected M. occidentalis were detected
at the two sites having the highest densities of M. occidentalis in 2020: PR (density of M.
occidentalis 9,750 m-2) and WS (density of M. occidentalis 3,818 m-2). Prevalence of
infection was similar at these sites in May 2020 and resulted in densities of 137
(POI=1.6%) and 61 (POI=1.4%) C. shasta-infected M. occidentalis m-2, respectively.
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Statistical analyses: In May surveys (2018 and 2020), density of C. shasta in water
samples was positively correlated with densities of M. occidentalis (r=0.42, p=0.07) and
the densities of C. shasta-infected M. occidentalis (r=0.53, p=0.06). In addition, the
density of M. occidentalis was positively correlated with the prevalence of C. shasta
infection in M. occidentalis (r=0.71, p=0.002). In August surveys, no significant
correlations between parasite and annelid, or between annelid variables were observed.
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May 2018

August 2019

May 2020

Figure 3.3: Results from spatial Manayunkia occidentalis sampling surveys from 2018-2020. The upper panels
present densities of Ceratonova shasta from water samples collected during each survey. The middle panels
present the density of M. occidentalis and the lower panels present the density of C. shasta-infected M.
occidentalis.
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Discussion
Through a series of spatial surveys (May 2018, August 2019, and May 2020), we
observed a positive relationship between C. shasta densities, M. occidentalis densities,
and prevalence of C. shasta infection in the annelid host in the Deschutes River. Hubbard
(2019) consistently measured the highest densities of C. shasta between Rkms 38-135
and the lowest densities of C. shasta proximal to Rkm 160 (Pelton Trap). During our
surveys, we observed the highest C. shasta densities between Rkms 155-157 and
moderate/high densities between Rkms 38-75. We observed the highest densities of M.
occidentalis between Rkms 75-82, and the highest densities of infected worms between
Rkms i) 60-75 downstream from DOS, where C. shasta densities were relatively high,
and ii) 155-157, near the WS river where C. shasta densities were relatively low.
Availability of suitable annelid habitat is one explanation for the high densities of M.
occidentalis downstream from DOS. This river section is characterized by wide,
sweeping bends, and large, stable substrate including bedrock. M. occidentalis densities
tend to be highest in these habitat types (Jordan 2012, Alexander et al., 2014, 2016).
Because we detected a positive correlation between M. occidentalis density and POI, we
expected that C. shasta-infected M. occidentalis would be present at sites supporting high
host densities, due to the higher likelihood that myxospores would encounter hosts here.
Our observations at DOS support our hypothesis and suggest host densities may influence
myxospore encounter/transmission in this river section. In contrast, our observations at
WS suggest different factors influence myxospore encounter/transmission. The high
densities of C. shasta-infected M. occidentalis at the WS site were driven by relatively
high POI (3% in 2018, 1.6 % in 2020). One explanation for this result (and that of others
in the gravel augmented sites with C. shasta positive annelids) is that multiple sites on the
Deschutes River mainstem above the confluence with the Warm Springs River were
gravel augmented sites. Infected worms were detected at ZJ, PR, and WS, which are all
sites near or at augmented gravel sites. Gravel augmented sites were created to improve
salmon spawning habitats, meaning that these sites are potentially a location of high
myxospore deposition.

76

There are multiple large rivers in the Pacific Northwest that are affected by C. shasta,
including Klamath River, CA. Jordan (2012) observed that M. occidentalis densities peak
during summer months (June to July), decrease in the fall and winter, and subsequently
increase in the spring. M. occidentalis likely undergoes an annual cycle in the Deschutes
River similar to that of the Klamath River, which explains why the samples collected in
August surveys generally had higher worm densities compared to May surveys.
Interestingly, we observed that highest densities at WS were lower in August 2019
compared to May 2018. One explanation for the differences in M. occidentalis densities
between years is the occurrence of a high discharge flow event in 2019, which may have
disturbed the gravels. Jordan (2012) also observed lower M. occidentalis densities during
years with high-flow events in the Klamath River. In 2020, the highest densities of M.
occidentalis and C. shasta in water samples were measured at Paxton’s Riffle, PR; Rkm
156. Although, the high M. occidentalis densities were measured at the gravel augmented
site of Paxton’s Riffle, PR, and the high C. shasta densities were measured at the nonaugmented, non-redd site of Paxton’s, the differences in C. shasta densities was only 1
spore per L between the sites, and had previously been a high annelid density site (May
2018). As stated above, gravel is not a preferred substrate for these organisms following
flow related disturbance (Jordan 2012) and may explain why we didn’t observe similar
densities of M. occidentalis in 2018 (9,754 m-2) and 2020 (3,818 m-2) at this site. Lower
densities in turn likely drove lower POI and may also explain the differences in POI
between 2018 (3%) and 2020 (1.6) at WS.
Our analyses demonstrated positive correlations between densities of M. occidentalis
and densities of C. shasta in the water in May (r=0.42, p=0.07) and between prevalence
of C. shasta infection in annelid host and densities of C. shasta in the water (r=0.53,
p=0.06). We also observed a positive correlation between densities of M. occidentalis and
C. shasta-infected worms in May (r=0.71, p=0.002). This is important because, as it was
mentioned earlier, high flow events decrease M. occidentalis densities. More surveys
should be conducted to confirm that sites with higher M. occidentalis have higher
prevalence of C. shasta infection or if this is restricted to gravel augmentation sites.
Another interesting observation was made about May 2018: while DOS had 30X higher
M. occidentalis densities than WS, the prevalence of infection was 1% at DOS and 3% at
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WS, suggesting that in some years certain sites favor the transmission more than others.
This may suggest that the environmental conditions at WS favor the transmission
between C. shasta and M. occidentalis. M. occidentalis are suspension feeders, and the
stable/low flow, created by a series of dams could create an environment that favors
transmission. For future studies, more analysis involving the relationship between flow
and prevalence of C. shasta infection in M. occidentalis should be conducted. Finally,
there were no significant correlations between C. shasta densities, M. occidentalis
densities, and prevalence of C. shasta infection in M. occidentalis in August 2019. One
explanation is that C. shasta densities in the Deschutes River were lower in the end of
August compared to May, so it is natural that prevalence of C. shasta infection was also
very low (0.1% at DOS), meaning that we would need more data to analyze the
relationships between our variables. Furthermore, 2019 was a low C. shasta year, which
also could also influence the results.
In future studies, a larger variety of sites should be chosen based on M. occidentalis
most common habitats. Instead of augmented sites, sites with historically low C. shasta
densities in water samples, should be chosen to test the hypothesis that low C. shasta
sites are also have low M. occidentalis densities and low prevalence of infection. Sites
near fish traps should also be included to incorporate numbers of passing fish in the
model predicting spatial distribution of C. shasta.
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CHAPTER 4: SUMMARY
CONCLUSIONS
•

The driving objective of this project was to examine distribution of C. shasta
genotypes in the Deschutes River basin. At least one of the genotypes is
associated with mortality in juvenile and pre-spawn adult Spring Chinook Salmon
in the Deschutes River. Previous studies showed that C. shasta exhibits spatial as
well as temporal differences in its distribution, but the relative contributions of
genotypes had not been examined.

•

There are three known primary genetic types (“genotypes”) of C. shasta identified
through number of ATC repeats in the ITS-1 region of ribosomal DNA (Atkinson,
et al., 2018). Each genotype can infect all salmonids, but cause disease in specific
hosts (Hallett et al., 2012, Hurst and Bartholomew, 2012, Stinson, 2012). I
explored temporal dynamics of C. shasta genotypes in Chapter 2 by genotyping
water samples from every available month from 2015-2019. I tested the
hypothesis that C. shasta genotypes exhibit differences in temporal distributions,
which would be driven by differences in degree day requirements and timing of
fish host spawning. I determined that genotype I onset occurred in early spring
with a peak in early summer, and it was the most abundant genotype. Genotype 0
was typically detected in mid-summer with a peak in July-August and was much
less abundant than genotype I. Genotype II was the rarest genotype, it was not
usually detected until August, and often didn’t have a distinguished peak.

•

I also hypothesized that biotic (run size of fish hosts) and abiotic (temperature
during development within annelid host and/or discharge) drive magnitudes of
peaks of C. shasta genotypes. I observed that temperature during the last 200
degree-days of development within the annelid host explained the most variation
in magnitudes of each genotype’s peaks. At the same time, peak discharge had an
effect on genotype’s I peak at Pelton Trap.

•

In chapter 3, I explored the relationship between spatial distribution of C. shasta
and spatial distribution of its invertebrate host, M. occidentalis and measured the
prevalence of infection in these hosts using data from a series of C. shasta and M.
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occidentalis spatial surveys conducted in 2018, 2019, and 2020. I determined that
there was a positive correlation between C. shasta densities, densities of M.
occidentalis (r=0.42, p=0.07), and prevalence of C. shasta infection in M.
occidentalis (r=0.53, p=0.06) in May. I also observed a positive correlation
between densities of M. occidentalis and prevalence of C. shasta infection in May
surveys (r=0.71, p=0.002). I didn’t observe any relationships between C. shasta
and M. occidentalis in August.

FUTURE STUDIES
Temporal Ceratonova shasta studies
While I was able to explore temporal dynamics of genotype I, I am less confident that
I have a complete picture of temporal distributions of genotypes 0 and II because they
were less abundant in the lower basin. To study dynamics of genotype II, I suggest
establishing a temporal site in the upper Deschutes, where it is the primary genotype.
Annelid studies
I recommend conducting additional, but better balanced to stratify sampling along rkms
and variable C. shasta risk locations, annelid surveys along with C. shasta surveys but
specifically target M. occidentalis habitats along the lower basin to determine whether
they are primary reason for C. shasta spatial distribution in the lower basin. In the
Klamath River, high flows in winter-spring were correlated with reduce populations of
annelids (Alexander et al., 2014, 2016). Furthermore, because the highest densities of C.
shasta are detected in early summer, surveys are advised to be conducted in June or July
so they correspond.
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