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Shortnose Sucker (Chasimistes brevirostris) and Lost River Sucker (Deltistes
luxatus) are endemic to the Upper Klamath Basin of Southern Oregon and Northern
California. Populations of these fishes have been dwindling since the 1960’s and both
species where listed to as endangered in 1988. Poor recruitment is thought to be a
major cause of their decline and there is evidence that there hasn’t been strong
recruitment since the early 1990’s. In this study, I examined the effects parasites and
lesions have on underyearling suckers from Upper Klamath Lake. Following an initial
study done by Dr. Michael Kent and Dr. Douglas Markle, Oregon State University, in
2013, I conducted histopathological and wet mount examinations on 390 suckers
caught during the summers of 2015 and 2016. I also examined an additional 1,355
juvenile suckers that came from 1991-2013 collection from Upper Klamath Lake for
the presence of three common parasites, Contracaecum sp. in the heart, and surface
infections by Lernaea sp. and black spot metacercariae. From the 1,745 suckers that I
examined, I concluded that the most prevalent parasite infections were the copepod

Lernaea sp. and skin and muscle metacercariae, both of which caused prominent
lesions characterized by replacement of the somatic muscle and severe, chronic
inflammation. The most severe lesions were caused by a Contracaecum sp. infection
of the heart, which was associated with massive dilation of the atrium an enlargement
of the heart overall. However, the prevalence of the infection was low in suckers, and
never exceeded 7 %. My study also included wet mount examination of three cyprinid
fishes from the lake including Tui Chubs (Gila bicolor), Blue Chubs (Gila coerulea)
and Fathead Minnows (Pimephales promelas), all of which are suitable hosts for
heart infections by Contracaecum sp. larvae. I extracted DNA from L3 larvae from
all three cyprinids plus the suckers, and sequenced the ITS-1 region of the rRNA gene
array, Sequences were essentially identical to each other and were most closely
related to Contracaecum multipapillatum. To elucidate the life cycle of this
Contracaecum sp, I necropsied an American white pelican and found adult worms in
the proventriculus that matched the IT-1 gene sequenced from L3 larvae found in the
fishes. I also attempted to elucidate the life cycle of the trematodes infecting the
suckers in the lake. I examined 21 species of cercariae from 8 different species of
snails. Ten of these cercariae species were known to infect fish, but none of the
sequenced cercariae were a match to the 28s rDNA sequenced from metacercariae
found from fishes in Klamath Lake. This demonstrates the specious nature of Digenae
in the lake.
Three myxozoans were observed in the histological samples of the suckers; a
Parvicapsula sp. in the renal tubules, a Myxobolus sp. in the intestinal mucosa, and an
unusual multicellular, presporogonic myxozoan in the intestinal lumen of one Lost

River Sucker. I also observed two undescribed species of myxozoans from Fathead
Minnow, a Myxobolus sp. encysted in gills and a Unicauda sp. in the major blood
vessels of the kidneys. None of the species of myxozoans from suckers or Fathead
Minnows was associated with any significant pathological changes.
I evaluated my data using several accepted methods used by parasitologists to
determine parasite associated mortality, including determining the frequency of lethal
infections, comparison of the observed frequency of two independent dual infections
with the predicted probability of their occurrence, and the comparison of the observed
frequency of parasites with a projected frequency based on lightly infected
individuals, also know as the Crofton analysis. I found no direct quantitative link of
the parasites to mortality using these methods. Two useful methods, observing a
decrease in the prevalence of long-lived parasites over time and observing a decrease
in the variance/mean ratio for the parasites with host age, require the ability to
examine hosts of a given population at later time points, which in my case would
require examination of yearling fish. These analyses could not be performed because
suckers of this age are rare in the lake. Nevertheless, given the degree of lesions and
prevalence of the Lernaea sp. and the black spot metacercariae, these should still be
considered as contributing causes of reduced survival past the underyearling stage.
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1 Introduction
The Lost River Sucker (Deltistes luxatus) and Shortnose Sucker (Chasmistes
brevirostris) (also referred to as LRS and SNS, respectively, throughout this
document) are endemic to The Upper Klamath Basin that spans Southern Oregon and
Northern California (NMFS & USFWS 2013). Once widely abundant, both fishes
were listed as endangered in 1988 (Andreasen 1975; U.S. Fish and Wildlife Service
1988). The largest populations of these fishes can be found in Upper Klamath Lake
(UKL) and these populations are continuing to decline due to lack of significant
recruitment since the early 1990s (Burdick et al. 2015). Most mortality in the UKL is
believed to occur within the first year of life (Simon et al. 2014). A number of factors
have been cited as contributing to the low numbers of fish in the lake including poor
underyearling survival, poor water quality, loss of habitat, overfishing, interactions
with exotic species, predation, and pathogens and disease (including parasites)
(Markle and Dunsmoor 2007; Crandall et al. 2008; Burdick 2013; NMFS & USFWS
2013; Evans et al. 2016). I am particularly interested in the role of pathogens as a
cause of this early life history mortality in these suckers.
Predation can have a major effect on larval and juvenile mortality in fishes
(Cowan et al. 1996), and has been suggested as a significant contributing cause to
poor survival of suckers in the lake. Recent reports (Burdick et al. 2009; Burdick
2013; Evans et al. 2016) documented pit tags from suckers in pelican nesting areas in
the lake. In addition to direct mortality, parasites often are linked to increased
mortality in fishes by increasing their vulnerability to predation. There are several
examples of parasites predisposing their fish host to predation, particularly with
trophically-transmitted parasites (see reviews by Lafferty 1999; Barber et al. 2000).
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One of the most noteworthy demonstrations of this phenomenon was a study by
Morris and Lafferty (1996). Using estuarine mesocosms, they showed direct evidence
of profound differential bird predation of parasite-infected killifish versus uninfected
controls.
A previous study by Markle et al. (2014) linked trematode “blackspot”
infection in age-0 Shortnose Suckers to an increase in estimated daily mortality, and
potentially contributed this increase to predation by piscivorous birds. Subsequently,
Kent et al. (2014), identified the “blackspot” trematode as infections of Bolbophorus
sp. The metacercarial stage of Bolbophorus species can cause severe lesions in fish
(Overstreet et al. 2002; Overstreet and Curran 2004). However, the most profound
pathological changes reported in the Kent et al. (2014) study were heart infections by
a nematode, Contracaecum sp. in 33% of the Shortnose Suckers. Both these parasites
are trophically transmitted from fish to their common definitive host, piscivorous
birds (Dick 1987; Overstreet et al. 2002).
Parasites can cause acute disease that rapidly kills their host, or chronic
disease where only the heaviest of infections results in mortality (Kent 2011). This
can make parasite associated mortality (PAM) difficult to quantify in wild fish
populations, largely because moribund fish may be quickly removed from a
population by predators, and dead fish are quickly scavenged (Lester 1984; Kent
2011). Nonetheless, a number of analytical methods have been used to assess PAM
(Anderson and Gordon, 1982; Lester 1984; Markle 2013). These methods have been
tested, both in theory (Dobson and May 1987; Rousset et al. 1996) as well as in the
field (Sindermann 1987; Bourque et al. 2006).
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The overall goal of my thesis is to determine the role of parasites in
underyearling sucker mortality in the lake. Specifically, my aims include: 1)
document parasites and pathological changes in underyearling suckers; 2) investigate
possible links of these with mortality using various analytical methods; 3) elucidate
the life cycles of selected parasites using molecular methods (sequence matching
between life stages); and 4) to determine the host specificity and possible reservoirs
for important parasites.

2 Background
2.1 Klamath Basin
The Klamath Basin, of northern California to southern Oregon, is a complex
system of marshes, rivers and lakes (NRC 2004). Beginning about 100 years ago, this
system was dramatically altered by humans to include a series of canals and dams.
Various wildlife refuges also have established in the region (NRC 2004). The
Klamath Basin is generally divided into two sections, the lower and upper basin. The
upper basin is the focus of this project, for it is the endemic habitat of two endangered
fishes, the Shortnose Sucker and the Lost River Sucker (NMFS & USFWS 2013).
The upper basin lies upstream of the Iron Gate Dam and covers 5.1 million acres of
land (NRC 2004). Due to its location east of the Cascade Mountain Range, it receives
very little rain due to a rain shadow effect, and most precipitation comes in the form
of snow melt (Eilers et al. 2004). The major body of water in the Upper Klamath
Basin is the UKL, and is one of two locations where both species of suckers are
located (Burdick et al. 2015). The largest population of these fishes is in UKL, and a
small population can also be found in Clear Lake (Burdick et al. 2015). Upper
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Klamath Lake spans about 232 km2 and is fed by the Williamson River and Sprague
River, and drains through a series of canals north of the Link River Dam (NRC 2004;
Banish et al. 2009). Upper Klamath Lake is very shallow, with an average depth of
2.8 m and a maximum depth of about 15 m (Banish et al. 2009). The lake is
considered hypereutrophic, and experiences reoccurring blooms of cyanobacteria
such as Aphanizomenon flos-aquae (also referred to as bluegreen algae), during the
summer (Banish et al. 2009). These blooms increase the pH and ammonia levels of
the lakes water, and at night and after the blooms crash, the decrease in oxygen levels
has been cited as the cause of fish kills in the past (Wood et al. 1996; ASR 2005). The
hypereutrophic nature of lake has been linked to both natural and human interactions
(Banish et al. 2009). Phosphorus enriched soils surrounding are suspected to have
made made the lake hypereutrophic before human intervention, but agricultural
runoff has more than likely increased the condition (ASR 2005; Banish et al. 2009).

2.2 The Klamath Project
Congress approved the Klamath Project in 1905, which allowed the U.S.
Bureau of Reclamation to construct a series of dams and canals for irrigation (NRS
2004). The Klamath Project resulted in the drainage of Tule Lake and Lower Klamath
Lake and converted of much of the surrounding wetlands for agricultural purposes
(Doremus and Tarlock 2003). Clear Lake Dam was built in 1910 on the Lost River to
back up water to Clear Lake for irrigation purposes (NRS 2004). The Lost River was
a traditional spawning habitat for the suckers, is now a regulated canal no longer
connected to the Klamath River (NRC 2004).
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2.3 Lost River and Shortnose Suckers
The Lost River Sucker (Deltistes luxatus) and Shortnose Sucker (Chasmistes
brevirostris) were once abundant throughout the Upper Klamath Basin, but were
classified as endangered in 1988 (U.S. Fish and Wildlife Service 1988). The Lost
River Sucker can have a life span exceeded 50 years of age, while the Shortnose
Sucker’s life span can surpass 30 years (Hewitt et al .2014). These fishes have fork
lengths ranging from 300 mm to 600 mm, with the Lost River Sucker being the
bigger of the two (Buettner & Scoppettone 1990). Both species are obligate lake
dwellers, but make spawning migrations up stream between March and May,
although there is a small subpopulation of Lost River Suckers that spawns along
springs on the eastern shore of the lake (Hewitt et al. 2012).
These fishes were a common food source for native tribes, were fished for
sport and even sustained a commercial cannery (Burdick et al. 2015). The major
factor leading to their demise is a lack of recruitment of juveniles to adult fish, and
there has not been major recruitment since the early 1990’s (Burdick et al. 2015).
Both species are considered highly fecund, with Lost River Suckers ranging from
44,000 to 236,000 eggs/fish/year and Shortnose Suckers ranging from 18,000 to
72,000 eggs/fish/year (NRC 2004). However, presently very few of these suckers
recruit out of the under yearling class, with very high mortality happening within the
first year of life (NRC 2004; Burdick et al. 2015). A number of factors have been
cited as contributing to the low numbers of fishes in the lake, including overfishing,
predation, poor water quality, loss of habitat, interaction with exotic species, along
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with disease, including parasites (Markle and Dunsmoor 2007; Crandall et al. 2008;
Burdick 2013; NMFS & USFWS 2013).

2.4 Review of diseases and pathogens of suckers from Upper
Klamath Lake
The major focus of my thesis is to document pathogens and pathological
changes in suckers from the lake, and to elucidate their roles in mortality in these
fishes. There are reports of diseases and pathogens in the suckers, but their role in
overall survival of these fishes is still unclear. Pathogenic Aeromonas species (A.
caviae, A. punctate and A. hydrophilia) have been isolated from the gills and skin of
Lost River Suckers from the lake (Foott et al. 2012). Burdick et al. (2009) also found
bacteria belonging to the genera Aeromonas, Pseudomonas, Vibrio and
Flavobacterium in UKL suckers and members of all these genera can cause disease in
fish. The copepod Lernaea sp. (anchor worm) and the “blackspot” causing trematode
Bolbophorus sp. cause externally visible infections and have been widely reported in
the suckers. The protozoan Ichthyophthirius multifiliis and associated gill lesions
have been documented in suckers from the lake, including those held in mesocosms
(Foott and Stone 2005; Foott et al. 2010; Markle et al. 2013; Kent et al. 2014;
Burdick et al. 2015). Gill infections by Trichodina sp. have been noted but were not
associated with significant pathological changes (Foott and Stone 2005; Foott et al.
2010; Foott et al. 2013; Kent et al. 2014; Burdick et al. 2015). Other gill infections by
protozoans include the pathogenic flagellate Ichthyobodo necator and the ciliate
parasite Epistylis sp. (Foott and Stone 2005; Burdick et al. 2015; Hereford et al.
2016), and the former was associated with epithelial hyperplasia and morbidity
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(Hereford et al. 2016). Heart infections by trematode metacercaria (Ichthyocotylurus
sp.) and a larval nematode (Contracaecum sp.) were reported by Kent et al. (2014).
Myxozoan parasites are very common in wild fishes, and some may cause
significant diseases. Myxobolus sp. was observed in the intestinal lamina propria, and
Myxobolus sp. and Parvicapsula sp. both infect the kidneys of UKL suckers (Foott et
al. 2010, Foott et al 2012, Kent et al 2014, Burdick et al 2015).
Diseases not directly linked to pathogens have also been reported or suggested
to afflict the suckers in the lake. Microcystin toxins have been implicated as a cause
of liver disease in the suckers. Microcystin is produced by various cyanobacteria,
such as Aphanizomenon flos-aquae and Microcystis aeruginosa, and blooms of these
microorganisms have been documented in the lake. It has been suggested that some
putative liver changes were consistent with exposure to microcystin (see USGS Fact
Sheet 2009–311: Algal Toxins in UKL, Oregon: Linking Water Quality to Juvenile
Sucker Health). Burdick et al. (2016) described idiopathic skin lesions, and showed
that they were not related to capture trauma. They also found a low prevalence of
operculum deformities, and suggested that these may be a cause of mortality as the
prevalence decreases in older (surviving) suckers.
Fathead Minnows (Pimephales promelas), were introduced to the lake and
now is the most abundant fish in the system (Simon and Markle 1997). In addition to
lab studies suggesting that this minnow can prey on juvenile suckers (Dunsmoor
1993), they could also be a source of disease themselves. There are several examples
where exotic fish have introduced and subsequently transmitted serious diseases to
native fish population. For example, Fathead Minnow imported from United States
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introduced Yersinia ruckeri (the cause of Enteric Redmouth) to France (Peeler et al.
2011). Except for suckers, there are few reports on parasites and other pathogens in in
fishes from the lake (Kent et al. 2014).

2.5 Parasite associated mortality (PAM)
Several parasites are common and abundant in both sucker species (Foot et al.
2010; Foot et al. 2013; Kent et al. 2014; Markle et al. 2014; Burdick et al. 2015; and
Burdick et al. 2016), and these may contribute to fish mortality. Parasites may be
dismissed as a major source of mortality in wild fish population because they
coevolved with their host over a very long time, and a decrease in host fitness would
have disastrous effects on the parasites themselves (Anderson and May 1982).
However, there are numerous reports that document or imply that parasites, both
natural and introduced, have caused high mortality in wild fish populations (Paperna
et al. 1984; Taraschewski 2006; Jacobson et al. 2008; Ferguson et al. 2011; and
Rowley 2013). Many parasites require multiple hosts to complete their life cycles and
successfully reproduce. A definitive host is the host in which the parasite reaches
sexually maturity and mates, whereas an intermediate host is the host where early
parasitic development occurs, but the parasite does not reach sexually maturity
(Schmidt and Roberts 2009). Predation is a major cause of fish mortality, particularly
with juveniles (Sogard 1997), and it is currently believed that PAM in wild
populations is largely due to increase predation (Lafferty and Morris 1996; Barber et
al. 2000). From an evolutionary standpoint, it is advantageous for a parasite that is
trophically transmitted from its intermediate host to definitive host to lower the
fitness of the former, resulting in increased predation by the definitive hosts, and
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hence increasing the likelihood that the parasite will complete its life cycle. There
have been many documented cases showing that parasitic infections affect behavior
of the intermediate host such that they are more susceptible to predation (Lafferty and
Morris 1996; Barber et al. 2000).
The precise role that a parasite has with mortality in wild populations is difficult
to assess, particularly with wild fishes (Lester 1984). On an individual level,
assessment of parasite damage is relatively straight forward, but determining how this
damage extends to a population level is more challenging (Lester 1984). Lester
(1984) reviewed six methods of determining parasite PAM in wild fishes. Most of the
tests that he outlined require a large sample size, which can prove to be difficult with
fishes that are categorized as endangered, like the suckers of Klamath Lake. The
methods are as follows:
1. Necropsy. Necropsies on individuals can provide information as to what
pathogens are present. For example, Hereford et al. (2016) linked Ichthyobodo
necator to gill damage and mortality in suckers held in mesocosms in the UKL.
However, the approach of necropsies has several limitations in fishes. Tissues of fish
in water tend to autolyze quicker than the organs of mammals, and these post mortem
changes can mask ante-mortem damage (George et al. 2016). There is also the
dilemma of the limited amount of dead fish found in the wild, for they are quickly
scavenged. This makes it difficult to correlate necropsy observations from dead fish
to overall mortality in a population (Lester 1984). Hence, this method is usually
combined with one or more of the following methods.
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2. Determining the frequency of lethal infections. Applying a combination of in
vivo laboratory studies with prevalence observations from the field can be used to
determine PAM. First laboratory transmission studies expose hosts of varying life
stages to a range of pathogen dosages to determine the lethal dose. This method is
especially useful with acute and highly pathogenic infections. If it can be determined
that all doses of a given pathogen are 100% lethal, then it can be concluded that a
wild fish with this infection will die. A major challenge with this method is that it is
rare for parasitic infection to be directly lethal following initial infection by a small
dose. It can also be problematic to assume laboratory observations accurately depict
what happens out in the field.
Ceratonova shasta causes acute mortality reaching 100% in certain strains and
species of Oncorhynchus when they are naturally exposed and held in the laboratory
(Ray et al. 2012). Hence, a version of this method has been applied by the
Bartholomew Laboratory at Oregon State University to determine mortality in
Chinook Salmon (Oncorhynchus tshawytscha) exposed to this pathogen in the
Klamath River. Prevalence of infection in natural populations of Chinook Salmon
juveniles from this river was documented by Stocking et al. (2006), and often reaches
100%. Uninfected salmon were exposed in live cages and then transported back to the
laboratory for observation (Ray et al. 2012). At a certain threshold, almost 100%
mortality was observed, and these data have been used in a model to predict mortality
in the wild populations (Ray et al. 2010).
3. Observing a decrease in the prevalence of long-lived parasites over time.
Many parasites persist in their host and can be lifelong infections (Ferguson et al.
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2010). Such infections are particularly valuable for studying parasite associated
mortality because a decline in prevalence between two points in time would be a
result of parasite induced mortality and not because the infection was cleared by the
host’s immune system. The decrease in the prevalence or intensity of infection over
time within the same population is due to infected individuals, particularly those with
heavy infections, dropping out of the population, leaving only lighter infected animals
(Figure 2.1). Along with the requirement that parasite must persist in the host, this
method also requires that you observe the same population over time.

Figure 2.1. Decrease in prevalence over time of a persistent pathogen within the same populations
suggests parasite-associated mortality (at the arrow)
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4. Observation of decrease in the variance/mean ratio for the parasites with host
age.
This method is similar to observing a decrease in the prevalence of long-lived
parasites over time, but the dispersion (variance/mean) is investigated. Generally, the
intensity of parasitic infection increases over time for long-lived parasites, and the
variance/mean ratio concurrently increases as well (Lester 1984). When a decrease in
this ratio is noted it could be the result of heavily infected animals leaving the
population (i.e., dying or being eaten). Again, two requirements for this method are
the parasite must persist in the host and the same population must be examined over
time. Jacobson et al. (2008) used this analysis to show that metacercariae infections
by Nanophyetus salmonicola were associated in early marine mortality in Coho
Salmon (Oncorhynchus kisutch).
5. Comparing observed frequency of a combination of two independent events
with calculated probability of their occurrence.
A single parasite species can infect multiple organs in the same host, or as
seen in UKL suckers, an individual host can be infected by multiple parasites. Using
multiplicative law of probabilities, the probability of multiple organs being infected
can be calculated by multiplying the probability of each organ being infected
regardless of the state of the other organ. Evidence of a significant interaction leading
to increased mortality is determined when the probability of infection of two or more
organs (or parasites) is greater than the observed frequency. This method was applied
to assess mortality when both eyes of the Arrowtooth Flounder Atheresthes stomis
were infected by the copepod Phrixocephalus cincinnatus in Lester’s (1984) review.
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6. Comparison of the observed frequency of the parasite with a projected
frequency based on data from lightly infected fish.
Metazoan parasites usually display aggregated or clumped distributions,
resulting in a pattern where most hosts in a population are either uninfected or lightly
infected, whereas very few individuals will be heavily infected. This type of
aggregated pattern is best approximated statistically with a negative binomial
distribution (Shaw and Dobson 1995). Crofton (1971) proposed a method for
estimating PAM based on observation of truncation of the negative binomial
distribution of parasites. Observed distributions of parasites in wild populations
usually show fewer heavily infected individuals than would be predicted base on the
graphical curves generated from lightly infected individuals (Figure 2.2). In other
words, an estimated negative binomial distribution is generated based on the data of
the lightly infected individuals, and a threshold for PAM is then predicted where a chi
square test shows significant deviation from the observed distribution of infections.
This method is particularly useful for migratory species, such as salmon, because it
only requires one sample point. Whereas the method was first applied to Hynes and
Nicholas (1963) data with the acanthocephalan parasite Polymorphus minutus
infecting the crustacean Gammarus pulex by Crofton (1971), it has been extended to
other metazoan parasites of fishes (Adjei et al. 1986; Ferguson et al. 2011).
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Figure 2.2. Negative binomial distribution of parasitic infection. The diamonds represent the
predicted distribution based on lightly infected individuals. Lines represent actual distribution.

Other studies have used additional methods for determining PAM. Laboratory
studies are often useful to compliment field observations. Ferguson et al. (2012) held
wild-caught Coho Salmon Oncorhynchus kisutch with pre-existing trematode
infections and showed correlations between parasite burden and reduced growth and
smoltification. In a comparable study, Adlard and Lester (1994) trapped wild Barrier
Reef Chromis Chromis nitida and maintained them in mesocosm cages to monitor the
effects of infection by the isopod Anilocra pomacentri, and they observed a decrease
in growth and reproduction and an increase in mortality in infected fish compared to
uninfected fish. Recently, Wilber et al. (2016) described a novel method to assess
PAM. Using simulations and data from previous studies; they proposed that their new
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likelihood method is more reliable for predicting PAM. Current methods rely on
macroscopic/microscopic models investigating only the total numbers of host and
parasites in a population. Their approach also allows to include information about the
disease at an individual host level over time.
With interest to my study of UKL fishes, Markle et al. (2013) compared the
slopes of the descending limbs of the catch curves of uninfected Shortnose Suckers to
those harboring external “black spot” trematodes, as well as age/length data. While no
significant difference of growth between the two groups was seen, Shortnose Suckers
with blackspot infections had a steeper descending limb catch curve slope, implying
PAM (Figure 2.3).

Figure 2.3. A model of a catch curve analysis implying parasite associated mortality (PAM). The
solid, bell shaped curve represents a typical curve. The ascending limb on the left represents fish too
young (i.e., too small) to be adequately susceptible to sampling equipment, whereas the descending
limb on the right represents fish that are susceptible to capture. The dash line represents uninfected fish
and the dotted line represent infected fish. The steeper slope of the infected group implies PAM, as
there are fewer fish at a given age than uninfected fish.
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For my study, I utilized methods 1,2,5, and 6 as outlined by Lester (1984). I
was unable to use methods 3 and 4 since both methods require multiple sample points
from the same cohort. I only had access to juvenile fish since Age-1 and older suckers
are rare in the lake.

3 Methods
3.1 Sucker collections. In 2015, 94 frozen suckers were provided by Dr. Torrey
Tyler, Klamath Basin Area Office, U.S., Bureau of Reclamation (USBR). These fish
were caught at the USBR Fish Evaluation Station in traps or nets at the A canal
outlet, these are referred to as canal fish. USGS personnel, Klamath Falls, Oregon
provided 90 suckers from their 2015 collection from the lake proper. Fifty-six of
these fish were placed on ice and then frozen at the lab. An additional 91 fish were
caught by United States Geological Survey (USGS) staff using passive sample gear
placed in the lake for 24 hours before collection, and were immediately placed on ice
and brought back to the lab. A total of 34 of these fishes were preserved in 10%
neutral buffered formalin for histology and the remainder were frozen and later
transported to Oregon State University (OSU).
In 2016, 205 suckers were received from the USBR Fish Evaluation Station.
These fish were divided into two categories, those they appeared healthy and those
that were moribund/dead. Moribund fish were characterized by lethargy and red skin
lesions. Of these 205 fish, 75 (35 healthy) were preserved in Davidson’s solution
(Glacial acetic acid, 95% ethyl alcohol, 10% neutral buffered formalin, distilled
water) and the remaining 130 (60 healthy), were placed on ice and frozen.
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3.2 Cyprinid fish collections. USGS collaborators also provided monthly
samples from May-September 2015 of other fish species in UKL, specifically Fathead
Minnow (Pimephales promelas) (n = 182), Tui Chub (Gila bicolor) (n= 90) and Blue
Chub (Gila coerulea) (n = 12). A total of 30 of the Fathead Minnows were preserved
in Dietrich’s solution (Glacial acetic acid, 95% ethyl alcohol, 10% neutral buffered
formalin, distilled water) for histology. In 2016 an additional 60 frozen Tui Chub
where provided by Dr. Scott Foott, U.S. Fisheries and Wildlife Services (USFWS).
These fish were collected in on August 3rd by BOR trap nets placed near Moorepark
marina.

3.3 Necropsy methods
3.3.1 Wet mounts. Frozen fish were examined and dissected under a
stereomicroscope. Wet mount preparations of the muscle, gills, brain, heart, eye,
digestive system and kidneys were examined using both the stereo and a compound
microscope, and photomicrographs were obtained using a SPOT digital camera
system on the latter.

3.3.2 Histology. Whole fish were decalcified with Cal-Ex II Fixative/Decalifiier
(Fisher Chemicals, Fair Lawn, NJ) for 24 hours, cut into cassettes and submitted to
the OSU Veterinary Diagnostic Laboratory (OVDL) for slide preparation. Sections
were stained with haematoxylin and eosin or Giemsa stains.

3.4 Parasite identification
3.4.1 Trematodes. Trematodes (Digenea) have a complex life cycle that
commonly includes two intermediate hosts. The first intermediate host is always a
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mollusk and the second may be an invertebrate or a vertebrate, such as fish. In the
latter case, free swimming cercariae are shed from the mollusk host and encyst in fish
where they transform into metacercariae. Infected fish are then consumed by fish
eating mammals or birds where they become adult worms. Several species of aquatic
snails from the lake and adjacent waters were collected during the summer months
and transported to the laboratory at Oregon State University and then placed in plastic
24 well plates, with one snail/well, with about 1 ml water. The plates were examined
after 24 hours for the presence of shed cercariae. Representative cercariae were
photograph and preserved in ethanol for molecular identifications by Dr. Vasyl
Tkach, University of North Dakota, using trematode specific primers targeting the
28S rDNA gene digl2 (5'-AAGCATATCACTAAGCGG-3') and reverse primer
1500R (5'-GCTATCCTGAGGGAAACTTCG-3') (Greiman et al. 2015). Snail hosts
were also preserved in ethanol and identified by a local expert Ron Larson, PhD,
Klamath Falls, OR.
Metacercariae were collected from brain, muscle, eye and heart of the
cyprinids and suckers. They were photographed and then preserved in 90% ethanol.
As with the cercariae, samples were sent to Dr. Tkach for molecular analysis.
Taxonomic identifications were obtained by comparing available sequences in
GenBank and Dr. Tkach’s library. Sequences of cercariae and metacercariae were
compared to each other in attempt to link life cycle stages.

3.4.2 Contracaecum (heart nematode) Along with examining fish caught
during the summer of 2015 and 2016, fish were also examined from a historical
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collection of suckers spanning 1991-2013 from the Klamath Basin provided by Dr.
Douglas Markle, Professor Emeritus, Department of Fisheries and Wildlife, Oregon
State University. This collection includes lake wide samples from 2011-2013 along
with shoreline samples from 1991-2013, which were preserved in 95% ethanol. I
examined fish from this collection that were collected after 2005. Adult
Contracaecum nematodes were collected from an American white Pelican (Pelecanus
erythrorhynchos) collected from Odell Creek near the East Davis campground (on the
Deschutes River system near Davis Lake, about 90 miles north of UKL) on Sept 23,
2013. Dr. Daniel Roby and Dr. Donald Lyons (U.S. Geological Survey, Oregon
Cooperative Fish & Wildlife Research Unit, Oregon State University) provided the
specimen. With the assistance of Dr. Anindo Choudhury (St. Norbert College) and
Dr. Justin Sanders (OSU) the rDNA ITS-1 genes of these worms were sequenced for
taxonomic identifications and elucidating the host range of this parasite.

3.4.3 Myxozoans. While examining Fathead Minnows, two novel species of
myxozoans were documented, a Myxobolus sp. residing in the gills and a Unicauda
sp. residing in the major blood vessel of the kidneys. DNA extraction and
amplification was performed with the assistance of Dr. Justin Sanders, Oregon State
University. Sequencing was conducted at the Center for Gene Research and
Biocomputing (CGRB), Oregon State University and analysis of sequences was done
using BLASTN.

3.5 Data analysis
3.5.1 Statistical analysis. Prior to statistical analyses, the body condition factor
of 94 frozen fish was calculated at 105(weight in grams)/(length in mm): Statistical
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analysis was evaluated on Contracaecum prevalence between host species, collection
date and location, host condition factors, and infection by blackspot or Lernaea sp.
with a T-test or Fishers Exact Test (Snedecor and Cochran 1967). Differences were
considered statistically significant at α =0.05.

3.5.2 Parasite associated mortality (PAM). Lester (1984) reviewed and
summarized methods for assessing PAM in wild fishes. These methods are 1)
necropsies, including histopathology; 2) determining the frequency of lethal
infections; 3) observing a decrease in the prevalence of long-lived parasites over time;
4) observing a decrease in variance/mean ratio for the parasites with host age; 5)
comparison of the observed frequency of a combination of two independent events
with the calculated probability of their occurrence, and 6) comparison of the observed
frequency of the pathogen with a projected frequency based on data from the lightly
infected fish, also known as Crofton analysis. My study employed methods 1,2,5 and
6. For method 5, an R function that was developed by Dr. Jim Peterson (U.S.
Geological Survey-Oregon Cooperative Fish & Wildlife Research, Oregon State
University) was used to calculate the projected frequencies and perform a Pearson’s
Chi-squared test with Yates’ continuity correction. For method 6, Crofton analysis
was used (Crofton, 1971). Crofton’s model has been widely accepted (Scott and
Smith 1994). Briefly, his truncation technique estimates an overall expected host
distribution from the low frequency classes, where lethal effects are less significant.
The truncated curve will fit the negative binomial distribution better than the
observed curve because the observed data will be missing hosts from the high parasite
load class owing to parasite-induced or parasite-promoted mortality (e.g higher
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vulnerability to predation), and the difference in fitness is considered to be the
parasite-induced host mortality (Royce and Rossignol, 1990). The analysis of
Crofton’s truncation of the negative binomial distribution was performed using the
optim function with R statistical software (R Core Team, 2017) developed by
coauthor Peterson.

4 Results
4.1 Suckers: Prevalence and Abundance of Parasites
In 2015 and 2016, 91 suckers were provided by USGS from the UKL proper
and 305 suckers by BOR from collections late in the summer from the canal. I
examined 1,608 fish by wet mounts and 140 by histology. USGS provided
identifications for the suckers that they collected using DNA analysis. Including
suckers preserved in ethanol from the Dr. Markle’s collection, I examined a total of
1,742 suckers collected in 2006-2016 (Tables 4.1 & 4.2). The most common parasites
were Contracaecum sp., blackspot, and Lernaea sp.
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Figure 4.1. Contracaecum infections. (A) Contracaecum larva in a heart (left) from an infected sucker.
Heart on right is normal. (B) Pelican proventriculus replete with adult and 4th stage larvae
Contracaecum sp.

4.1.1 Contracaecum sp.
The most profound infection was Contracaecum sp., because it severely
altered the normal morphology of the heart (Figure. 4.1). The combined prevalence in
both sucker species ranged from 0.58% to 6.6%, depending on the year of collection
within the 2006-2016 data (Table 4.1).
Statistical comparisons of Contracaecum sp. prevalence among groups
showed some differences (Table 4.2). The Shortnose Suckers had about five times the
prevalence of infection than Lost River Suckers, although many of these suckers in
the data set were not identified to species level. The prevalence of infection was about
four times greater in 2013 and 2015 than the other years was not influenced by a
difference Shortnose Suckers compared to Lost River Suckers in 2013/2015
collection.

4.1.2 Blackspot
Blackspot metacercariae were common throughout the collections in all years,
and often exceed 50%. In 2015, the 185 suckers collected from the lake proper and
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the canal showed a prevalence of infection rate with blackspot of 13.5% (Table 4.1)
based on external examination, ranging from 1-4 cysts. In 2016, the 205 fish from the
canal had a prevalence of 12.7%, ranging from 0 -6 cysts. Healthy fish had a mean
blackspot infection rate of 0.189 and the moribund fish had mean blackspot count of
0.164, but this difference is not statistically significant (Bootstrap t-test, p = 0.787).

4.1.3 Lernaea sp.
Lernaea sp. was observed on both sucker species in most of the yearly
samples starting with 2006. Prevalence increased in 2012, with a range in prevalence
of 0-8.3% in 2006-2011 compared to 20-81% for the latter years. In 2015, a total of
185 suckers from the lake proper (collected by USGS) and the canal (collected by
BOR), and showed a prevalence of infection of 65.4% copepods (Table 4.1), ranging
from 0 - 17 copepods per fish. For 2016, a total of 205 canal fish were available, and
76.6% were infected with Lernaea sp. (range 0-12 parasites/fish). The large sample of
moribund/dead and apparently healthy suckers collected from the canal in 2016
allowed for comparison of Lernaea sp. burdens between the two groups. The
moribund/dead fish had a slightly higher abundance (1.8 vs.1.5 parasites/fish) but this
was not statistically significant (Bootstrap t-test, p=0.246). The anchor worms in this
study here were consistent with as Lernaea cyprinacea, as the ventral horns of the
holdfast were bifurcated (Fig. 4.7c)
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Table 4.1. Heart nematode (Contracaecum), blackspot, and Lernaea sp. of suckers from Upper
Klamath Lake. Mean strength index is a population index developed by Simon et al. (2014).
SNS=Shortnose Sucker, LRS=Lost River Sucker, UNKN=unidentified sucker species. NA = not
available. Histology data included in total counts for 2013, 2015 and 2016, but abundance based only
on whole fish examinations. Julian date represents mean Julian date fish where caught. Columns 3-5
represents the total number of infected fish, with prevalence and abundance in parentheses.
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Table 4.2. Comparisons of Contracaecum prevalence between host species, collection date and
location, host condition factors, and infection by other blackspot or Lernaea sp. Canal suckers from
2106 allowed for comparison of parasite burdens between moribund or dead fish to healthy fish. SL =
Standard Length. T = T-test, F = Fisher’s Exact Test.
Comparison

Group 1 (n)

Group 2 (n)

Contracaecum 2015 Canal vs
Lake

Canal infections
6.4% (94)

Mean Julian day infected vs.
uninfected

Mean infected Julian
218 (34)

Mean SL infected vs
uninfected

Mean SL infected
46.9 mm (34)

Lake infections
6.6% (91)
Mean
uninfected 219
(1,711)
Mean SL
uninfected 50.3
mm (1,1711)
Uninfected 1.36
(87)
Other years
1.3% (1,500)
Other years
SNS 57.0%
(1200)
SNS with
infections 2.7%
(566)
Healthy Fish
with
Contracaecum 0
(95)
Healthy Fish
with Lernaea
75.8% (95)
Healthy Fish
with Blackspot
10.5% (95)

Mean condition factor 2015
infected vs. uninfected
2013/2015 infections vs.
other years
Prevalence of SNS in
collection 2013/2015 vs.
other years

Infected 1.40 (7)
2013/2015 6.1%
(245)
2013/2015 SNS
58.7% (121)

LRS vs. SNS Contracaecum

LRS with infections
0.5% (755)

Canal Moribund vs Healthy:
Contracaecum

Moribund Fish with
Contracaecum 0.9%
(110)

Canal Moribund vs Healthy:
Lernea sp.
Canal: Moribund vs Healthy:
Blackspot

Moribund Fish with
Lernaea 77.3%
(110)
Moribund Fish with
Blackspot 14.5%
(110)

Testtype

P-value

F

1.00

T

0.804

T

0.1838

T

0.256

F

<0.000
1

F

0.773

F

0.0018

F

0.8691

F

1.00

F

0.4095

Table 4.3. Lester’s method 5: Observed and predicted values for dual infections. X2 and P values were
calculated in R using a Pearson’s Chi-squared test with Yates’ continuity correction.
Dual Infection
Observed
Predicted
X2
P-Value
Contracaecum +
0.92%
0.72%
12.02
0.0005
blackspot
Contracaecum +
0.40%
0.43%
1.52e-30
1
Lernaea
Lernaea +
4.01%
5.02%
2.30
0.129
blackspot
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4.2 Statistical Analysis
4.2.1 Dual Infections
Many fish had concurrent infections with various combinations of the three
parasites (table 4.2 and 4.3). Blackspot metacercariae showed a statistically
significant positive relation with Contracaecum infection. Twice as many of the
Contracaecum-infected suckers had blackspot compared to those without the heart
nematode. Lester’s method 5 (comparison of the observed frequency of a
combination of two independent events with the calculated probability of their
occurrence) showed a decrease of observed frequencies of Contracaecum/Lernaea
and blackspot/Lernaea dual infections compared to the predicted (Table 4.3),
although these results were not statistically significant (Pearson’s Chi-squared test,
p=1.00 and 0.129, respectively).

4.2.2 Crofton Analysis
The 2015 and 2016 blackspot (Figure 4.2) and Lernaea (Figure 4.3) data were
analyzed using the Crofton analysis, in which the abundance of infection that is
associated with possible mortality is predicted by comparing the negative binomial
curves between the actual data and a curve generated from lightly infected individuals
(= truncate curve). No difference was observed between the two curves for blackspot.
For Lernaea in both years, an unusual pattern was seen, in which the curve predicted
by the truncated data set predicted fewer heavy infections than the curve generated
from the entire data set.
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Figure 4.2 Crofton analysis (Lester’s method 6) for blackspot. Comparing observed versus predicted
parasite distributions for blackspot metacercariae from 2015 and 2016. Red lines = negative binomial
curve generated by full data set. Green line = curve based on data using light infections. Bars =
observed values.
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Figure 4.3 Crofton analysis (Lester’s method 6) for Lernaea. Comparing observed versus predicted
parasite distributions for Lernaea from 2015 and 2016. Red lines = negative binomial curve generated
by full data set. Green line = curve based on data using light infections. Bars = observed values.
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4.3 Taxonomy and host range of Contracaecum sp.
Sequences of the ITS-1 region of the rRNA gene array (rDNA) from heart
nematodes from suckers, along with those from Tui Chub, Blue Chub, Fathead
Minnow, and white pelican (adult worms) were essentially identical amongst the
specimens, and were most closely related to Contracaecum multipapillatum (Figure
4.4). One of the ITS sequences differed by 1 base pair. At a second site, there was an
undetermined base pair identification.
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Figure 4.4. Phylogeny of Contracaecum specimens from Shortnose Sucker (n=7 worms), Blue Chub
(n=1 worms), Fathead Minnow (n=3 worms) and Tui Chub (n=1 worms) from Upper Klamath Lake
and American white pelican (n =3) from Odell Creek based on rDNA ITS-1. Sequences from all host
fishes and the pelican worms were essentially identical, and form a clade most related to C.
multipapillatum.

4.4 Histopathology of suckers.
For histopathology, 34 suckers were collected from the main UKL in JulySeptember 2015 by USGS and 35 healthy and 40 moribund or dead suckers were
collected from the canal by BOR in August and September 2016 (Table 4.4; Figures
4.5-12). As observed by macroscopic examinations, the most significant lesions were
massive dilation of the atrium associated with the heart nematode (Figure 4.5), severe
focal myositis associated with the attachment of Lernaea sp. (Figure 4.7) or encysted
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metacercariae in the muscle (Figure 4.6), and severe, diffuse gill epithelial
hyperplasia (Figure 4.8), with the latter be particularly prominent in the canal fish
collected in 2016. Hyperplasia (mild to prominent) is illustrated and defined in Figure
4.8. Trichodinid ciliates and flagellates consistent with Ichthyobodo sp. were
observed in some of the gills (Figure 4.9). These were unlikely to be the primary
cause of gill hyperplasia as both protozoans were absent in the gills of many of the
fish with this gill lesion. A large sample size of fish designated as moribund/dead or
healthy collected from the canal allowed for comparisons of severity of gill
hyperplasia with gill parasite infections. Gill lesions were observed in both healthy
and moribund fish, and more healthy fish had lesions that scored as prominent.
Three myxozoans were observed (Figure 4.10, Table 4.4) in the suckers. A
Parvicapsula sp. in the renal tubules was observed in both sucker species, a
Myxobolus species in the intestinal mucosa were detected in a few of the 2016 canal
fish, and an unusual multicellular presporogonic myxozoan was observed in the
intestinal lumen of one Lost River Sucker. None of these parasites were associated
with significant histological changes.
A histocytic sarcoma was observed in one Lost River Sucker collected in 2015
(Figure 4.11). All the livers of the suckers examined by histology in both species
appeared normal. Mild cuffing (inflammation) around bile ductules was detected in
one 2016 canal sucker (Figure 4.12), but no livers exhibited changes consistent with
significant hepatotoxicity that we have seen in salmon exposed to microcystin.
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Table 4.4. Prevalence of common lesions of parasites evaluated by histology in Lost River and
Shortnose suckers collected in 2013, 2015 and 2016. 2013 data are from Kent et al. (2014).
Metacercariae = black spot in muscle and skin Nematode = Contracaecum in heart, Parvicap =
Parvicapsula sp. in renal tubules, Myxobolus = Myxobolus sp. in intestine. Gill epithelial hyperplasia
is scored by 0 = no lesion, 1 = mild, 2 = prominent, severe. See Figure 4.8 for description of
hyperplasia categories.
Gill
Hyperplasia
Metacercaria Lernaea Score (# of Nematode Parvicap. Myxobolus
Fish)
0
1
2
2013
Shortnose
(n=9)
2013
Lost River
(n=12)
2013
Unknown
(n=10)
2015
Shortnose
(n=12)
2015
Lost River
(n=17)
2015
Unknown
(n=5)
2016 canalHealthy
(n=35)
2016 canalMoribund
(n=40)

100%

0

3

6

0

33.3%

44.4%

0

25%

0

2

10

0

0

66.7%

0

80%

0

6

3

1

0

0

0

8.3%

8.3%

12

0

0

8.3%

0

0

11.8%

82.4%

15

2

0

0

0

0

0

40%

4

1

0

0

0

0

14.3%

96.9%

15

11

9

0

2.9%

2.9%

31.6%

89.7%

14

22

4

2.6%

0

5.1%

Figure 4.5
Contracaecum
infected sucker
collected from
canal 2016.
Heart, enlarged
atrium (A). C =
cross sections
of
Contracaecum
sp. V=ventricle.
Bar = 0.5 mm.
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Figure 4.6. Blackspot metacercarial cysts (X) (likely Bolophorus sp) in Shortnose Sucker. Note that
during histology processing most worms within cysts (M) are lost. Bar = 1 mm.

Figure 4.7. (A), (B) Lernaea sp. in sucker from canal 2016 with severe chronic inflammation
associated with holdfast (arrow). n=neck. S = spinal cord. (C) Wet mount showing ventral horn of
holdfast with bifurcations.
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Figure 4.8. Gills of sucker (from canal 2016) with various degrees of epithelial hyperplasia. (A)
Category 0: Normal, no hyperplasia.(B) Category 1: Mild with hyperplasia, largely confine to the base
of secondary lamellae; (C) Category 1, Mild, with hyperplasia (arrow) confined to distal aspects. (D)
Category 2: Severe with complete occlusion of intralamellar spaces. Bar = 100 µm

Figure 4.9. Gill
parasites of suckers
(A) Trichodinid
ciliates (arrows)
associated with
epithelium in gill
chamber and (B) High
magnification of
Figure () showing
Ichthyobodo sp.
flagellates (arrows)
lining epithelial
surface of gill. Bar =
10 µm.
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Figure 4.10 Myxozoans in suckers. (A, B). Myxobolus sp. in lamina propria of intestine of a sucker,
species unknown. Arrow = spore with two polar capsules. H&E. A, Bar = 50 um. B, Bar = 10 um. (C,
D) Parvicapsula sp.in kidney, found in Lost River Sucker and Shortnose Sucker (D) numerous
presporogonic forms filling lumen of renal tubules. H&E. Bar = 20 um. (D) High magnification, with
Giemsa stain shows two myxospores with small polar capsultes, characteristic of the genus. Bar = 10
um. (E) Intestine of a Lost River Sucker with presporogonic forms in lumen (arrows). H&E. Bar = 50
um.
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Figure 4.11. (A) A round cell tumor suggestive of a histiocytic sarcoma (demarked by arrows) from a
Lost River Sucker collected 2015. Massive infiltration of monomorphic cells consistent with
histiocytes proliferating in the coelom around swim bladder an extending to kidney (K). One region of
the tumor was comprised of more spindle shape cells (S). (B, C) represent higher magnifications of the
neoplasm, (B) with round cells and (C) with more spindle shaped cells Haematoxylin and eosin stain.

Figure 4.12. Sucker liver with mild inflammation (cuffing) around bile ductules (arrows) in otherwise
normal liver. Hematoxylin and eosin.
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4.5 Cyprinids. In 2015 and 2016, I examined numerous cyprinid fishes using the
techniques described above, and results are summarized in Table 4.5.

Table 4.5 Prevalence of metacercariae and Contracaecum heart nematode in cyprinid fishes from
Upper Klamath Lake collected 2015, with an additional Tui Chub sample for 2016. NE = not
evaluated.
External
Muscle
Brain
Heart
Heart
Fish
N
metacercariae
metacercariae
metacercariae
Contracaecum
metacercariae
species
Fathead
152
21.7%
44.7%
32.9%
9.2%
2.0%
Minnow
Blue
12
NE
NE
NE
25.0%
8.3%
Chub
Tui
Chub
90
NE
NE
NE
32.0%
10.0%
2015
Tui
Chub
65
40%
NE
NE
29.0%
NE
2016

4.5.1 Fathead Minnows. A total of 30 and 152 fish were examined by histology
or wet mounts respectively, and showed a high prevalence and variety of parasite
infections. About 9% of these fish were infected by the Contracaecum sp. in the heart
(Table 4.5). Two previously undescribed myxozoan species (Figure 4.13) were
observed. A Myxobolus sp. was found encysted in the gills of 17% of the fish. Based
on both morphology and rDNA sequence, this Myxobolus sp is most closely related to
M. pseudokoi, a gill myxozoan that infects other cyprinid fishes. Another myxozoan
was found residing in the major blood vessels of the kidney in 2% of Fathead
Minnows examined. The spores of this parasite were consistent with members of the
genus Unicauda, and rDNA sequences showed that it is was different from Unicauda
species that have been sequenced to date. Numerous species of metacercariae were
observed in the Fathead Minnows (Table 4.6, Figure 4.14): Bolbophorus damnificus,
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Posthodiplostomum sp., Austrodiplostomum sp., Hypoderaeum conoideum and
Apatemon sp.

Figure 4.13 Two novel myxozoans from Fathead Minnow. (A) Unicauda sp. pseudocysts in
endothelium of major renal blood vessel. Bar = 100 µm. (B) Spores of Unicauda with distinct tails
(arrows). Bar = 25 µm. C. Multiple pseudocysts of Myxobolus sp. in gills (arrows). Bar = 100 µm. (D)
Wet mount of pyriform Myxobolus spores from cysts. Bar = 25 µm.

4.5.2 Tui Chub This fish exhibited a very high prevalence of infections by the
heart nematode (Table 4.5). With the 2015 sample, half of the fish under 70 mm
standard length (SL) were infected, and no infections occurred in the 15 fish greater
than 90 mm SL. According to age data provided to us by Dr. Markle, the fish < 70
mm are than likely underyearlings and thus fish larger than 90 mm SL represent age-1
Tui Chub. One metacarcaria, Hypoderaeum conoideum, was identified in the heart.
We examined an additional 60 Tui Chub collected in 2016 that were provided by Dr.
Scott Foott, USFWS, and 18 (30%) of these fish were infected with the heart
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nematode. Here the infection occurred in all sizes of fish, including fish that were
likely >1 year old.

4.5.3 Blue Chub This fish also showed have a high prevalence of infection the
heart nematode (25%) Table 4.5.

4.6 Trematodes
4.6.1 Metacercariae from fishes
Three metacercariae from suckers were identified, and results along with those from
the cyprinids are presented in Table 4.5 and 4.6.

Figure 4.14. Representative metacercariae from fishes collected in 2015. (A). Bolbophorus
damnificus from Fathead Minnow muscle. (B). Posthodoplostomum sp. from Fathead Minnow brain.
(C). Austrodiplosomum sp. from Fathead Minnow eye. Hypoderaeum conoideum from Fathead
Minnow heart. Bar = 0.5 mm.
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Table 4.6 Metacercariae from suckers and cyprinids, identified using rDNA sequence.
Trematode Species

Host

Tissue Location

Date

Icththyocotylurus sp.

Shortnose Sucker

Heart

2013

Bolbophorus damnificus

Fathead Minnow, Suckers

External, muscle

2015

Posthodiplostomum sp

Fathead Minnow

Brain, Viscera

2015

Austrodiplostomum sp.

Fathead Minnow
Fathead Minnow, Tui Chub,
Sucker
Fathead Minnow

Eye

2015

Hypoderaeum conoideum
Apatemon sp.

Heart
Brain

2015
2015

4.6.2 Cercariae from snails. A summary of the trematode infections in snails,
combined with 2013 data, is presented in Table 4.7. Twenty-one different species of
trematode cercariae, with 10 corresponding to those that have been found in fishes.
However, we did not match any metacercariae with our cercariae that we have
collected and sequenced.
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Table 4.7. Cercariae and snail hosts from Upper Klamath Lake. Bold indicates taxa using fish hosts.
( ) = percent match with existing sequences from GenBank or Dr. Tkach’s sequence library.

Trematode species

Snail Host
2013

Allassogonoporus amphoraeformis (99%)
Apharyngostrigea pipientis (99%)
Clonorchis sinesis (97%)
Diplostomum phoxini (99%)
Drepanocephalus spathans (100%)
Echinochasmus sp. (99%)
Echinoparyphium rubrum (99%)
Echinoparyphium rubrum (97%)
Echinostomatidae (99%)
Echinostomatidae (99%)
Ichthyocotylurus erraticus (96%)
Ichthyocotylurus erraticus (96%)
Lechiorchis tygarti (99%)
Petasiger islandicus (100%)
Plagiorchis vespertilionis (98%)
Posthodiplostomum sp. (96%)

Fluminicola sp.; Helisoma newberryi
Fluminicola sp.; Helisoma newberryi
Fluminicola sp.
Lymnaea caperata
Helisoma trivolvis
Lymnaea caperata
Helisoma trivolvis, Physa gyrina
Lymnaea caperata
Fluminicola sp
Lymnaea caperata; Physa gyrina
Helisoma trivolvis
Physa gyrina
Lymnaea caperata
Helisoma newberryi
Lymnaea caperata
Physa gyrina

2015
Alloglossidium corti (99%)
Apharyngostrigea pipientis (98%)
Australapatemon niewiadomski (99%)
Australapatemon niewiadomski (99%)
Nematostrigea serpens (99%)
Notocotyloidea sp. (98%)
Notocotylus sp. (99%)
Plagiocirrus loboides (96%)
Plagiorchis elegans (98%)
Plagiorchis sp. (98%)
Plagiorchis vespertilionis (99%)
Posthodiplostomum sp. (95%)

Planorbella subcrenata
Vorticifex effusa
Vorticifex effusa
Physa gyrina
Planorbella subcrenatun
Valvata humeralis
Physella gyrina
Planorbella subcrenata
Vorticifex effusa
Lymnaea stagnicola
Lymnaea stagnicola
Planorbella subcrenata
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Figure 4.15. Cercariae types known or suspected to infect fish from snails collected from Upper
Klamath Lake. Snail hosts are listed in Table 5. Cercaria type based on morphology, and genus or
species based on molecular taxonomy based on 28S rDNA. A. Virgulate type. Allassogonoporus
amphoraeformis B. parapleurolophocercous cercaria. Similar to Clonorchis sinesis. C. Strigeid.
Diplostomum phoxini. D. Echinostome type. Drepanocephalus spathans . E. Magnacauda.
Echinochasmus sp. F. Echinostome. Echinoparyphium rubrum. G Echinostome. Echinoparyphium
rubrum. H. Echinostome. Member of the family Echinostomatidae. I. Magnacauda. Petasiger
islandicus J. Strigeid. Ichthyocotylurus erraticus. K. Strigeid. Ichthyocotylurus erraticus. L
Magnacauda. Petasiger islandicus. M. Strigeid. Posthodiplostomum sp. N. Xiphidiocercaria.
Alloglossidium corti. O. Plagiocirrus loboides.
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5 Discussion
The most prominent infections based on pathological changes were caused by
three metazoan parasites; a Contracaecum sp. infecting the heart, metacercariae in the
skin and muscle, and Lernaea cyprinacae, with infections of the skin extending
through the muscle. The latter two were prevalent in the suckers, whereas the
Contracaecum sp. was probably the most pathogenic due to severe alterations to the
heart.

5.1 Contracaecum sp. One of the most noteworthy pathological changes observed
in the suckers was in the heart with a Contracaecum species, which is taxonomically
most similar to C. multipapillatum. The prevalence of the infection was relatively low
based on my 10-year survey, but was higher in the 2013 and 2015. Whereas the low
prevalence of the infection indicates that its impact on the overall underyearling
populations may not be great, I conclude that the infected fish do not survive long.
Indeed, even if the worm does not outright kill the fish, it most likely impedes
swimming performance and thus would make them more susceptible to predation by
pelicans and double-crested cormorants in the lake. Consistent with this, molecular
studies showed that the worm was most closely related to C. multipapillatum, a
common Contracaecum species of pelicans. The definitive hosts for C.
multipapillatum are pelicans, double-crested cormorants, as well as other fish eating
birds (Deardorff and Overstreet, 1980). Corroborating this life cycle, the one
American white pelican that I examined had massive infections by the adult stage of a
Contracaecum sp. and the rDNA sequence of these were worms were identical to
those of larval worms collected from the fishes from the lake. My samples,
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particularly those collected later in the summer, may be an underestimate of the
prevalence of the infection in suckers as most fish with this lethal infection probably
would not have survived throughout the summer. Evans et al. (2016) predicted at
least 5-8 % annual mortality in underyearling suckers in UKL based on retrieval of
tags from nesting colonies of double-crested cormorants and American while
pelicans, similar to the prevalence of the heart nematode in suckers in 2013 and 2015.
Whereas pelicans are not confined to the lake, they are abundant there at certain times
of the year.
Dick (1987) noted Contracaecum spp. infecting the heart atrium of a large
number of Fathead Minnows in High Rock Lake, Manitoba. The Fathead Minnow, an
introduced species (Markle & Dunsmoor, 2007), is the most abundant fish in the
UKL. This exotic species, as well as Tui Chub and Blue Chub, had high prevalence of
the infection, and thus if all of the suckers were absent in the lake the parasite would
still thrive, as all required hosts would remain in high numbers. Anisakine nematodes,
such as Contracaecum sp., generally require arthropods as first intermediate hosts. To
date, all publications on the life cycle of Contracaecum multipapillatum only cite
infections in fish occurring through the ingestion of a copepod intermediate host
(Huizinga 1967), but other species of Contracaecum, most notably, Contracaecum
rudolphii have been shown to infect fish directly without the need of a copepod host
(Bartlett 1996, Dziekonska-Rynko and Rokicki, 2007). Hence, regardless if the
Contracaecum sp. in my study requires a copepod first intermediate host, all the hosts
needed to maintain the life cycle of the parasite are abundant in the lake.
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The pattern of Contracaecum infections in the 2015 Tui Chub samples
supports my hypothesis that the infections are lethal. We can assume that this
infection is not eliminated from the heart. Therefore, the observation of 50% infection
in Age-0 2015 fish, while absent in older fish indicates PAM according to Lester's
Method 3 "Decrease in prevalence of infection over time (or age)" (Lester 1984.).
However, this conclusion is based on the assumption that the same population of fish
is evaluated at the various time points. Unfortunately, no suckers older that Age-0
were available to conduct these analysis comparing survival past Age-0. The Markle
collection, however, contains underyearling suckers collected throughout the summer,
but I found no correlation of date with the infection over this short time period. The
nematode infection was more common in Shortnose Suckers compared to Lost River
Suckers, 2.5% vs 0.5%, and the occurrence of blackspot was the only other parameter
correlated with the heartworm. This correlation is unlikely related to life cycles of the
parasites as the trematode uses a snail as the first intermediate host, and infections are
initiated by penetration of the skin, rather than ingestion of a free swimming
nematode larva or infected copepod.
Although the nematode from UKL is most closely related to C.
multipapillatum, we cannot assign it to this species at this time. The type host and
location for C. multipapillatum is the anhinga (Anhinga anhinga), also called a water
turkey, from Florida (Lucker 1941), but was also described from the wood stork
(Mycteria americana) and the great blue herron (Ardea herodias) in the original
description. Adult worms were subsequently observed in other fish eating birds,
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including double crested cormorants (Phalacrocorax auritus) and pelicans (Deardorff
and Overstreet 1980).
The ITS rDNA sequences of "C. multipapillatum" in GenBank are from
Australia (adult worms from a pelican and larvae from fishes; Jabbar et al. 2013). The
genetic (sequence) divergence among the Oregon samples (L3s from fish and adults
from the pelican) is 0% - 0.2% but between the Oregon samples and the Australian
sequences is 14.6% - 15.1%. This is a notable divergence that indicates that either
what was sequenced from Australia is a species other than C. multipapillatum, or that
the worms from UKL are an undescribed species that is related to C. multipapillatum.
As is often the case with other taxonomic issues in parasitology, it would be very
useful to obtain sequences from worms collected from the type host in the type
geographic locations (i.e., anhingas from Florida). Our colleague Anindo Choudhury
of St. Norbert College recently received adult Contracaecum multipapillatum from a
Florida water turkey (Anhinga anhinga) and will be assisting me in further molecular
and taxonomic analysis of Contracaecum in order to resolve the taxonomic status of
the worm from UKL.

5.2 Blackspot. Trematode metacercariae are also candidates for PAM in the
suckers from the Lake. Markle et al. (2014) have implicated blackspot as a cause of
mortality in Shortnose Suckers and other studies have associated blackspot with PAM
(Lemly and Esch 1985). Blackspot metacercariae cause distinct lesions in the skin
and muscle. The parasite might be directly associated with predation mortality by
making infected fish more visible to birds due to the presence of black spots in the
skin. In my study, the Crofton analysis did not provide an implication of PAM at a
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particular level of abundance for this parasite. However, the presence of these
externally visible parasites may be an indicator of higher parasites burdens of internal
parasites as shown here with Contracaecum in my study and in other studies. For
example, in surveys of Coho Salmon (Oncorhynchus kisutch) parasites, populations
with more blackspot tended to have more internal metacercariae of another trematode,
Apophallus microsoma (Ferguson et al. 2011). Based on our molecular taxonomy,
these blackspots from suckers in UKL are identified as Bolbophorus damnificus,
parasitic as adults in American white pelicans (Overstreet et al. 2002); yet another
example of pelicans serving as the definitive host for important parasites of suckers
from the lake. Although sequence was obtained from 21 cercariae from 8 snail
species from the lake, I was still not able to match them to any metacercariae from
fishes that I collected. However, adult worms that matched Bolbophorus damnificus
were observed in the gastrointestinal contents of the white pelican that I examined
(Dr. V. Tkach, University of North Dakota, pers. comm.).

5.3 Myxozoans. Over 2,000 species of myxozoans have been described from
fishes, and some are recognized as severe pathogens. For example, Ceratonova shasta
and Myxobolus cerebralis are important causes of disease in salmonids in the Pacific
Northwest. Most wild fishes harbor myxozoan infections, most of which are nonpathogenic or only cause mild pathological changes. Therefore, it was not surprising
that I encountered novel myxozoans in both the suckers and cyprinids. Regarding
suckers from UKL, Wyatt (1979) described two species, Facieplaycauda pratti and
Myxobolus kozloffi from the kidney of Lost River Sucker. Foott et al. (2010) observed
a Myxobolus sp. in the lamina propria of the intestine of 22% of suckers caught in a
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screw trap downstream of Link River dam similar to the parasite from my specimens,
and also noted a renal myxozoan that likely is the Parvicapsula sp. observed here. We
also found an unusual myxozoan in the intestinal lumen of one Lost River Sucker.
Only presporogonic stages were observed, and hence it was not possible to determine
its taxonomic identity. However, the presence of relatively large, individual
organisms containing secondary and tertiary daughter cells was most similar to
Tetracapsuloides bryosalmonae (=Tetracaspsula renicola) (Kent et al. 2000). This
myxozoan is associated with profound inflammation of the kidney in salmonids, but
the organism observed in the present study was not associated with inflammatory
changes. I conclude, therefore, that it is likely that the myxozoans were not important
pathogens given the minimal tissue damage and low prevalence.
The parasites of Fathead Minnows in their native range have been studied
extensively, and several myxozoans have been described from this fish (Mitchell et
al. 1983, Lom et al. 1992, Cone 2002) The two myxozoans, a Unicada sp. and
Myxobolus sp., represent undescribed species based on both sequence and spore
morphology. Myxozoans are generally host specific, at least at the family level. As
Fathead Minnows are exotic to the lake, one would suspect that a different cyprinid
fish in the lake is the natural hosts for these parasites. However, our limited
examinations of Tui Chub and Blue Chub did not reveal infections by either
myxozoans. Moreover, neither parasite was observed in suckers and hence, we
conclude that they likely do not pose a risk to these fishes.

5.4 Lernaea Three species of Lernaea; L. catostomi (syn. L. torua), L. cruciata, and
L. cyprinacea have been reported from suckers, but the copepod infecting suckers in
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UKL has not previously been identified to the species level. The copepod from UKL
is not consistent with L. cruciata as the former has branched horns in its holdfast.
Lernaea catosotomi has three horns (all of them, bifid), instead of the four as in L.
cyprinacea. I therefore conclude that the Lernaea sp. in this study is Lernaea
cyprinacae. This species has been spread around the world, and shows extremely
broad host specificity. Regarding suckers, it has been reported to infect at least 11
members of the family Catostomaidae (Hoffman 1999). Recent surveys by the USGS
have documented Lernaea sp. in both the UKL and Clear Lake Reservoir, and it was
common in suckers from our study. This parasite is a candidate for a cause of PAM,
and anchor worm is a well-recognized lethal infection in aquaculture and has been
reported to cause significant disease in wild fishes (Berry et al.1991; Noga 1986). The
infection was particularly prominent in suckers collected later in the summer at the
canal, and histological analysis showed very severe inflammation extending deep into
the muscle beyond the attachment site (holdfast) of the parasite. The lesions extend to
the surface, are associated with erythema of the skin, and may be a portal to
secondary bacterial infections (Noga 1986). Many of the suckers collected from the
canal in 2016 exhibited generalized erythema, and possible hemorrhages, similar to
previous reports (e.g., Burdick et al. 2016). Erythema or petechial hemorrhages could
be caused by either these secondary bacterial infections or grazing larval stages of the
copepod. Interestingly, Burdick et al. (2016) reported a high prevalence of Lernaea
sp. on suckers from nearby Clear Lake, but only one fish showed petechial
hemorrhages. Perhaps Lernaea sp. is contracted later in the summer and is more
prevalent at this canal region of UKL. Anchor worms are directly transmitted without
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intermediate hosts, and the life cycle in warmer temperatures is completed in only a
few weeks. Males die soon after mating and the attached females (i.e., the stage most
often recognized) live about one month. This would suggest that these infections in
canal suckers may not be long standing, and the possibility that these infections are
associated with mortality, particularly with heavy infections, should be considered.
The 2015 collections allowed us to compare lake versus canal, particularly because
the mean Julian dates for collections were not different for these two locations. Here,
the canal fish had twice the prevalence and abundance of the infection compared to
lake fish. One possibility to be considered is that the canal fish (outflow of the lake)
are predisposed to this location because they are debilitated by the parasite.
Nevertheless, I saw no significant difference in abundance and prevalence of
infections between healthy and moribund/dead suckers within the 2016 canal
collection. The Crofton analysis also did not provide a prediction of PAM for a
particular level of infection. As Lernaea infections are relatively short lived compared
to the other parasites in study, the various methods reviewed by Lester (1984) for
parasite associated mortality may not apply well for this parasite.

5.5 Dual Infections Based on the Fisher’s T test for dual infections (Table 4.2),
the only analysis that yielded a statistically significant result showed that fish infected
with Contracaecum were likely to be also infected with blackspot, and both were
more likely to infect Shortnose Suckers. This is interesting when considering they
both use different intermediate hosts. Contracaecum uses a copepod host before
infecting fishes, whereas trematodes (blackspot) use aquatic snails. This
predisposition could be the result of both parasites occurring temporally in the same
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place, or be due to genetics differences in the host that makes the individual more
susceptible to parasitic infections. I also evaluated the data with a slightly different
approach, Lester’s method 5, comparing observed vs. predicted rates of two
independent infections. Here observation of a decrease in observed values compared
to those predicted suggests that the dual infections caused a synergistic increase in
mortality. I observed a decrease in observed values compared to the predicted for the
other two situations: Lernaea/Contracaecum, and Lernaea/blackspot. However, these
decreases were not statically significant. In contrast, consistent with simple
correlation statistics, a higher rate of dual infections by Contracaecum and blackspot
infections was observed than would be predicted.

5.6 Histology Histopathological observations have the potential to greatly enhance
conventional fish parasite and disease surveys (Ferguson at al, 2011; Kent et al.,
2013) as this provides a diagnostic survey without an a priori list of pathogens and
also provides information on associated damage to the host. Others have documented
certain histological changes in suckers from UKL (Foott et al. 2013; Burdick et al.
2015; Jacobs et al. 2015). My histological evaluations of the suckers and cyprinids
revealed noteworthy observations beyond pathogens. First, a hypothesis has been put
forward that microcystin, the hepatotoxin produced by cyanobacteria blooms in the
lake, is causing significant disease in suckers. Several studies have been conducted on
the toxicopathic effects of microcystin toxins on fish livers (Malécot Manch et al.
2016, Chen et al. 2017). For example, netpen liver disease of salmonids in seawater
netpens is associated with microcystin and causes profound histological damage to
the liver (Kent et al. 1988; Andersen et al. 1993). In contrast to the dramatic changes
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seen in salmon (necrosis, inflammation, loss of liver architecture, and hepatic
megalocytosis), the livers of all the suckers that that I have examined in all three
years (2013, 2015, 2016) were essentially normal. Moreover, hepatic megalocytosis
persists for close to a year in fish that have recovered from the acute microcystin
damage (Kent 1990; Kent et al. 1996), but none of the suckers exhibited these chronic
lesions. Although examination of the actual histological slides would be most
informative, the liver changes in suckers from the lake presented in recent reports
(Foott et al. 2013; Burdick et al. 2015; Jacobs et al. 2015) appear to be more
consistent with mild, reversible hepatocellular changes often seen in clinically normal
fish. In other words, the changes seen in the liver of suckers are much milder than the
changes seen in salmon and other species suffering from clinical microcystin toxicity.
Moreover, the putative liver changes reported in the Fact Sheet (Figure B) appear
more consistent with post-mortem artifacts (see USGS Fact Sheet 2009–311: Algal
Toxins in UKL, Oregon: Linking Water Quality to Juvenile Sucker Health). In this
context, it is important to point out that the liver, as a site for detoxification, has a
substantial ability to tolerate toxic insults and to regenerate.
Extensive epithelial hyperplasia of the gills in suckers examined in this study
has also been documented previously in UKL surveys (Burdick et al. 2011: Jacobs et
al. 2015), and extends to suckers from Clear Lake. This change is often associated
with poor water quality, algal blooms or gill pathogens. Jacobs et al. (2015) observed
severe gill hyperplasia in suckers held in the lake associated with ‘Ich’ (the ciliate
Ichthyophthirius multifiliis). I also observed severe epithelial hyperplasia, particularly
in moribund suckers from the canal collected in 2016. As reported by Burdick et al.
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(2015), trichodinid ciliates were often observed on gills or on the epithelial lining of
the opercular cavity. Its role as a primary cause or secondary opportunist is unclear,
and in both my study and those of others (Foott et al. 2013; Burdick et al. 2015) the
protozoan was often not observed on gills of many of the fish with profound lesions.
The small parasitic flagellate Ichthyobodo necator is more often considered a primary
pathogen of fish, but as with the trichodinid Ichthyobodo sp. was absent on many of
the gills with severe hyperplastic changes. Icthyobodo necator represents an
assemblage of multiple related sibling species (Todal et al. 2004), and hence the
organism in my study may represent a species other than I. necator. A certain
percentage of external parasites may be lost during fixation and processing of tissues
for histopathology, but it is likely that some of them would still be present if they
were present in high numbers. In the absence of an obvious corollary pathogen, we
conclude that the gill lesions may be related to an agent in the water. We also
observed an interesting neoplastic disease in one sucker, a prominent histocytic
sarcoma. With only one affected fish, this tumor is likely not a significant cause of
disease at a population level at this time. Nevertheless, it expands our database on
diseases of suckers in the lake.

6 Conclusion
The overall goal of my thesis was to determine the role of pathogens,
particularly parasites, and other causes of disease in underyearling sucker mortality in
the lake. My four specific aims were 1) to document pathogens and pathological
changes underyearling suckers; 2) to investigate possible links of these infections
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with mortality using various analytical methods; 3) to elucidate the life cycles of
common and important parasites using molecular methods (sequence matching
between life stages); and 4) to determine the host specificity and possible reservoirs
for important parasites. Overall, I accomplished all four aims. I was not able to
thoroughly address Aim 2, largely because my suckers available for analyses were
limited to underyearlings. Regarding Aim 3 (life cycles), I was able to confirm at
least one bird host for Contracaecum sp. and showed that several fishes in the lake
can serve as second interemediate hosts. However, I was not able to confirm the snail
hosts for any of the trematodes infected either suckers or cyprinind fishes.
Based on the results of this study, Lernaea cyprinacea may be the most
important parasite infecting the suckers of Upper Klamath Lake based on its
prevalence and damage to the host. Histology showed that infections by these
copepods were associated with severe chronic inflammation around the sites of the
holdfast lesions. This could result in secondary, bacterial infections that could further
compromise the health of the fish. While the copepod was more prevalent, the most
severe parasitic infection in the lake would be by Contracaecum sp. Based on the
pathology of this disease, it is no doubt fatal and would alter swimming behavior,
leading to mortality either directly or through increased predation. It would be useful
to conduct in vivo lab studies on either experimentally or naturally Contracaecum
infected suckers to document mortality and to determine how it affects swim
performance and other fitness endpoints.
Further work is also needed to better understand the life cycles for both the
Contracaecum sp. seen in the lake as well as the various trematodes observed
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infecting fish. Further molecular and morphological analysis of adult Contracaecum
worms from the type host, a Florida water turkey would provide the data to determine
if the infections seen in Upper Klamath Lake are indeed Contracaecum
mulipapillatum or an undescribed species. Our colleague, Dr. Anindo Chodhury, has
initiated this work. Additional screening of mollusks from the basin is required in
order to unravel the life cycles of the trematodes seen in fishes from the lake.
Whereas I collected cercariae from 21 different species of snails from UKL, there are
still many locations in lake and other snail species that probably harbor other
trematode species.
The suckers examined in my study were all juvenile, age-0 fish. Examination
of older fish would allow for application of two powerful and direct assessments of
PAM, Lester’s methods 3 and 4. While the statistical analysis preformed in this study
did not show any significant impact on mortality in infected suckers, UKL is a
complex system with many factors working against the success of sucker populations
such as predation, interactions with exotic species and water quality issues. Parasitic
infection could easily exacerbate any of these issues. The three parasites of most
interest are not host specific and hence would continue to proliferate within the lake
even if sucker populations were dramatically reduced.
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