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A B S T R A C T

The myxozoan parasite Ceratomyxa shasta has been identified as the main contributor of mortality in salmon in
the Klamath River, California. The life cycle of the parasite is complex, involving a polychaete and a salmonid
host. Infection dynamics are greatly influenced by environmental factors, such as temperature and water ve-
locity. If we are to control the disease it is important to predict the impact of environmental scenarios on spore
concentration and infection prevalence. Here, we introduce a model based on partial differential equations to
study the spore concentration in the river and the infection prevalence of returning salmon. The analysis of the
model shows that for current climate conditions, additional dam release can reduce the actinospore con-
centration up to 48% and the prevalence up to 40% thus providing a potential disease management option.
However, the infection risk is likely to increase for future climate conditions by 10–54% and this will lead to an
infection level comparable to that of a recent high-disease year. Our simulations show that dam removal cannot
be assumed to mitigate the effect of climate change or to have influence on infection prevalence. We show that
our detailed model system can be reduced to a simpler exponential dose-response function, which predicts
infection levels based on transmission rates, travel time and mean spore concentration, quantities that can be
measured in-situ or given empirically. The dose-response function may therefore be a useful tool in disease
management.

1. Introduction

Myxozoans are a group of aquatic parasites that are known to cause
several fish diseases that can have severe economic impact on fisheries
and aquaculture (Hallett and Bartholomew, 2011; Okamura et al.,
2015). Whirling disease, proliferative kidney disease and en-
teronecrosis, for example, are three economically important fish dis-
eases caused by a myxozoan parasite (Jones et al., 2015). Several
emerging diseases caused by myxozoans have been linked with climate
change (Okamura et al., 2015). The life cycle of myxozoans is complex
and involves both invertebrate (mainly annelids) and vertebrate hosts
(mainly fish).

The myxozoan freshwater parasite Ceratonova shasta (syn.
Ceratomyxa shasta) has been identified as the main contributor of
mortality in Chinook (Oncorhynchus tshawytscha) and Coho (O. kisutch)
salmon in the Klamath River, California. In the past decade, the salmon
population in Klamath River has continuously declined, in part due to
Ceratomyxosis (enteronecrosis) that is caused by C. shasta (Fujiwara

et al., 2011; Stocking et al., 2006; True et al., 2011). The parasite can be
found throughout the Pacific Northwest, but its negative impact on
native salmon populations is greatest in the Klamath River. Up to 62%
of outmigrating juvenile Chinook salmon are infected with C. shasta
(Jones et al., 2015) and, combined with high disease-induced mortality,
the disease leads to reduced numbers of both outmigrating juvenile
salmon and returning adults (Fujiwara et al., 2011; Hallett et al., 2012;
Stocking et al., 2006). However, quantifying the impact on wild fish
populations is difficult due to the lack of long-term data
(Okamura et al., 2015).

C. shasta has a complex life cycle, meaning that it switches between
two hosts and two spore stages (Fig. 1): the invertebrate polychaete
Manayunkia speciosa releases actinospores into the water, where they
infect the salmon host. After successful infection, the parasite develops
into the myxospore stage, which is released when the infected salmon
dies a natural or disease induced death. The myxospores re-infect the
freshwater polychaete living in the sediment layer of the river.

Due to the high impact of C. shasta in the Klamath River, managing
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the disease has a high priority. Recent studies investigate the efficacy of
removing adult carcasses to reduce the myxospore input into the system
(Foott et al., 2016) and flow manipulation in order to reduce the
polychaeta density (Alexander et al., 2014) or to reduce the spore
concentration (Bartholomew et al., 2016). The infection dynamics are
greatly influenced by environmental factors such as temperature and
water velocity. Future climate scenarios in the Klamath River predict
significant differences in both temperature and precipitation patterns
compared to current conditions (Perry et al., 2011; Ray et al., 2015)
and are likely to affect spore concentration and disease risk. Besides
climate change, the proposed removal of dams in the Klamath River
Basin is assumed to affect fish health adversely due to aggravation of
infection risk (Hurst et al., 2012). Therefore, determining the effect of
changing environmental conditions on the disease dynamics is crucial
to aid disease control and mitigation. Furthermore, knowing about the
effect of environmental parameters on infection prevalence can be used
for targeted intervention.

Mathematical models can help to identify the important processes
and critical points in the disease cycle and can help to evaluate the
efficiency of disease management options before implementation.
However, the testing and implementation of predictive models for
aquatic diseases is challenging due to a lack of data and the complexity
of host-parasite interactions (Ray et al., 2015).

A predictive model ensemble for Ceratomyxosis in the Klamath River
was used to analyse disease dynamics under future climate change
scenarios (Ray et al., 2015). The modelling approach combined statis-
tical and epidemiological models with meta-analysis data to predict the
concentration of the two spore stages and the infection in juvenile
salmon and the polychaete host. An ordinary differential equation
(ODE) model for Ceratomyxosis in the Klamath River was used to study
the influence of temperature and discharge on the parasite-induced
mortality in juvenile salmon (Fujiwara, 2014). However, neither model
considers the spatial aspects of fish migration or spore concentration
which should play a role in determining disease dynamics. The focus of
the Fujiwara (2014) study is on predicting the mortality in juvenile
salmon. Moreover, previous models largely ignore the role of adult
salmon in the infection dynamics. As infected adult carcasses produce
myxospores that re-infect the polychaete host, they represent an im-
portant link in the pathogen’s life cycle. The potential significance of
adult salmon in the infection cycle has also been mentioned by
Ray (2013) and Fujiwara (2014). More recently, the role of infected
adult salmon in the infection cycle and the possibility of removing adult
carcasses to reduce the myxospore input into the river, so as to

diminishing the disease induced mortality of juvenile salmon in the
following spring, has been investigated by Foott et al. (2016). However,
they concluded that there are little effects on myxospore concentration
by removing carcasses.

In order to gain a better understanding of the myxozoan disease
dynamics, including the effects of spatial migration, adult salmon, cli-
mate scenarios and dam options, we consider a complex system in-
cluding dynamic processes such as hydrodynamics, environmental
conditions and host-parasite interactions, where each mechanism could
be studied by a model on its own. In an attempt to balance realism and
analytical tractability, we simplify this complex system to one of three
partial differential equations (PDEs) which retain, nevertheless, the
dynamically important mechanisms. Our approach is based on a spatial
one-dimensional epidemiological model with advection to study the
actinospore concentration in the river and the infection prevalence of
returning salmon. While our PDE model is instrumental in gaining in-
sight into the interacting processes, disease management is more in-
terested in straight-forward predictions of disease risk based on data
available or easy-to-parametrize models. To this end, we demonstrate
how our PDE model can be transformed into a dose-response model.

Dose-response models are widely used in quantitative micro-
biological risk assessment. They are used to evaluate the risk of infec-
tion of susceptible hosts after a single-dose pathogen exposure. For
example, they have been applied to infectious gastroenteritis caused by
several pathogens (Teunis et al., 1999), Mycobacterium tuberculosis
(Huang and Haas, 2009), SARS Coronavirus (Watanabe et al., 2010)
and Influenza A Virus (Watanabe et al., 2011). The classical models
used to calculate the prevalence of infection are the exponential and the
beta-Poisson dose-response model (Haas et al., 1999). The development
of a dose-response model for Ceratomyxosis will be of assistance in order
to approximate the infection risk of the years returning salmon popu-
lation and to aid disease management.

In this paper we carefully connect the model to underlying biolo-
gical and physical assumptions and then analyse the model under dif-
ferent water flow settings and temperatures to explore the effect of
environmental change on the disease dynamics. To validate our model,
we compare our predictions to field measurements. We analyse the
applicability of flow manipulation as a disease management option and
we then present future projections under both climate change and dam
removal scenarios. Finally, we demonstrate how our model system can
be reduced to a single equation, namely the dose-response model,
which is applicable as a disease management tool.

2. Model description

The aim of the model is to predict the prevalence of infection in the
adult salmon host. To this end we develop a coupled spatial eco-epi-
demiological modeling system that mainly consists of two parts, namely
the actinospore distribution model and the salmon infection model. In
this section we first describe the model study area and the assumptions
that are made for the spatial model (Section 2.1). Second, we describe
the composite parameters, mainly influenced by water temperature and
discharge (Section 2.2), that are used as input parameters for the
hereinafter introduced state variables describing the actinospore dis-
tribution (Section 2.3) and the infection dynamics (Section 2.4). A
conceptual diagram of the model is shown in Fig. 2.

2.1. Model study area

The study area covers the part of the Klamath River affected by C.
shasta ranging from the Iron Gate Dam (IGD) downstream to the con-
fluence with the Scott River (SR). The area is modelled in one spatial
dimension and it is divided into three zones following the descriptions
of Stocking and Bartholomew (2007), Bartholomew et al. (2007) and
Ray et al. (2015) (Fig. 3):

Fig. 1. The complex life cycle of myxozoan freshwater parasite Ceratomyxa
shasta involves two hosts and two spore stages: the invertebrate polychaete
Manayunkia speciosa releases actinospores into the water, where they infect the
salmon host. After successful infection, the parasite develops into the myx-
ospore stage, which is released when the infected salmon dies. The myxospores
re-infect the freshwater polychaete host living in the sediment layer of the river.
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I Spawning region: High densities of adult salmon are observed in this
region of habitat immediately below IGD (River kilometer 306 to
290);

II Polychaete habitat: High densities of infected polychaetes, which
release actinospores, are found in this region of the confluence with
Shasta River (River kilometer 290 to 278);

III Infection zone: High actinospore densities are measured in the re-
gion downstream from the polychaete habitat down to the con-
fluence with Scott River (River kilometer 278 to 229).

We assume that the zones are defined clearly, even though the
transitions between the zones may be gradual. For simplification of our
mathematical description we transform the spatial extent of the mod-
elled area to 0≤ x≤ L, where the position of the IGD is at =x 0 and
the downstream boundary at the confluence with Scott River is at

=x L. We define the reach of the spore release area (zone II) to be
located in the region H0≤ x≤HL, where 0<H0<HL< L.

The river discharge Q (given in −m s3 1) governs the river velocity vc
(in −m s 1). We approximate the connection between these two para-
meters according to a power law relationship described by
Govers (1992):

=v aQ .c
b (1)

Due to its natural structure, the geometry of the Klamath River varies
within the river course. To reduce the complexity of the model, we
approximate the river by a spatially homogeneous line. Consequently,
we average the parameters given by Perry et al. (2011) for the study
area to give typical values of = − −a 0.2067 s mb 1 1 3b with a 95% con-
fidence interval of − − − −[0.1755 s m ; 0.2553 s m ]b 1 1 3b b 1 1 3b and =b 0.37 with
[0.36; 0.39]. To match the units, the dimension of the parameter a
depends on the value of the dimensionless parameter b.

2.2. Influence of environmental parameters

The water temperature is a critical factor that affects fish physiology
as well as each phase of the parasites’ life cycle. As a consequence,
water temperature is one of the main drivers of disease dynamics. A
positive relationship between temperature and mortality from C. shasta
was first described by Udey et al. (1975). Increased temperatures lead

to increased transmission rates (Ray, 2013) but also to shorter life times
of actinospores (Bjork, 2010; Foott et al., 2007). Since varying tem-
perature affects the disease dynamics both directly and indirectly (e.g.
host distribution and density, duration/timing of host-parasite inter-
actions), the net effect of changing environmental conditions is difficult
to predict.

The river discharge, and thus the water velocity, have direct and
indirect effects on disease dynamics. It affects both, the actinospore
distribution and the travel time of salmon and therefore the exposure
duration. Moreover, the water velocity is thought to influence the
transmission rate (Bjork and Bartholomew, 2009; Ray, 2013) and the
polychaete distribution (Bartholomew et al., 2007) additionally.

Little is known about the influence of environmental parameters on
other factors such as the polychaete population, actinospore release or
the disease progression. For this reason, we restrict ourselves to the
incorporation of water temperature and/or velocity on (i) the decay
rate of actinospores, (ii) the travel time of migrating salmon and (iii)
the transmission rate in our model. The influence of the environmental
parameters on the different model mechanisms is summarised in Fig. 2.

2.2.1. Decay rate of actinospores
The life time of actinospores in water is strongly correlated to the

temperature (e.g. Bjork, 2010; Foott et al., 2007; Ray et al., 2015). At
4 ∘C, actinospores persist for about 7 days and at 20 ∘C for about 4 days.
Here, for simplicity, we assume a linear relationship of life time of
actinospores with temperature T. The relative decay rate δ corresponds
to the inverse of the average life time and can be written as

=
−

∀ ≤ ∘δ T λ
μ νT

T( ) 40 C
(2)

where the constants = =∘ − ∘λ μ16 C d , 124 C1 and =ν 3 have been
chosen to fit the two data points mentioned above and to give integer
numbers for the ease of visual appearance.

2.2.2. Upstream migration speed and travel time of salmon
The water temperature and the water flow have a significant effect

on the energy reserves, and therefore on the migration velocity, during
upstream migration of adult salmon (e.g. Salinger and Anderson, 2006;
Standen et al., 2004). For Chinook salmon, the maximum swim speed of

Fig. 2. Conceptual diagram of the model. The number of infected polychaetes P(x), river discharge Q and water temperature T present the environmental input
parameters of the model (yellow boxes). All other (biophysical) parameters are derived from these. The actinospore model (red rectangle) predicts the actinospore
distribution in the model area. This distribution is used as input for the salmon infection model (blue rectangle) to predict the prevalence of infection in returning
salmon. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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about one body length per second occurs at = ∘T 16.3 Copt and decreases
above and below this temperature. Since salmon are efficient at com-
pensating increased water velocities, the water flow has a weaker effect
on the migration speed than the temperature has (Salinger and
Anderson, 2006). Following Salinger and Anderson (2006), we ap-
proximate the migration of adult salmon by a mean upstream velocity
vu in −km d 1 that depends on the water temperature T and the en-
countered current speed vc in −km d 1 which could be expressed in terms
of discharge according to Eq. (1):

= + −v T v v ηT θv( , )u c u c
0 (3)

with

⎧
⎨⎩

= = = ≤
= = − = >

− − ∘ −

− − ∘ −

v η θ T T
v η θ T T

27.3 km d , 2.0 km d C , 0.25 if ,
100.7 km d , 2.5 km d C , 0.25 if .

u opt

u opt

0 1 1 1

0 1 1 1

The migration velocity increases with temperature up to the optimum
Topt and then decreases with higher temperatures. We define the travel
time τ of salmon in the river section to be proportional to the inverse of
the upstream migration velocity vu. The shortest travel time occurs at
Topt and increases with increasing stream discharge Q (Fig. 4).

It should be noted that the studies by Salinger and Anderson (2006)

have been performed in the Columbia River. However, their results are
similar to observations that have been made in other studies for dif-
ferent salmon and trout species, including both field experiments in

Fig. 3. Location of the model area in the Klamath River, California, (top) and spatial zoning of the model (bottom). The rectangle indicates the model reach. The
upstream boundary is given by the Iron Gate Dam (IGD), the confluence of the Klamath River with the Scott River representing the downstream boundary of the
model. The model area is divided into three zones: (I) The spawning area of salmon right below IGD; (II) The polychaete habitat where actinospores are released into
the water column in the area around the confluence with Shasta River; (III) The infection zone where high densities of actinospores are found down to the confluence
with Scott River. The upstream migration speed of salmon vu is determined by the encountered current speed vc.

Fig. 4. Travel time τ of salmon through the river section as a function of the
river discharge Q and the water temperature T can be derived from the up-
stream migration velocity vu (see Eqs. (1) and (3)).
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other river systems and laboratory studies (Salinger and
Anderson, 2006). Since there is no empirical formulation available
describing the functional relationship of temperature, water velocity
and adult salmon migration speed in the Klamath River, we here as-
sume the same approach presented by Salinger and Anderson (2006).

2.2.3. Transmission rate
The transmission of microparasites in the aquatic environment is

influenced by abiotic factors, such as temperature and water velocity.
For C. shasta, Ray and Bartholomew (2013) showed that the total
transmission rate, here denoted as β̂ , increases with water temperature
up to = ∘T 18 C and decreases above this value. It should be noted that
we assume that not all transmitted actinospores successfully initiate an
infection and we therefore distinguish between the total transmission
rate β̂ and the successful transmission rate β, which we assume to be
approximately one tenth of the total transmission rate (Fujiwara, 2014).
To estimate the successful transmission rate β as a function of the water
temperature T, we assume the following functional relationship
(Eq. (4)) and fit it to the data points given by Ray and
Bartholomew (2013) using the least squared-error method (Fig. 5).

=
+

+ −
β T

φ T σ
T ψ ω T

( )
( )
exp( · )0 (4)

The constants and the corresponding standard deviations of the fitted
parameter can be found in Table 1.

Besides the water temperature, the water velocity vc was found to
affect the transmission rate (Bjork and Bartholomew, 2009). However,
due to the relatively small effect of water velocity on the transmission
rate compared to the temperature we focused only on incorporating the
effect of temperature.

2.3. Actinospore distribution model

Little is known about polychaete’s life cycle and the influence of
environmental parameters on factors such as the polychaete population
or actinospore release rate. The spatial and temporal distribution of
actinospores in the river section is determined by their release from
infected polychaetes at the hot spot, their decay and the dilution due to
the river flow.

The spread of actinospores in the river is modelled by the following
advection-reaction equation

∂
∂

= − − ∂
∂

A
t

κP x δ T A v A
x

( ) ( ) .c (5)

We assume that infected polychaetes P0 only occur in river section
II. We define the disease risk by the number of infected polychaetes P0
in the river section. Referring to Ray et al. (2015), we define three
different disease risk scenarios in each year:

high: =P 20, 0000
medium: =P 15, 2000
low: =P 72000 .

Note that =P x P( ) 0 in zone II and =P x( ) 0 elsewhere. At the
boundaries of region II, we define = = = =P x H P x H P( ) ( )L0 0. We as-
sume that the per-capita release rate κ of actinospores by polychaetes is
constant during the salmon run. Deducted from Ray et al. (2015), we
choose = −κ 9.750 d 1.

The relative decay rate δ of actinospores is described as a function of
the water temperature T (Eq. (2)). Because the number of actinospores
is very high, we assume that their reduction due to successful infection
is negligible.

Since the current speed vc>0, we only have advective flux in the
downstream direction and we choose an open boundary at the down-

stream end of the river section ⎜ ⎟
⎛
⎝

∂
∂

= ⎞
⎠=

A
x

0
x L

. We assume a dispersal

barrier at the upstream boundary at IGD so that no spores can enter or
leave the river. Therefore we choose a zero-flux boundary condition at

=x 0 ( =v A 0c ). The spatial steady-state solution for each zone can be
found analytically (see Appendix A).

2.4. Salmon infection model

We assume that a pulse of susceptible salmon (S) migrates upstream
with the relative migration velocity vu. Salmon become infected to class
I following uptake of actinospores and successful transmission with rate
β(T). After spawning, infected and susceptible salmon both die a natural
death. However, infected adult carcasses produce myxospores that
cause infection of juvenile salmon in the following spring. By predicting
the infection prevalence in the adult salmon host, the infection risk of
juvenile salmon in the following spring can be estimated. The Salmon
infection model reads

∂
∂

= − − ∂
∂

S
t

β T A x S v T v S
x

( ) ( ) ( , ) ,u c (6)

∂
∂

= + − ∂
∂

I
t

β T A x S v T v I
x

( ) ( ) ( , ) .u c (7)

The total number of salmon N is assumed to be constant during the
migration period ( = +N S I ). We initialize the model with

= =S t N( 0) at the downstream boundary =x L and end the simula-
tion when all salmon reach the open boundary at =x 0. For the initial
spatial distribution of actinospores A(x), we take the equilibrium from
Eq. (5).

Fig. 5. Successful transmission β as a function of the water temperature T. The

function is fitted to measurements describing the total transmission rate β̂ given
by Ray and Bartholomew (2013) (*).

Table 1
Estimated parameters and their standard deviations for the successful trans-
mission rate β (Eq. (4)). To fit the data points given by Ray and
Bartholomew (2013) the least squared-error method was used.

Parameter Value Standard deviation

φ × − −1.4 10 d9 1 × − −0.2 10 d9 1

σ 8.3 × 103 ∘C 1.2 × 103 ∘C
−T T0 − ∘18 C 0.3 ∘C

ψ 2.7 × 103 ∘C 0.2 × 103 ∘C
ω ∘ −0.4 C 1 ∘ −0.006 C 1
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3. Validation and analysis methods

3.1. Validation of the actinospore distribution model

To validate the actinospore distribution model, we compared its
outcomes to more complex simulation model results from
Bartholomew et al. (2016). With a detailed three dimensional hydro-
dynamic model of the Klamath River, that is presented and validated by
Javaheri et al. (2018), they calculated concentration reduction of total
spores (actinospores and myxospores) caused by an additional dam
release ΔQ by using Lagrangian particle tracking. Since the ratio be-
tween actinospore and myxospore particles in their model is constant,
we can use outcome of this complex hydrodynamic model to validate
our actinospore distribution model.

Assuming a base flow of = −Q 30 m s3 1 and = −Q 42 m s ,3 1 we simu-
lated the actinospore distribution model with an additional dam release
ΔQ of 55, 110 and −170 m s3 1 over 24 h with constant temperature. We
then computed the actinospore reduction by comparing the total
number of actinospores in the river section with additional dam release
against the number with base flow and compared the outcome with the
simulations of Bartholomew et al. (2016) by determining the R-squared
value.

3.2. Validation of the salmon infection model

We validated our model against several studies (e.g. Bartholomew
and Foott, 2010; Fogerty et al., 2012; Foott et al., 2010; 2016) where
the prevalence of infection in returning Chinook salmon in the Klamath
River was investigated in different calendar years (2005, 2006, 2009,
2011 and 2012). As input parameters, we took the mean temperature
and discharge values in Klamath River in October in the year in-
vestigated (data obtained from the USGS National Water Information
System https://waterdata.usgs.gov/). Since the total number of infected
polychaetes in each year is unknown, we ran the simulations for the
three defined disease risk cases (low/medium/high polychaete num-
bers).

3.3. Dam release scenarios

The results of the model of Bartholomew et al. (2016) show that an
additional dam release can reduce the total spore concentration in the
river by up to 50%. To evaluate the applicability of additional dam
release just before the salmon run to reduce the infection prevalence,
we tested our model system for different dam release scenarios. Similar
to the validation of the actinospore distribution model, we simulated
the model with an additional dam release ΔQ over 24 h assuming a base
flow of = −Q s30 m3 1. With the resulting actinospore distribution A(x),
we simulated the salmon infection model with base flow. For both
models (actinospore distribution and salmon infection model) the

temperature was constant. We calculated the prevalence reduction due
to additional flow by comparing the prevalence in the base flow sce-
nario with the prevalence in the dam release scenario.

3.4. Climate change & dam removal scenarios

To estimate the impact of climate change and dam removal on the
disease dynamics, we simulated the model for future environmental
change scenarios and compared the resulting infection prevalence to
current conditions. Future temperature changes in the Klamath River
have been calculated for different climate change scenarios combined
with dam removal options simulated by Perry et al. (2011). Future
discharge values for these scenarios in the study area have been cal-
culated from Greimann et al. (2011). From these studies, we selected
three climate change scenarios: the MIUB (Meteorological Institute of
the University of Bonn) - warm/dry scenario, the MRI (Meteorologic
Research Institute) - cool/wet scenario and the GFDL (Geophysical
Fluid Dynamics Laboratory) scenario for medium precipitation and
temperatures. For a reference run, we took the median of the tem-
perature and discharge values of the years 2005 – 2013. Furthermore,
we compared the result of the reference run to the data of the year 2012
since our model produces the maximum prevalence for given tem-
perature and discharge during the years 2005 – 2013 in 2012. Each of
the climate change and dam removal scenarios was run for each of the
three disease risk scenarios. An overview of the analysed scenarios can
be found in Table 2.

3.5. Dose-response model

To approximate the infection risk of returning salmon population,
we developed a dose-response model for Ceratomyxosis. Typically, the
parameters of these models are found empirically by dosing experi-
ments in which pathogen doses are varied and the host’s response is
monitored (Haas, 1996). With the exponential dose-response model, the
prevalence of infection POI in its general form is given by

= − −POI kD1 exp( ) , (8)

where k is the probability to successfully initiate a response and D the
dose of the substance or pathogen. By using the methods of char-
acteristics, we will show that our model system can be reduced to a
single equation, which is equivalent to the exponential dose-response
model.

4. Results

4.1. Actinospore distribution model

As mentioned above, a steady state solution for the spatial dis-
tribution of actinospores can be found analytically (see Appendix A).

Table 2
Analysed climate change and dam removal scenarios and the resulting influence on the infection prevalence. Temperature values are calculated from
Perry et al. (2011) and discharge values from Greimann et al. (2011). The data in the last three columns indicate the relative increase of infection prevalence
compared to the mean prevalence calculated for the years 2005–2013.

Climate change Dams T [ ∘C] −Q [m s ]3 1 Relative increase of POI in %

Scenario (GCM) below IGD =P 7, 2000 =P 15, 2000 =P 20, 0000

2005–2013 (median) in 14.9 37.49 – – –
2012 (high prevalence in 17.1 28.77 51.33 19.38 10.95
in data and model)
warm/dry (MIUB) in 17.5 36.81 49.10 18.94 10.80

out 17.3 26.62 53.95 19.82 11.10
med/med (GFDL) in 17.0 39.64 44.48 17.95 10.41

out 16.8 33.98 45.09 18.09 10.47
cool/wet (MRI) in 16.9 39.64 43.36 17.68 10.30

out 16.6 33.98 42.08 17.37 10.18
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Fig. 6 shows the distribution for a fixed temperature of = ∘T 15 C and
polychaete number =P 15, 2000 (medium disease risk). The number of
actinospores is zero in zone I, increases in their release zone II (the
polychaete habitat) and decreases exponentially up to the confluence
with Scott River (zone III). For a higher discharge Q the number of
actinospores decreases and the exponential decrease in zone III is less
marked. For =P 7, 2000 and =P 20, 0000 (low and high disease risk,
respectively), the stationary spatial distributions are qualitatively si-
milar. The total number of actinospores in the river section decreases
with increasing temperature, but is more sensitive to changes in the
discharge (Fig. 7). The higher the number of polychaetes, the higher the
number of actinospores.

Total spore reduction due to dam release in the 3D model by
Bartholomew et al. (2016) ranges from 6% to 53%, depending on the
base flow and dam release. In the PDE model introduced by the current
study, the actinospore reduction ranges from 24% to 48% (Fig. 8). In
total, the simulations of our PDE model show a very good correlation
with the detailed hydrodynamic model ( =R 0.97952 ).

4.2. Salmon infection model

The salmon infection model has been used to calculate the infection
prevalence in returning adult salmon. The prevalence of infection (POI)
is herein defined as the proportion of infected fish (I/N) arriving at the
spawning area at IGD at =x 0. In a high disease risk year ( =P 20, 0000 ),

the prevalence is close to one for temperatures above = ∘T 15 C and
decreases with decreasing temperatures (Fig. 9). For all simulated
polychaete numbers, the maximum prevalence occurs at = ∘T 18 C,
corresponding to the maximum of the transmission rate β (Eq. (4)). In
accordance with the number of actinospores in the river section (Fig. 7),
prevalence decreases with increasing river discharge for all three cases
of disease risk. However this trend is less pronounced than that of
temperature. The lower the number of polychaetes, the lower the
maximum of POI.

For each simulated year, the measured prevalence data is within the
range predicted by the infection model (Fig. 10). For three data points,
the model shows an excellent correlation with the data points for a
medium number of polychaetes.

4.3. Dam release scenarios

The resulting prevalence reduction due to additional water flow is
shown in Fig. 11. The results indicate that the higher the additional

Fig. 6. Spatial steady state distribution of actinospores released in zone II at
= ∘T 15 C and a polychaete number =P 15, 2000 . For higher discharges Q, the

number of actinospore decreases (shown in different lines). The borders of the
zones are indicated by grey lines. The steady state solution for each zone can be
found analytically (see Appendix A).

Fig. 7. Total number of actinospores in the river section as a function of temperature and discharge. The left panel shows the number of actinospore for a low
polychaete numbers, the middle for a medium and the right for a high polychaete numbers.

Fig. 8. Validation of the actinospore distribution model: The horizontal axis
shows the reduction of actinospore concentration for various dam release sce-
narios simulated with the actinospore distribution model (Section 2.3); the
vertical axis shows the concentration reduction of spores for the same scenarios
investigated by Bartholomew et al. (2016). The dashed line is the line that
bisects the x- and y-axis; the solid line depicts the slope of the linear fit.
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dam release, the higher the resulting prevalence reduction. The dam
release is more effective if the number of polychaetes in the river sec-
tion is low. A dam release of = −Q sΔ 125 m3 1 at temperatures below

= ∘T 14 C can result in a prevalence reduction up to 35%. For high
polychaete numbers and temperatures around = ∘T 18 C even a high
additional discharge has nearly no effect on infection prevalence.

4.4. Climate change & dam removal scenarios

Compared to the climate conditions of the years 2005 – 2013, cli-
mate change is likely to increase the prevalence of infection sig-
nificantly (Table 2). For high polychaete numbers, infection prevalence
is 90% in the reference run (Fig. 9). Yet, climate change and dam re-
moval still increase prevalence by 10%. The calculated prevalences of
all scenarios are comparable to those in the high prevalence year of
2012. Since the infection prevalence for future climate conditions is
high anyhow, dam removal seems to have little quantitative effect on
the prevalence. While dam removal increases prevalences in the warm/
dry and med/med scenarios, it decreases prevalences in the cool/wet
scenarios. For low disease risk, the simulated scenarios predict an in-
crease of prevalence by 42–54%.

4.5. Dose-response model

From the solution of the salmon infection model (Eq. (6)), we can
derive the exponential dose-response model (see Appendix B). With the
mean spatial actinospore dose A over the river section we can calculate
the prevalence of infection as

= − −POI β T τ T v A1 exp( ( ) ( , ) ) .c (9)

With the existing empirical description of the transmission rate β

Fig. 9. Prevalence of infection obtained by the infection model (Section 2.4) as a function of temperature and discharge for low (left panel), medium (middle) and
high (right) polychaete numbers.

Fig. 10. Validation of the infection model: x-coordinate shows the predicted
prevalence obtained by the PDE model of this study. The y-coordinate shows
the prevalence of infection in returning salmon measured by several studies.
Different colours indicate different years of measurements. The results of the
PDE model for each year with different polychaeta densities are connected by a
dashed line. The darker point of each connection corresponds to a medium
polychaeta density. The symbols refer to different datasets: (▽)
Fogerty et al. (2012); (∘) Foott et al. (2016); (⋄) Foott et al. (2010); (□)
Bartholomew and Foott (2010). Symbols from left to right on a dashed line: low
(7200), medium (15,200), high (20,000) polychaeta density.

Fig. 11. Prevalence reduction in returning salmon as a function of temperature and additional dam release ΔQ. In the scenarios, we assume a base flow of
= −Q s30 m3 1 for the actinospore and salmon infection model and an additional dam release ΔQ over 24 h for the actinospore model. The panels show the results for

low (left panel), medium (middle) and high (right) polychaete numbers.
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(Eq. (4)), the travel time τ (Eq. (3)) and in-situmeasurement of the mean
actinospore concentration A , the infection risk of the years returning
salmon population can be approximated easily, without simulating the
entire presented PDE model. Therefore, the dose-response model is
suitable as a decision support tool in disease management. Moreover, it
is also applicable for downstream migrating juvenile salmon by
adapting the formulations and parameters of the transmission rate and
the travel time to the physiology of juvenile salmon.

5. Discussion and conclusion

Declining populations of Chinook salmon caused by fish diseases are
a serious ecological and economic problem in the Pacific Northwest. In
order to aid disease control and mitigation, it is necessary to predict the
impact of changing water temperatures and flow regimes, whether
caused by climate change or dam removal. We developed a model in-
cluding empirical formulations of transmission rate and migration
speed to estimate the infection prevalence of Ceratomyxosis in returning
salmon. The model results and the scenario analyses provide useful
information on how changing river discharge and temperature affect or
can be used to affect the infection risk.

The model results and scenario analyses show that changing en-
vironmental conditions have different effects on the disease compo-
nents: The actinospore concentration is more sensitive to changing
discharge than to changing temperatures. In contrast, the prevalence of
infection is more sensitive to changes in temperatures. As the actinos-
pore distribution feeds into the infection model, this is likely to be
caused by the temperature dependence of the transmission rate (Fig. 2).
Compared to our calculated prevalence of infection, the mortality rate
of juvenile salmon modelled by Fujiwara (2014) shows a higher sen-
sitivity to changes in discharge. In contrast to our empirically based
formulation of the temperature dependence of the infection rate, based
on the studies of Ray and Bartholomew (2013), he assumes an ex-
ponential increase in infection rate with increasing temperature. Fur-
thermore, we included the temperature dependence in the decay rate of
the actinospores and the temperature-dependent travel time of salmon
that both have not been considered by Fujiwara (2014).

5.1. Climate change

We investigated the influence of future environmental change sce-
narios and showed that the prevalence of infection for future climate
change scenarios in comparison to current conditions is likely to in-
crease. Depending on the disease risk in terms of infected polychaete,
the increase ranges from 10 – 54%. These predictions are consistent
across the climate change scenarios investigated. Predicted infection
prevalences are comparable to those of recent high-disease years.
Similar, Ray et al. (2015) predicted a high mortality in juvenile salmon
for nearly all future climate scenarios. Since host-parasite dynamics are
complex, the total effect of environmental change on disease dynamics
is hard to predict. On the one hand, increasing water temperature could
increase or decrease infection prevalence, depending on the current
temperature and the number of infected polychaetes (Fig. 9). Higher
temperatures can also lead to shifts in the invertebrate host distribution
(Alexander et al., 2014) or in timing and duration of spore production
and host-parasite interaction (Ray et al., 2015). Moreover, tempera-
tures in Klamath River are already at the salmon’s upper thermal limit
(Ray et al., 2015), which makes the future of the salmon population in
the river unclear. On the other hand, different water flows affect the
spore concentration (Fig. 7) and travel time of salmon (Fig. 4). In ad-
dition, varying effects related to changing temperatures will interact
with changes brought about different water flows.

5.2. Dam removal

Most of the world’s large river systems are fragmented by dams

(Nilsson et al., 2005). On the one hand, this fragmentation is likely to
increase due to a global boom in hydropower dam with at least 3700
major dams currently planned or in construction (Zarfl et al., 2015). On
the other hand, there are attempts to restore river ecosystems by re-
moving dams. Consequently, the ecological effects of undamming rivers
is of great interest (e.g. Bednarek, 2001; Poff and Hart, 2002; Stanley
and Doyle, 2003).

Due to its relatively small predicted effect on temperature in com-
parison to the impact of climate change, our model suggests that dam
removal is more likely to have little influence on the predicted level of
infection (Table 2). Based on our scenario analysis with our model as
parameterized, we conclude that dam removal has little effect on the
amelioration of climate change on infection prevalence. Since the
model is more sensitive to changes in temperature than to changes in
discharge, the significant effect of dam removal on discharge, in com-
bination with increasing temperature due to climate change, does not
translate into having an impact on our simulated infection prevalence.
However, if other factors were included (e.g. the influence of en-
vironmental parameters on the polychaete’s life cycle or temporal and
spatial variation of the host-parasite interactions) then it could be
possible that the conclusions would be changed.

Our results related to dam removal have to be interpreted with
caution. In particular, dam removal not only alters water temperatures
and flow, but will also change the spatial overlap between the host and
parasites. Migration of salmon to the upper Klamath basin after dam
removal could provide new hosts for existing parasite genotypes that
are currently isolated upstream of the dams. Similarly, migrating
salmon could transport new pathogenic genotypes of C. shasta to cur-
rently isolated salmon populations in the upper basin (Hurst et al.,
2012). In addition, the influence of environmental parameters on the
polychaete’s life cycle is not yet understood (Stocking and
Bartholomew, 2007). As we discussed before, changing environmental
conditions like water temperature could lead to a range shift of the
invertebrate host distribution. The polychaete density P0 or the release
rate κ, for example, could be functions of the water temperature.

5.3. Flow manipulation

It has been shown elsewhere that flow manipulation can be used for
reducing the polychaete density (Alexander et al., 2014) or the spore
concentration (Bartholomew et al., 2016). Other management options,
as for instance removing adult carcasses to reduce the myxospore input
(Foott et al., 2016), have been shown to have little effect on the in-
fection risk. Our model results show that dam release before the salmon
run can reduce the actinospore concentration as well as the infection
prevalence in returning salmon and can therefore be a useful tool for
managing Ceratomyxosis.

5.4. Perspective

We showed that our model, although based on a number of me-
chanistic subprocesses, can be simplified to an exponential dose-re-
sponse function that can be integrated in decision support systems.
Despite the simplicity of this function, it encapsulates all significant
mechanisms of the disease dynamics in adult fish considered here. This
simplicity is one of the greatest advantages of our model. In principle,
one needs only three measurements to predict the infection risk of the
returning salmon population in a given year: water temperature, dis-
charge and actinospore concentration. The analysis we presented here
for Ceratomyxosis in the Klamath River is easily applicable to other fish
diseases at different locations. For instance, the myxozoan parasite
Myxobolis cerebralis, the causing agent of whirling disease, has a life
cycle that is similar to C. shasta. Discharge, temperature and spore
concentration are easy to measure and can be used to estimate the in-
fection risk with the dose-response model and evaluate the effectiveness
of disease management options.

V. Schakau, et al. Ecological Complexity 40 (2019) 100776

9



Acknowledgement

We thank Michael Bengfort, Gunnar Niebaum and Karsten Lettmann

for their inputs and useful comments on this paper. MAL gratefully
acknowledges an Natural Sciences and Engineering Research Council of
Canada Discovery grant and a Canada Research Chair.

Appendix A. Analytic solution for actinospore distribution model

In the actinospore distribution model (Eq. (5)), we defined the distribution of infected polychaete as =P x P( ) 0 in zone II and =P x( ) 0 elsewhere.
Let 0≤ x≤ L be the reach of the total modelled area and H0≤ x≤HL the reach of zone II. We set = =A x( 0) 0 on the upstream boundary at IGD.

For zone I (x<H0; =P x( ) 0) and zone III (x>HL; =P x( ) 0), we have a homogeneous ODE where the steady state solution for the actinospore

distribution is ⎜ ⎟= ⎛
⎝

− ⎞
⎠

A x A δ T
v

x* ( ) *exp ( )
c

0 where A *0 is a constant defined by the initial value at the beginning of each zone. With the upstream

boundary condition we obtain for zone I =A x* ( ) 0I .
For zone II (H0≤ x≤HL; =P x P( ) 0), we derive the steady state solution by using the method of variation of parameters:

⎜ ⎟= + ′ ⎛
⎝

− ⎞
⎠

A x κP
δ T

c δ T
v

x* ( )
( )

exp ( ) .II
c

0

(A.1)

To match the actinospore numbers from zone I, we impose the boundary conditions = =A x H* ( ) 00 and derive for the constant c′

⎜ ⎟′ = − ⎛
⎝

⎞
⎠

c κP
δ T

δ T
v

H
( )

exp ( ) .
c

0
0

Consequently, our steady state solution for zone II is

⎜ ⎟= ⎡
⎣⎢

− ⎛
⎝

− ⎞
⎠

⎤
⎦⎥

A x κP
δ T

δ T
v

H x* ( )
( )

1 exp ( ) ( ) .II
c

0
0

Matching this equation with the boundary condition of zone III we obtain

⎜ ⎟ ⎜ ⎟= ⎡
⎣⎢

− ⎛
⎝

− ⎞
⎠

⎤
⎦⎥

= ⎛
⎝

− ⎞
⎠

A H κP
δ T

δ T
v

H H A δ T
v

x* ( )
( )

1 exp ( ) ( ) *exp ( ) .L
c

L
c

0
0 0

It follows

⎜ ⎟ ⎜ ⎟= ⎡
⎣⎢

⎛
⎝

⎞
⎠

− ⎛
⎝

⎞
⎠

⎤
⎦⎥

A κP
δ T

δ T
v

H δ T
v

H*
( )

exp ( ) exp ( )
c

L
c

0
0

0

and we finally derive for zone III

⎜ ⎟⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

− − ⎛
⎝

− ⎞
⎠

⎞
⎠

⎤

⎦
⎥A x κP

δ T
δ T

v
H x δ T

v
H x* ( )

( )
exp ( ) ( ) exp ( ) ( ) .III

c
L

c

0
0

(A.2)

In summary we have the following solution for the spatial distribution of the actinospores:

⎜ ⎟

⎜ ⎟ ⎜ ⎟

=

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪⎪

<

⎡
⎣⎢

− ⎛
⎝

− ⎞
⎠

⎤
⎦⎥

≤ ≤

⎡
⎣⎢

⎛
⎝

− ⎞
⎠

− ⎛
⎝

− ⎞
⎠

⎤
⎦⎥

>

A x

x H

κ P
δ T

δ T
v

H x H x H

κ P
δ T

δ T
v

H x δ T
v

H x x H

* ( )

0 if ,

( )
1 exp ( ) ( ) if ,

( )
exp ( ) ( ) exp ( ) ( ) if .

c
L

c
L

c
L

0

0
0 0

0
0

Appendix B. Derivation of the dose-response model from the salmon infection model

Here, we want to determine the proportion of infected fish and thus the prevalence of infection =POI I N/ , at the end of the simulation. We
assume the temperature T and the water velocity vc to be constant so that =β T β( ) and =v T v v( , )u c u. In a first step we solve Eq. (6) by using the
Method of Characteristics. Considering the general transportation problem

∂
∂

+ ∂
∂

+ =P x t S
t

Q x t S
x

R x t S( , ) ( , ) ( , ) 0 (B.1)

we derive =P x t( , ) 1, =Q x t v( , ) u and =R βA x( ) as characteristic equations for Eq. (6). We introduce the variable T′ so that the PDE reduces to an
ODE on x(T′) and t(T′) if T′>0. We choose

∂
∂ ′

= =t
T

P x t( , ) 1

and

∂
∂ ′

= =x
T

Q x t v( , ) u

so that we can write
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′
= ∂

∂ ′
= ∂

∂ ′
= ∂

∂
+ ∂

∂
= − ′S

T
S
x

x
T

S
t

t
T

Q x t S
x

P x t S
t

R x T Sd
d

d
d

d
d

( , ) ( , ) ( , ) .

This ODE can be solved as follows:

∫⎜ ⎟′ = ⎛
⎝

− ⎞
⎠

′
S T S βA x t dt( ) (0)exp ( ( )) .

T

0 (B.2)

At the end of the simulation ′Tend we have

∫

∫

⎜ ⎟′ = ⎛
⎝

− ⎞
⎠

= ⎛
⎝

− ⎞
⎠

= −

S T S
β

v
A x dx

S
β

L
τ A x dx

S βτA

( ) (0)exp ( )

(0)exp ( )

(0)exp( ) .

end
u

L

L

0

0

Since ′ = ′ + ′N T S T I T( ) ( ) ( )end end end and =S N(0) we can write

= −
= − −

I N S
N N βτAexp( ) ,

and we get finally the proportion of infected fish in the total population by

= − −I
N

βτA1 exp( ) . (B.3)
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