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Abstract

Parasites and pathogens influence the size and stability of wildlife populations, yet many population models ignore
the population-level effects of pathogens. Standard survival analysis methods (e.g., accelerated failure time models)
are used to assess how survival rates are influenced by disease. However, they assume that each individual is equally
susceptible and will eventually experience the event of interest; this assumption is not typically satisfied with regard to
pathogens of wildlife populations. In contrast, mixture cure models, which comprise logistic regression and survival
analysis components, allow for different covariates to be entered into each part of the model and provide better
predictions of survival when a fraction of the population is expected to survive a disease outbreak. We fitted mixture
cure models to the host-pathogen dynamics of Chinook Salmon Oncorhynchus tshawytscha and Coho Salmon O.
kisutch and the myxozoan parasite Ceratomyxa shasta. Total parasite concentration, water temperature, and discharge
were used as covariates to predict the observed parasite-induced mortality in juvenile salmonids collected as part of
a long-term monitoring program in the Klamath River, California. The mixture cure models predicted the observed
total mortality well, but some of the variability in observed mortality rates was not captured by the models. Parasite
concentration and water temperature were positively associated with total mortality and the mortality rate of both
Chinook Salmon and Coho Salmon. Discharge was positively associated with total mortality for both species but only
affected the mortality rate for Coho Salmon. The mixture cure models provide insights into how daily survival rates
change over time in Chinook Salmon and Coho Salmon after they become infected with C. shasta.

Parasites and pathogens influence the size and structure of  susceptible to the effects of disease. Dramatic population de-
host populations (Anderson and May 1978; May and Anderson clines have occurred across a range of species (e.g., corals,
1978; Dobson 1988; Hudson et al. 1998), and wildlife popula- amphibians, birds, and mammals) as a result of more frequent
tions that have been reduced to low levels may be particularly and severe disease outbreaks (Harvell et al. 2002). Scientists
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use population models (e.g., population viability analysis) to
synthesize biological and environmental data in order to predict
the long-term stability of a population (Boyce 1992). How-
ever, many of these models ignore the population-level effects
of pathogens and parasites (Haydon et al. 2002). Incorpora-
tion of host—pathogen dynamics into these models can provide
critical insights into a population’s viability, particularly for
species with high cultural, economic, and conservation value
(e.g., salmonids).

Predicting a population’s long-term viability requires accu-
rate estimates of survival (Gilroy et al. 2012). Standard survival
analysis methods (e.g., the Cox proportional hazard model and
the accelerated failure time model) assume that each individ-
ual in the population will eventually experience the event of
interest (Corbiere and Joly 2007). Although infections by some
wildlife pathogens can result in 100% mortality, in most dis-
ease outbreaks some fraction of the population will survive.
For example, Flavobacterium columnare outbreaks can result
in up to 100% mortality of cultured salmonids and catfish, and
other pathogens (e.g., viral hemorrhagic septicemia virus and
Myxobolus cerebralis) have similar wide-ranging effects on both
cultured and natural populations (Holt et al. 1975; Thompson
et al. 1999; Thomas-Jinu and Goodwin 2004; Kim and Faisal
2010). A different analytical approach is required to quantify
factors that may affect the surviving fraction of a population.
Cure models, which constitute an extension of survival analy-
sis methods, can be used to investigate heterogeneity between
individuals by analyzing the population as two distinct groups:
individuals that succumb to disease and individuals that are
long-term survivors (Othus et al. 2012).

An example of a heterogeneous population response to a
pathogen occurs in populations of juvenile salmon that are in-
fected by the myxozoan parasite Ceratomyxa shasta. This par-
asite is enzootic in major river systems throughout the Pacific
Northwest (Margolis and Evelyn 1975; Ratliff 1981; Ching and
Munday 1984; Bartholomew 1998), and it is well studied in
the Klamath River, California. Data analyzed from a long-term
pathogen monitoring study identified a link between C. shasta
infection and lower abundances of returning adult salmon (Fu-
jiwara et al. 2011). The monitoring program also provided evi-
dence of individual heterogeneity in response to the parasite, as
C. shasta-induced mortality ranged from 0% to 98% in juvenile
Chinook Salmon Oncorhynchus tshawytscha and Coho Salmon
O. kisutch (Hallett et al. 2012; Ray et al. 2012). Ceratomyxa
shasta-induced mortality in juvenile salmon has three charac-
teristic traits that are difficult to capture by use of traditional
survival analysis methods: (1) a delayed onset of mortality after
exposure to C. shasta; (2) a period of high mortality rate, dur-
ing which most of the susceptible fish die; and (3) a plateau
in the survival curve, where no additional mortality occurs
(Figure 1).

The goals of the present study were twofold: we sought to
(1) introduce a novel application of a cure model to pathogens
in wildlife populations and (2) develop a mixture cure model
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FIGURE 1. Conceptual model depicting the three characteristic traits of Cer-
atomyxa shasta-induced mortality in juvenile salmon: (1) a delayed onset of
mortality after exposure to C. shasta, (2) a period of high mortality rate, and (3)
a plateau in the survival curve, where no additional mortality occurs.

for predicting C. shasta-induced mortality of Chinook Salmon
and Coho Salmon in the Klamath River. Our application of the
mixture cure model will help us to understand the complex in-
teractions among host, parasite, and environment. Ultimately,
these insights will assist in guiding management and conserva-
tion actions for the two salmon populations.

METHODS

Sentinel trials.—The data analyzed here were collected dur-
ing a long-term project to monitor the spatial and temporal
distribution of C. shasta and associated parasite-induced mor-
tality in the Klamath River basin. Sentinel trials were conducted
by holding juvenile Chinook Salmon and Coho Salmon (age
0+, obtained from Iron Gate Hatchery, Hornbrook, California)
in cages within the Klamath River for 3 d, thus applying in situ
exposure to varying parasite densities as described by Ray et al.
(2012). Although the sentinel trials were conducted at multiple
locations, the present analysis focused on data from one site
above the confluence with Beaver Creek (see Hallett et al. 2012
for a map), where high parasite densities and high fish mortality
were consistently observed (Hallett and Bartholomew 2006; Fu-
jiwara et al. 2011; Hallett et al. 2012). The analyzed data were
from sentinel trials conducted with Chinook Salmon (n = 33 tri-
als; 1,463 fish exposed) and Coho Salmon (n = 30 trials; 1,238
fish exposed) during the summers of 2006-2010 (Table 1).

During the exposure, river temperatures were recorded ev-
ery 15 min with a HOBO temperature logger (Onset Computer
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TABLE 1. Summary of covariate values and observed Ceratomyxa shasta-induced mortality for each Chinook Salmon and Coho Salmon sentinel trial used in
the mixture cure models (HT = water temperature [°C] during the holding period; ET = water temperature [°C] during the sentinel trial; TI = total Chinook
Salmon-specific parasite [genotype I] per liter; TII = total Coho Salmon-specific parasite [genotype II] per liter; Q = discharge [m?/s] during the sentinel trial).

Blank cells for Coho Salmon indicate that no sentinel trial was conducted.

Chinook Salmon Coho Salmon

Number Observed Number Observed

Trial  Year = Month  HT ET TI T 0 exposed  mortality (%)  exposed  mortality (%)

1 2006  Apr 13 12.2 0.4 0.1 194.9 37 0.0

2 May 13 18.2 0.0 107 168.1 39 0.0 39 5.1

3 Jun 13 20.0 632 169 1187 36 19.4 38 2.6

4 Sep 13 20.0 0.2 0.0 342 39 0.0

5 2007  May 13 17.6 4.8 4.8 65.1 39 2.6 30 6.7

6 May 18 17.6 4.8 4.8 65.1 37 27.0 45 86.7

7 Jun 13 20.8 9.7 9.3 53.1 42 2.4 38 2.6

8 Jun 20 20.8 9.7 9.3 53.1 40 40.0 38 81.6

9 Sep 13 20.8 32 2.6 31.3 41 7.3 40 2.5
10 Sep 18 20.8 32 2.6 31.3 40 2.5 34 353
11 2008  May 13 162 162 6.3 100.2 40 75.0 48 52.1
12 May 16 162 16.2 6.3 100.2 41 85.4 41 65.9
13 Jun 13 19.0 422 248 81.4 77 72.7 75 68.0
14 Jun 15 19.0 422 248 81.4 75 72.0 79 84.3
15 Jun 18 19.0 422 248 81.4 76 92.1 70 73.4
16 Jun 21 19.0 422 248 81.4 86 98.8 74 95.5
17 Sep 13 19.1 73 245 31.8 41 2.4 35 8.6
18 Sep 18 19.1 73 245 31.8 39 12.8 19 79.0
19 2009  Apr 13 12.1 378 0.0 58.2 36 16.7 42 0.0
20 May 13 149 220 5.1 62.8 41 73.2 39 12.8
21 May 16 149 220 5.1 62.8 41 78.1 41 244
22 Jun 13 20.8 13.5 3.4 53.8 35 74.3 38 53
23 Jun 18 20.8 13.5 34 53.8 45 86.7 45 57.8
24 Sep 13 19.9 0.0 0.0 31.1 39 0.0 25 0.0
25 Sep 18 19.9 0.0 0.0 31.1 40 0.0 30 3.3
26 2010  Apr 13 12.6 0.1 0.0 63.8 42 0.0 29 0.0
27 Apr 18 12.6 0.1 0.0 63.8 41 17.1
28 May 13 13.6 4.0 1.7 70.5 35 0.0 48 0.0
29 May 16 13.6 4.0 1.7 70.5 45 15.6 39 15.4
30 Jun 13 18.2 9.0 1.1 60.4 39 0.0 27 0.0
31 Jun 18 18.2 9.0 1.0 60.4 40 20.0 39 10.3
32 Sep 13 17.0 0.1 0.0 36.0 39 0.0 30 0.0
33 Sep 18 17.0 0.1 0.0 36.0 40 0.0 23 0.0

Corp., Pocasset, Massachusetts) and then were averaged over
the 3-d exposure period. To estimate total parasite concentra-
tion during exposure, we collected three 1-L samples of river
water at the start and end of each sentinel trial; the samples were
subsequently filtered and assayed by using a C. shasta-specific
quantitative PCR technique as described by Hallett et al. (2012).
The proportion of parasite genotypes that were specific to
Chinook Salmon (type I [TI]) and Coho Salmon (type II [TII])
were also quantified from these samples, as they can influence
the severity of infection (Atkinson and Bartholomew 2010a,
2010b; Hallett et al. 2012). We estimated discharge (m*/s) during

the sentinel trials by subtracting tributary discharge (Scott River;
U.S. Geological Survey [USGS] gaging station 11519500) from
the discharge in the main-stem Klamath River (USGS gaging
station 11520500).

After sentinel exposures, fish were held at two temperatures:
13°C (the ambient laboratory water temperature) and an elevated
temperature that best represented the in-river conditions during
the sentinel trial (15-21°C). The exception was that for trials
conducted in 2006, only the ambient temperature was available.
Fish were observed for signs of C. shasta-induced mortality
during a holding period of up to 90 d, and time to mortality
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(d) was recorded for each fish. We visually examined each fish
for the myxospore stage of C. shasta via the methods described
by the American Fisheries Society Fish Health Section (AFS-
FHS 2012). When myxospores were not visually identified, a
section of intestine was assayed by using a C. shasta-specific
PCR to determine whether fish were infected (Palenzuela and
Bartholomew 2002). Fish that survived to the end of the
observation period or died from causes other than C. shasta
were right-censored in the analysis. A right-censored individual
is one whose exact time to the event of interest (in this case, C.
shasta-induced mortality) is unknown, either due to surviving
past the observation period or due to being removed from the
study by an event other than the event of interest (Collett 2003).

Cure model.—For this analysis, we selected a mixture cure
model because it directly models the survival of two distinct
groups: individuals that experience the event of interest (sus-
ceptible individuals) and individuals that will never experience
the event (unsusceptible or “cured” individuals; Othus et al.
2012). In our application, the event of interest is death caused
by C. shasta. Susceptible individuals are those that die due to
C. shasta, and cured individuals are those that survive the 90-d
holding period. We assumed that salmon could be “cured” ei-
ther by failing to be infected during the exposure period or by
recovering from infection.

A mixture cure model is a survival distribution function that
combines (1) a logistic model for the probability of death and
(2) a standard survival model for the time to death of susceptible
individuals (Othus et al. 2012),

Stlx,z) =[1 — ()] + n2)S¢U =1, x), (D

where S(#|x, z) is the survival distribution function for time ¢
given covariate vectors x and z; S¢|U = 1, x) is the survival
distribution function for time ¢ conditional on individuals that
died due to C. shasta; U is an indicator function of C. shasta-
induced mortality (U = 1 for fish that died due to C. shasta and O
otherwise); and m(z) is the probability of death due to C. shasta
(Corbiere and Joly 2007). We used the Weibull distribution for
S(t|U = 1, x) because it is flexible and contains a number of other
distributions as special cases (e.g., the exponential distribution).

Covariates can be included in the mixture cure model, where
z is the covariate vector for the proportion of individuals that
die and x is the covariate vector for the timing and rate of
mortality among susceptible individuals. The same covariates
can be included in both x and z, but this is not required. For the
logistic portion of the model, the logit of w(z) is expressed as
a linear function of the covariates. For the survival distribution
part of the model, S(f|U = 1, x) is implemented as an accelerated
failure time model in which log(#) is modeled as a linear function
of the covariates (Peng et al. 1998).

The covariates of interest for our models included the to-
tal amount of host-specific parasite per liter (TI for Chinook
Salmon; TII for Coho Salmon), the water temperature during
the holding period at the laboratory (HT), the water temperature

during the 3-d exposure period (ET), the average discharge dur-
ing the 3-d sentinel trial (Q), and the interactions TT x HT and
TI x Q for Chinook Salmon and TII x HT and TII x Q for
Coho Salmon. For each of the two salmon species, we developed
separate global models that included all of the covariates and in-
teraction terms in both model components (Table 2). To improve
model convergence, we centered the covariates by subtracting
the mean from each observation.

Covariates and interaction terms were selected based on their
hypothesized effects on C. shasta-induced mortality. The con-
centration of species-specific parasite (TI for Chinook Salmon;
TII for Coho Salmon) was calculated by multiplying the total
concentration of parasite DNA by the proportion of each geno-
type present in the water (Hallett et al. 2012). Water temperature
is associated with higher total mortality and faster mortality rates
in both Chinook Salmon and Coho Salmon, so we included two
covariates for water temperature: (1) ET (temperature during
the exposure period) and (2) HT (temperature during the hold-
ing period; Udey et al. 1975; Hallett et al. 2012; Ray et al.
2012). We included Q as a proxy for velocity because Ray and
Bartholomew (2013) identified an inverse relationship between
water velocity and parasite attachment to the gills. The interac-
tions TI x HT (for Chinook Salmon) and TII x HT (for Coho
Salmon) account for the known compounding effects of parasite
concentration and water temperature on the mortality rate and
total mortality (Ray et al. 2012), while the interactions TT x Q
and TII x Q act as proxies for the total exposure dose (Hallett
et al. 2012).

Parameters for the candidate models were estimated via max-
imum likelihood with the gfcure package in R (Zhang and Peng
2007; R Development Core Team 2011). The weight of evidence
for each model was then assessed by using Akaike’s information
criterion (AIC) to identify the most parsimonious model (Akaike
1973; Burnham and Anderson 2002). Candidate models were
constructed by first separately removing the ET covariate from
the logistic component and then from the survival component,
as the exposure period constituted only a small fraction of the
entire monitoring period. Selecting the model with the lowest
AIC value, we then individually removed each interaction term.
After removing a covariate, we would select the model with the
lowest AIC value and repeat this process until the model with
the lowest AIC score was selected as the final model.

We present the results of the final models in two ways.
First, the estimated Kaplan—-Meier (KM) survivor function is
plotted for each sentinel trial (Collett 2003), and the predicted
curves from the final models are compared. To assess the ac-
curacy of the logistic regression component, we calculated a
Brier score, which ranges from 0.00 (perfect fit) to 0.25 (poor
fit); we assumed that a score less than 0.125 indicated a good
fit (Steyerberg et al. 2001). To assess the fit of the survival
model, we plotted 95% confidence intervals of the predicted
cure model curves. Second, we evaluate the relative influence of
the HT and Q covariates on parasite-induced mortality by plot-
ting the minimum, mean, and maximum observed values of each
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TABLE 2. Model selection results for Chinook Salmon and Coho Salmon mixture cure models based on the Weibull distribution. All covariates are shown
for the global model, with other models showing terms that were removed from the global model. Blank cells indicate that no covariates were removed (wt[z] =
logistic model; S[¢] = survival model; k = number of estimated parameters; MLL = maximized log-likelihood; AIC = Akaike’s information criterion; AAIC =
AIC difference). The final model for each species is presented in bold type.

Number Component Model k MLL AIC AAIC
Chinook Salmon

Global 7(z) HT + ET + TI + Q + (TI x HT) + (TI x Q) 15 —519.93 1,069.87 1.53
S(t) HT + ET + TI + Q + (TI x HT) + (TI x Q)

1 7(2) 14 —561.66 1,151.32 82.98
S(t) ET removed

2 7(2) ET removed 14 —520.54 1,069.08 0.74
S(?)

3 7(z) ET, (TI x HT) removed 13 —533.40 1,092.81 24.47
S(?)

4 7(2) ET, (TI x Q) removed 13 —525.68 1,077.36 9.02
S(t)

5 7(2) ET removed 13 —616.85 1,259.70 191.36
S(t) (TT x Q) removed

Final 1 (2) ET removed 13 —521.17 1,068.34 0.00
S(1) (TI x HT) removed

6 7(2) ET, (TI x HT) removed 12 —533.96 1,091.92 23.58
S(1) (TT x HT) removed

7 7(2) ET, (TT x Q) removed 12 —526.30 1,076.60 8.26
S(?) (TT x HT) removed

8 7(z) ET removed 12 —619.32 1,262.65 194.31
NG (TT x HT), (TT x Q) removed

Coho Salmon

Global 7(z2) HT + ET + Tl + Q + (TII x HT) + (T x Q) 15 —662.51 1,355.02 3.27
S HT + ET + TII + Q + (TII x HT) 4+ (TII x Q)

1 7(2) 14 —664.79 1,357.59 6.36
S(t) ET removed

2 7(2) ET removed 14 —663.48 1,354.96 3.73
S(?)

3 7(2) ET, (TII x Q) removed 13 —667.01 1,360.02 8.79
S(1)

4 7(2) ET, (TII x HT) removed 13 —665.51 1,353.01 1.78
S(t)

5 7(z) ET removed 13 —674.55 1,357.10 5.87
S(?) (TII x HT) removed

6 7(2) ET removed 13 —663.61 1,353.21 1.98
S(?) (TII x Q) removed

7 7(z) ET, (T x HT), (T x Q) removed 12 —667.06 1,358.12 6.89
S(?)

8 7(2) ET, (TII x HT) removed 12 —665.80 1,355.60 4.37
S(t) (TII x HT) removed

Final 1t(2) ET, (TII x HT) removed 12 —663 1,351 0
S(@) (TII x Q) removed

9 7(z) ET, (T x HT), (TO x Q) removed 11 —667.06 1,356.13 4.90
S(?) (T x Q) removed

10 7(2) ET, (TII x HT) removed 11 —666.60 1,355.19 3.96

S(t) (TII x Q), (T x HT) removed
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covariate against the minimum, mean, and maximum observed
parasite concentrations (TI for Chinook Salmon; TII for Coho
Salmon).

RESULTS

Chinook Salmon

We found that the best-fitting model based on AIC excluded
ET from the logistic component and excluded TI x HT from
the survival component (AIC = 1,068.34; Table 2). Removal
of the ET covariate from the logistic component (model 2;
AIC = 1,069.08) resulted in an AIC value lower than that
obtained by the removal of ET from the survival component
(model 1; AIC = 1,151.32) and lower than that of the global
model (AIC = 1,069.87). Removing the TI x HT term from
the survival component (final model) produced the lowest AIC
value. Individual removal of the remaining interaction terms
(models 6-8) resulted in AIC scores that were higher than the
AIC of the final model.

In general, the Chinook Salmon mixture cure model was
able to capture all three of the mortality characteristics (the
delayed onset of mortality, the period of high mortality, and the
plateau in which no further mortality occurs) for a majority of
the sentinel trials (Figure 2). The model correctly predicted the
onset of mortality for almost all of the sentinel trials in which
mortality was observed. The logistic component of the model
accurately (Brier score < 0.125) reproduced 84.8% (28/33) of
the estimated total mortalities. Three trials (i.e., trials 11, 20,
and 23) had Brier scores between 0.125 and 0.25, suggesting
an adequate fit between predicted and observed data, but the
remaining two trials (i.e., trials 3 and 22) had Brier scores greater
than 0.25, indicating a poor model fit. The survival component
replicated 69.7% (23/33) of the observed mortality rates (i.e.,
slopes). In general, the mixture cure model best reproduced the
slopes of the KM curves when mortality exceeded 50% (e.g.,
trials 12—16). The model always predicted mortality even when
none was observed (e.g., trials 1, 2, and 30). Our model was able
to reproduce at least one of the three mortality characteristics for
all sentinel trials except trial 3, for which none of the observed
patterns was captured.

In the final model, all of the logistic regression covariates
were positively associated with the probability of mortality due
to C. shasta, and all of the survival analysis covariates were
negatively associated with the survival rate (Table 3). Overall,
both the total mortality and the rate of mortality in Chinook
Salmon increased as the TI value increased (from left to right,
Figure 3); however, this response differed with the interacting
covariate: either HT (Figure 3a—c) or Q (Figure 3d—f). Although
the total mortalities were similar between HT and Q for each
value of TI, increasing the value of Q resulted in higher total
mortality than increasing the value of HT. The mortality rate
was more influenced by increasing the value of HT than by
increasing Q.

TABLE 3. Parameter coefficients from final mixture cure models (see Table
2) for both Chinook Salmon and Coho Salmon.

Component Covariate Coefficient SE
Chinook Salmon

Logistic Intercept —0.280 0.101
HT 0.389 0.045
TI 0.123 0.010
0 0.022 0.005
TI x HT 0.019 0.004
TI x Q 0.001 0.0003

Survival Intercept 3.424 0.013
HT —0.084 0.003
ET —0.037 0.005
TI —0.007 0.001
0 —0.003 0.001
TI x Q —0.001 0.0001
Log (scale) —1.561 0.030

Coho Salmon

Logistic Intercept —0.555 0.091
HT 0.524 0.045
TII 0.115 0.009
0 0.012 0.003
T x Q —0.001 0.0004

Survival Intercept 3.907 0.034
HT —0.134 0.018
ET 0.038 0.153
TII —0.020 0.003
0 —0.006 0.001
TII x HT 0.003 0.001
Log (scale) —1.136 0.034

Coho Salmon

We found that the best-fitting Coho Salmon model based on
AIC excluded ET and TII x HT from the logistic component
and excluded TII x Q from the survival component (AIC =
1,351.75; Table 2). Removal of the ET covariate from the logistic
regression component (model 2; AIC = 1,354.96) resulted in
an AIC score lower than that observed for removal of ET from
the survival component (model 1; AIC = 1,357.591) and lower
than that of the global model (AIC = 1,355.02). Removing
the TI x HT term from the logistic component and removing
TI x Q from the survival component resulted in the lowest AIC
value (final model). Removal of the two remaining interaction
terms increased the AIC score (models 9 and 10).

Although Coho Salmon respond differently than Chinook
Salmon to C. shasta infection, the Coho Salmon mixture cure
model was able to capture all three mortality characteristics for a
majority of these sentinel trials (Figure 4). The model predicted
the onset of mortality for a majority of sentinel trials except
when no mortality was observed (e.g., trial 28) or when the
mortality onset occurred much later than average (e.g., trial 25).
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FIGURE 3. Response of predicted survival probability from the Chinook Salmon mixture cure model at minimum (a and d), mean (b and e), and maximum (c
and f) concentrations of Chinook Salmon-specific Ceratomyxa shasta (genotype I [TI] per liter). The top row (a—c) represents the interacting effect of holding
temperature (HT) and TI on the predicted survival probability. The bottom row (d—f) represents the interacting effect of discharge (Q) and TI on the predicted
survival probability. The lines within each panel correspond to the minimum (solid line), mean (dashed line), and maximum (dotted line) observed values of HT

and Q.

The logistic component of the model accurately (Brier score <
0.125) reproduced the observed total mortality for 93.3%
(28/30) of the sentinel trials. Unlike the Chinook Salmon model,
all Brier scores for the Coho Salmon model were less than 0.25,
but there were two trials (i.e., trials 11 and 17) that exceeded our
threshold score of 0.125. The survival component of the model
was able to replicate 56.7% (17/30) of the estimated KM curves,
especially when total mortality was greater than 50% (e.g., tri-
als 12-16). The model was able to predict zero mortality and
low mortality in some cases (e.g., trials 5, 19, and 32) but was
inconsistent (predicting either faster or slower mortality) for
other trials. The Coho Salmon mixture cure model was able to
predict the overall mortality for almost all of the trials (93.3%),
but it did not perform as well as the Chinook Salmon model at
replicating the mortality rate in the observed trials. However,
the Coho Salmon model was able to reproduce at least one

of the three mortality characteristics for all observed sentinel
trials.

Similar to the Chinook Salmon model, the HT, TII, and Q
covariates in the logistic component of the Coho Salmon model
were positively associated with the probability of total C. shasta-
induced mortality; however, the term TII x Q was associated
with a decreased probability of total mortality (Table 3). In the
survival analysis component of the model, all of the covariates
(except ET and TII x HT) were negatively associated with sur-
vival rate. Overall, increases in TII produced increases in both
total mortality and the mortality rate; as with Chinook Salmon,
the pattern of this response for Coho Salmon also differed be-
tween the HT (Figure 5a—c) and Q (Figure 5d-f) covariates.
Total mortality and the rate of mortality were greater at mini-
mum values of Q than at minimum values of HT across all TII
values. However, increasing the value of HT resulted in greater
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survival probability. The lines within each panel correspond to minimum (solid line), mean (dashed line), and maximum (dotted line) observed values of HT

and Q.

differences in both total mortality and the mortality rate than
increasing the value of Q.

DISCUSSION

Cure models provide an analytical tool for modeling and pre-
dicting survival rates in wildlife populations, especially those in
which abundance is constrained by pathogens. Cure models can
be analyzed by parametric or semiparametric methods, thereby
allowing for use in a wide array of host—pathogen systems with
varying amounts of empirical data. In this paper, we presented
a parametric version of the model, as it allows for more precise
estimates of the covariates of interest (Collett 2003). Another
advantage of using cure models over other survival analysis
methods is the ability to incorporate different covariates into
the survival and logistic components, further expanding the ap-
plications to different disease systems. We used a mixture cure

model to analyze the effects of C. shasta on the survival rates of
Chinook Salmon and Coho Salmon because this model allowed
us to divide our populations into two distinct groups—those
that succumb to infection (susceptible individuals) and those
that survive infection (“cured” individuals).

In this host—pathogen system, the “cured” proportion of the
salmon host can arise in two different ways. First, not all in-
dividuals may become infected with C. shasta. When parasite
densities are relatively low (<10 parasite/L), parasite-induced
mortality is often lower and highly variable (Hallett et al. 2012).
Ray and Bartholomew (2013) observed density-independent
transmission dynamics between C. shasta and its salmon host
when parasite densities were low (<10 parasite/L), suggest-
ing that random chance encounters led to infection. However,
as parasite densities increased, density-dependent transmission
dynamics were observed, indicating that at some parasite con-
centration threshold almost all salmon will become infected.
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Second, salmon may be able to recover from the infection. Ev-
idence for the ability to recover from infection was reported
by Ray et al. (2010), who conducted caged exposures in the
Klamath River when total C. shasta densities exceeded 100 par-
asites/L. Observed mortality was over 90%, yet no evidence
of infection (by either visual inspection or PCR) was detected
among the survivors.

In our study, the mixture cure models for Chinook Salmon
and Coho Salmon had slightly different structures in terms of the
retained covariates, indicating that these salmonid species have
biologically different responses to infection. Although several
comparable models (AAIC < 2) were found for both Chinook
Salmon and Coho Salmon, they shared an overall structure sim-
ilar to that of the final model selected. The logistic component
of the final models differed in that TI x HT was retained in
the Chinook Salmon model, but TII x HT was dropped from
the Coho Salmon model. This finding suggests that C. shasta
TI (Chinook Salmon) could be more virulent than TII (Coho
Salmon) and that this virulence is compounded by increased
water temperatures, as was hypothesized by Hallett et al. (2012).
The survival component of the final model was similarly struc-
tured for the two species, except that TI x Q was retained in
the Chinook Salmon model, whereas TII x @ was removed
from (and TII x HT was retained in) the Coho Salmon model.
As TI is the dominant C. shasta genotype in this system, the
TI x Q term provides an exposure dose estimate for Chinook
Salmon. Retention of the TII x HT interaction in the survival
component for Coho Salmon indicates that rising water tem-
peratures increase the severity and rate of C. shasta-induced
mortality (Udey et al. 1975; Ray et al. 2012); inclusion of this
term in the model suggests that Coho Salmon are more sensitive
to warmer temperatures than Chinook Salmon in the Klamath
River (Richter and Kolmes 2005; Hallett et al. 2012).

Overall, the mixture cure models captured the observed
mortality characteristics for both Chinook Salmon and Coho
Salmon; however, the lack of fit among certain trials could be
improved by further refining our measurements of environmen-
tal variables and by improving our understanding of infection
dynamics in the salmon hosts. The estimates of TI for Chinook
Salmon and TII for Coho Salmon were based on three 1-L sam-
ples collected at the start and end of the exposure period. Contin-
uous collection of water samples during the 3-d exposure period
may help to improve the estimates of this important covariate.
Although Q was a significant covariate in both models, it is a
relatively coarse proxy for water velocity and does not capture
variation in velocity among other locations in the river (e.g.,
eddies, pools, and riffles). Ray and Bartholomew (2013) ob-
served an inverse relationship between velocity and actinospore
transmission with a threshold at approximately 0.3 m/s, above
which C. shasta transmission was greatly reduced. Therefore,
a more fine-scale measurement (e.g., near-cage velocity) may
improve the fit of these models to the observed data. In addition
to more fine-scale measurements of total parasite concentration
and velocity, the use of replicate cages would aid in capturing
variation in the mortality response, especially during years of

low to moderate (<50%) mortality. Atkinson and Bartholomew
(2010a) demonstrated a link between the relative proportion of
species-specific C. shasta genotype and mortality. However, it
is not known how co-infection with both genotypes would influ-
ence the severity of disease. When TI was the dominant genotype
in the water column, Chinook Salmon mortality was generally
high (e.g., trials 22 and 23). However, when the proportions of
TI and TII were similar (e.g., trials 5 and 7), Chinook Salmon
mortality was lower, suggesting that higher proportions of TII
may lessen the lethal effects of TI on Chinook Salmon. In ad-
dition to multiple genotypes of C. shasta, these salmon are also
exposed to other pathogens (e.g., Flavobacterium columnare
and Aeromonas salmonicida) and parasites (e.g., Nanophyetus
salmincola) that could affect overall mortality and the rate of
mortality. Refinement of our techniques for measuring environ-
mental factors and the inclusion of interactions among C. shasta
genotypes, other pathogens, and the salmon hosts may improve
the predictive capabilities of these mixture cure models.

As the incidence of epizootics and diseases affecting wildlife
populations increases across all taxonomic classes (Harvell et al.
2002), disease ecologists employ a variety of statistical methods
and models to understand and quantify host—pathogen dynam-
ics. However, standard survival analysis methods largely ignore
the importance of heterogeneity in a population’s response to
infection. The heterogeneity displayed in wildlife populations
makes cure models an attractive alternative to traditional meth-
ods of survival analysis. The mixture cure models developed
here provide daily survival rates and estimates of population-
level parasite-induced mortality that can be incorporated into
salmon population and production models. Our mixture cure
models allow for a detailed understanding of juvenile salmon
survival in the Klamath River, which in turn will allow managers
to better account for the effects of disease dynamics on these
stocks. Although the present mixture cure models were devel-
oped for an aquatic pathogen, they could also be applied to other
host—pathogen systems, such as sylvatic plague (Yersinia pestis)
in prairie dog Cynomys spp. colonies, white-nose syndrome
(Geomyces destructans) in bats, or chytridiomycosis (Batra-
chochytrium dendrobatidis) in amphibians (Cully and Williams
2001; Frick et al. 2010; Muths et al. 2011). Cure models pro-
vide a flexible yet powerful analytical tool that can be applied
to a wide range of host—pathogen systems, allowing the identi-
fication and quantification of biotic and abiotic factors that are
significant for both the affected and surviving fractions of the
population.
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