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Assessing the Efficacy of Using a Parentage-Based
Tagging Survival Model to Evaluate Two Sources of
Mortality for Juvenile Chinook Salmon (Oncorhynchus
tshawytscha) in Lookout Point Reservoir, Oregon

By Dalton J. Hance, Tobias J. Kock, Russell W. Perry, and Adam C. Pope

Abstract

We conducted a study to assess the efficacy of using
a parentage-based tagging survival model (PBT N-mixture
model) to evaluate two sources of mortality for juvenile
Chinook salmon (Oncorhynchus tshawytscha) in Lookout
Point Reservoir, Oregon. The model was originally developed
to evaluate reservoir mortality because of predation from
piscivorous fish. However, recent studies have also found
that juvenile Chinook salmon experience high infection rates
from parasitic copepods (Salmincola californiensis), which
are known to negatively affect performance and survival. Our
study was conducted to determine if the PBT N-mixture model
could separately estimate mortality because of predation from
non-native fish and mortality resulting from copepod infection.
This assessment was conducted in two parts: (1) data collected
in Lookout Point Reservoir during 2018 were re-analyzed; and
(2) a simulation was conducted to evaluate a multi-year study
that included inter-annual variation in copepod infection rate
and two subsampling strategies (10 fish per month, 30 fish
per month) to characterize monthly copepod infection rate.
Results from each of these efforts suggest that the survival
model is unlikely to provide reliable survival estimates for the
two mortality sources that we evaluated. The re-analysis of
2018 data showed that “predation only” and “copepod only”
models estimated a negative coefficient for the respective
covariate, but the model that included both covariates
provided coefficient estimates that differed from the other
models and were highly uncertain. Similarly, the simulation
results showed that most models failed to correctly estimate
the magnitude and direction of mortality due to predation
and copepods. These results suggest that additional data will
be required if a model is desired that can separately estimate
mortality effects due to both predation and copepods in the
future. The existing data are limited by factors including low
detection probabilities from previous field studies, existing
uncertainties about copepod effects on mortality in a natural
setting and expected limitations in the number of years that a
field study could realistically be expected to receive funding.

Introduction

Estimates of survival for specific life-stages of Pacific
salmon (Oncorhynchus spp.) are important data for resource
managers in impounded river systems of the western United
States. During the past 2 decades, techniques have been
developed and refined to estimate survival of smolt and adult
life stages. These techniques rely on data collected from fish
marked with individually identifiable tags (passive integrated
transponders [PIT tags]) or transmitters (radio and acoustic
transmitters) and are generally applied to populations of
actively migrating fish (Skalski and others, 1998, 2016; Muir
and others, 2001; Perry and others, 2010). However, in places
like the Willamette River, Oregon, resource managers need to
understand survival patterns for subyearling Chinook salmon
(Oncorhynchus tshawytscha), specifically those in the fry and
parr life stages rearing in reservoirs. Estimation of survival for
these life stages is challenging because fish are too small to
be tagged with a PIT tag or an active transmitter, and methods
for estimating survival of fish in this size class have not been
tested and proven.

The U.S. Army Corps of Engineers (USACE) operates
the Willamette Project (Project) in western Oregon, which
includes 13 dams and reservoirs, approximately 68 kilometers
of revetments, and several fish hatcheries. The primary
purpose of the Project is flood risk management, but it is
also operated to provide hydroelectricity, irrigation water,
navigation, instream flows for wildlife, and recreation. The
Project was determined to jeopardize Upper Willamette spring
Chinook salmon and winter steelhead (Oncorhynchus mykiss;
NOAA, 2008), which has spurred a series of studies and
actions to reduce the Project’s impacts on these populations.
Downstream, juvenile fish passage is one of the key issues
in the Project. Passage for adult salmon and steelhead is
accomplished using trap-and-haul methods which provides
spawning opportunities in free-flowing headwaters and
tributaries upstream of Project reservoirs (Sard and others,
2015). Progeny of the transported adults move downstream
and spend several months rearing in Project reservoirs because
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passage options are currently (as of 2022) limited to spill,
regulating outlets, and turbine passage at the high-head dams
in the system (Keefer and others, 2013; Beeman and others,
2014; Kock and others, 2015; Monzyk and others, 2015a).
Thus, fishery managers are faced with determining whether it
is better to focus on developing fish passage options at dams
or attempting to capture fish near the head of the reservoirs.
A key piece of information that will help with these decisions
is understanding survival rates of juvenile salmon rearing
in reservoirs. High survival rates would likely result in
decisions to focus on dam-based passage or collection efforts
whereas low survival rates may result in decisions to focus on
collecting fish as they enter the reservoirs.

The U.S. Geological Survey (USGS) developed a study
design to estimate survival of juvenile Chinook salmon
in Lookout Point Reservoir, located on the Middle Fork
Willamette River, and completed 2 years of research and
survival estimation in 2017 and 2018 (Kock and others, 2016,
2019a, b). These studies implemented a novel statistical
model, the parentage-based tagging PBT N-mixture model,
that uses genetic markers passed to progeny from known
parental groups spawned in the hatchery to estimate survival
of juvenile Chinook salmon too small to tag with conventional
means. This model is described in detail in Kock and others
(2019a, b). These studies were able to generate survival
estimates during April-October each year, but survival trends
differed between years; monthly survival probability estimates
increased from April to October in 2017 but decreased
during this same period in 2018 (fig. 1; Kock and others
2019a, b). The study design was originally conceived with

A

Figure 1.

the hypothesis that reservoir mortality of juvenile Chinook
salmon would primarily result from predation by piscivorous
fish species which have robust populations in Lookout Point
Reservoir (Brandt and others, 2016; Murphy and others,
2021). However, recent studies have shown that Willamette
Basin reservoirs support abundant populations of parasitic
copepods (Salmincola californiensis), which negatively affect
the performance and survival of juvenile Chinook salmon
(Monzyk and other, 2015b; Herron and others, 2018; Murphy
and others, 2020a; Neal and others, 2021). During the 2018
study, Kock and others (2019b) documented the proportion
of juvenile Chinook salmon that were visually confirmed to
be infected with copepods (fig. 2) during monthly collection
efforts in their study, but this information was not used in
survival analyses. Kock and others (2019b) concluded:
“We lack data to definitively determine what factors
resulted in different survival estimates between years, but
reservoir conditions, fish distribution patterns, and emerging
information on copepods warrant consideration.”

In response to the uncertainty about trends in survival
in Lookout Point, we conducted additional analyses to
determine if the PBT N-mixture model could separately
estimate mortality because of predation from that of copepod
infection. This study was conducted in two parts. In the first
part, we reevaluated field data to determine whether separate
effects of copepod infection and predation could be discerned
with PBT N-mixture model. In the second part, we designed
and implemented a simulation study to evaluate the ability of
PBT N-mixture model to discern a trend with multiple years
of data.

B

Monthly survival estimates for subyearling Chinook salmon (Oncorhynchus tshawytscha) in Lookout Point Reservoir

during April (0)-October (6) (A) 2017 and (B) 2018. The survival (S) relation was estimated as constant monthly survival (open circles)
and as a function of time-since-release (triangles) for each year. The inset legend provides estimates of total survival probability of 6
months. Symbols identify point estimates for survival and whiskers identify the 95-percent credible intervals of the point estimates.



Figure 2. Proportion of juvenile Chinook salmon (Oncorhynchus
tshawytscha) infected with the copepod Salmincola californiensis
in Lookout Point Reservoir during May—October 2018. Figure

was reprinted from Kock and others (2019b). Acronyms in the
figure include the following: NOR = natural origin; R1 = release

1; R2 =release 2; R3 = release 3. Release dates are shown in
parentheses for R1, R2, and R3.

Methods

Re-Analysis of 2018 Lookout Point Reservoir
Data

Field data from Lookout Point Reservoir collected in
2018 were reanalyzed to determine whether mortality could
be statistically attributed to two different sources. These data
are described in detail in Kock and others (2019b). The two
sources of mortality considered were (1) an index of sampling
occasion (time) as a surrogate measure of reduced predation
risk with increasing fish size and (2) adult copepod incidence
rate in sampled fish. We did not attempt to model field data
collected in 2017 because information on copepod infection
was not collected. Adult copepod infection rate was the
proportion of captured juvenile Chinook salmon with visible
adult, female copepods attached averaged across release
groups. The average across groups was used to reduce the
number of parameters required in the model and thus increase
power to detect an effect. Infection rate increased through time
in 2018 from relatively low levels in June and July to very
high levels (exceeding 90 percent) in September (fig. 2).

We hypothesized that the two sources of mortality
should have countervailing effects. That is, absent any effect
of copepod infection, monthly survival probability should
increase over time because of decreased predation as juvenile
Chinook salmon grew to larger sizes. Survival estimates from
the 2017 field study supported this hypothesis as Kock and
others (2019a) found support in the data for a positive trend in
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survival with increasing time (fig. 14). Contrastingly, absent
any effect of size-dependent predation, we hypothesized that
survival should decrease with increasing copepod infection
rates. Emerging evidence has demonstrated the potential

for copepod infections to substantially decrease survival of
juvenile Chinook salmon (Beeman and others, 2015; Herron
and others, 2018, Neal and others, 2021). In particular, Neal
and others (2021) demonstrated through laboratory-controlled
infection of juvenile Chinook salmon that fish exposed

to greater levels of copepod density and higher water
temperatures experienced elevated mortality. The declining
trend in monthly survival estimates from 2018 (Kock and
others, 2019b; fig. 1B) coincident with rising copepod
infection rates suggest that copepod induced mortality is a
plausible explanation for the overserved trend.

We used the PBT N-mixture model previously described
in Kock and others (2019a, b) to assess the support in the
data for countervailing effects from these two covariates. We
briefly review the structure of that model here. The model
consists of two related equations:

Nis| N, j~Binomial (N = 3L, ;4010 5k) (1

1

and

Vitgo o+ ’yi,J,k‘ Ny
T, T
. . i,1k iJk
~Multinomiall Ny,———— ..., |, 2)
Z”i,j,k Z”i,j,k
where =1 J=1

Ny is the abundance of PBT family group i
during primary sampling occasion &,
S, is the survival probability between primary
sampling occasions &-1 to £,

T is the probability that an individual from PBT
family group i during primary sampling
occasion £ is first captured on the jth
sample, and

Vi 1s the number of individuals from PBT family

group i collected in the jth sample during
the kth primary sampling occasion.

The likelihood of the data y;; given the survival
and collection probability parameters S, and p; is the
product of equations (1) and (2) over all PBT family
groups i € {1,...,R}, and all primary sampling
occasions k € {1,...,K}, where the relation between
unconditional per-sample capture probability p, and 7 is
governed by the recursive equation

i1k
Ty = pjfl,kpjk(l ~Dj14)s 3)
where
p; is the probability of capturing an individual
on the jth removal sample, and
T, = Py
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This model assumes the following:

* The number of individuals with each PBT mark at the
time of release is assumed known without error.

* Reservoir survival and capture probabilities are equal
among PBT marks. These assumptions should be
fulfilled if PBT marks are well mixed in the reservoir
such that the distribution of PBT marks is similar
among sampling locations.

* Fish remain in the reservoir and are available for
capture, and no mortality occurs over the J days of
sampling during a primary sampling occasion.

The capture probability parameter, p, was set to vary
among sampling gear used (electrofishing, gill net, and
box trap), and whether fish were nearshore or offshore. We
assumed that fry were nearshore during the first two primary
sampling occasions and offshore thereafter (Monzyk and
others, 2015a). Capture probability was modeled as:

logit(p,) = g0t ag X, 4)
where
g is the intercept (capture probability of gear
type g at k=1),
ag, is offshore offset of capture probability for
gear type g, and
Xk is a binary covariate set to zero for k = (1, 2)

and one for k= (3, 4, 5, 6).

For survival, we fit three models to the data. The first
model corresponded to a “predation-only” model which
assumed that monthly survival increased or decreased at a
fixed rate over time. Here, time is treated as surrogate for
fish growing larger and changing behavior to better evade
predators. The second model corresponded to “copepod-only”
model which assumed that monthly survival depended only on
the proportion of captured fish with visible copepod infection.
The third model included both effects and is represented as:

logit(S,) = by+ b, 1, + b,C,, (5)

where
b,  isthe intercept (survival for the first month
after release with assumed copepod
infection rate of zero),

b, is change in survival due to time (predation),
b, is change in survival due to copepod
infection,

t,  1sacontinuous covariate indicating the
number of months from the first fry release
to primary sampling occasion &, and

C,  is the proportion of sampled individuals from
primary sampling occasion k with visible
copepod infection.

We used standard normal prior distributions for all slope
and intercept parameters. Models were compared based on
the whether 90 percent credible intervals (CI) for parameter
estimates of the covariate effects contained only positive
or negative values. If the CI contained both positive and
negative values, then we concluded no effect of the covariate
could be discerned. We also estimated and compared the six
period-specific survival estimates for the three models:

. mid-April to mid-May (S,),

. mid-May to mid-June (S,),

. mid-June to mid-July (S;),

. mid-July to mid-August (S,),

. mid-August to mid-September (S;), and
. mid-September to mid-October (Sj).

AN N AW

Multi-Year Data Simulation with Subsampling

We conducted a simulation study to assess the potential
for a study design to separately attribute mortality to predation
and copepod infection. There were two major motivating
factors to the design of this simulation study. First, we
designed the study to use an assessment for copepod infection
based on a subsample of captured fish. Second, we designed
the study to be conducted over the course of multiple field
seasons with interannual variation in copepod infection rates.
In the simulation study we varied the subsampling rate, the
number of years and the degree of interannual variation.

We simulated a subsampling scheme out of concern
that using adult copepod presence as a measure of infection
rates may not be an accurate measure of copepod infection
dynamics. Emerging evidence suggests that the presence
of adult copepods may be a lagging indicator of copepod
infection rates. For example, Neal and others (2021)
demonstrated that substantial mortality occurred before
adult, female copepods were visible in juvenile Chinook
salmon held in a controlled laboratory setting and attributed
this in part to damage to gills from feeding by microscopic
juvenile copepods. Sanders and others (2021) suggested that
“prevalence surveys that rely on counting grossly visible
adult female copepods only greatly underestimate the impact
on juvenile Chinook salmon survival.” Both Neal and others
(2021) and Sanders and others (2021) characterized gill
damage in juvenile Chinook salmon through histopathological
examination of excised gills. However, as Sanders and
others (2021) notes, histopathology is a low-throughput and
labor-intensive method which requires special processing of
each sampled fish. Because of the nature of this method, we
considered that this method could only realistically be applied
to a small subsample of fish collected in the field. Thus, in our
simulation we based copepod infection prevalence on only a
subset of fish collected.

To better evaluate the feasibility of identifying two
competing sources of mortality, we structured our simulation
study to mimic a field effort conducted over the course of
2 or more years. A major challenge to estimating covariate



relations in observational studies is the phenomenon of
multicollinearity, defined as a correlation between two

or more predictor variables. Data from the 2018 field

study demonstrated such collinearity between copepod
infection and time as adult copepod prevalence increased
monotonically over the course of the study. The consequence
of multicollinearity is that a statistical model will produce
unreliable estimates of the coefficients for correlated variables.
Overall predictions from a model under multicollinearity will
tend to be accurate (in this case, time-interval specific survival
estimates), but estimates for separate covariate effects (that

is, time and copepod infection) may not be. For example,
estimates for the coefficients will tend to have large standard
errors. The only remedy for multicollinearity is to design a
study in such a way that the correlation between two variables
can be broken. In observational studies, where it is usually

not possible to experimentally manipulate covariates, one way
to break this collinearity is to collect data over a broad range
of conditions such that the correlation between variables is
lessened. In the case of the PBT N-mixture model for Lookout
Point this means sampling over 2 or more years.

The extent to which copepod prevalence varies from year
to year in Lookout Point is unknown. There is only limited
evidence to suggest that the relation between copepods and
time may differ in different years. Data on adult copepod
prevalence were not collected by Kock and others (2019a)
in 2017 but was collected in 2018 (Kock and others, 2019b).
Additionally, Sanders and others (2021) used similar methods
to collect juvenile Chinook salmon in 2020 to evaluate
copepod prevalence on sampled fish over a similar time frame.
Kock and others (2019b) collected adult copepod prevalence
data on age-0 hatchery and natural-origin Chinook salmon
from June to October in 2018 and Sanders and others (2021)
between July and December 2020. Copepod prevalence for
natural-origin Chinook salmon collected by Kock and others
(2019a) was less than 15 percent in mid-July and greater than
50 percent in the remaining months, whereas Sanders and
others (2021) observed copepod prevalence of approximately
20 percent in mid-July but between 40 and 50 percent in
the remaining months. Whereas hatchery-origin and age-1
Chinook salmon had higher copepod prevalence in Kock and
others (2019b), a comparison cannot be made to Sanders and
others (2021) for these groups. Thus, we have evidence for 2
years of qualitatively similar copepod prevalence dynamics,
but with some slight differences in timing and absolute levels.

Given the unknowns of copepod infection dynamics,
we structured our simulation to evaluate multiple scenarios
of interannual variation in copepod infection rates. We
generated three families of copepod infection curves with
respect to time: “Low,” “Moderate,” and “High.” These
curves were drawn from the Richard distribution (Richards,
1959), a generalized logistic function obtained to model
the growth of organisms over time and which has been
used in epidemiological models (Lee, 2020). For each year
in a simulation a new growth curve was drawn from the
family specified by the simulation scenario to determine the
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probability that an uninfected fish at sampling occasion ¢

will be infected before sampling occasion ¢ + 1. The curve
families are depicted in figure 3 and were obtained by drawing
parameters of the Richard curve from different sets of bounded
uniform distributions. In contrast to existing field datasets,

we envisioned the infection rates detailed here to produce the
proportion of the juvenile Chinook salmon population infected
by juvenile copepods, rather than the proportion showing
grossly visible adult copepods.

We produced a series of simulated datasets with
common characteristics varying only the number of years in
the study, the type of copepod infection curves in each year,
and the number of fish subsampled during each sampling
occasion. For simplicity, all fish in the simulation were
released as a single group at the start of the simulated study.
The common characteristics included the number of distinct
PBT family groups (R = 70), the total number of juveniles
released (N = 175,000), the number of primary (K = 6) and
secondary (J = 4) sampling occasion, the capture probability
during each secondary sampling occasion (p = 0.00075), and
the parameters determing survival. The survival parameters
were logit-scaled and included an intercept (5, = 1.1),
the slope of the time effect (f; = 0.22), and the slope of
the copepod effect (5, = —2.49). These correspond to a
baseline survival of 75 percent at # = 0 and 7, = 0 (where 7,
is the prevalence of copepod infection in the population),

a survival of 95 percent at =5 and 7, = 0, and a survival

of 20 percent at =0 and 7, = 1 (that is, 100 percent of
population infected). Figure 4 depicts the combined effect of
both covariates as well as the marginal effect of each (time

in blue, copepod prevalence in red) for an example copepod
prevalence curve. We simulated 96 datasets for analysis
using a multi-year version of the PBT N-mixture model.
These datasets consisted of three replicates of each specific
combination of number of years, year-types, and subsampling
rates. We considered two subsampling rates: 10 fish per
sample period and 30 fish per sample period. We simulated
datasets covering 2 and 3 years and considered each potential
combination of year-types. For example, for the 2-year models
the year types consisted of “Low-Low,” “Low-Moderate,”
“Low-High,” “Moderate-Moderate,” “Moderate-High,” and
“High-High.”

Each simulated dataset was constructed by iteratively
stepping through the data generating process implied by the
PBT N-mixture model. The simulations began with a release
of N fish divided among R release groups at time ¢ = 0.
Because we assume that copepod infection rate is zero for the
first time step, these fish survive to time 7 = 1 with probability
equal to logit(f,) = 0.75. Prior to sampling, surviving
uninfected fish (all fish at time ¢ = 0) are “infected” with
copepods with the probability of infection being determined
by the copepod infection curve drawn for that simulation.
Surviving fish were then “captured” through removal
sampling over J sampling occasions with the probability of
being captured equal to p. Captured fish were then subject
to random sampling to be assigned to the subsample group
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Figure 3. Simulation of copepod prevalence curves for a hypothetical population of juvenile Chinook salmon (Oncorhynchus
tshawytscha) for three different year-types (Low, Moderate, High) over five sampling occasions. Green lines are random draws from the
curve families for each year-type. The black line represents the curve at median of the uniform distribution for each parameter.

for “histopathology” to determine infection status. For the
remaining time periods, the probability of survival from

time ¢ to ¢ + 1 was calculated based on the population level
infection rate at time # (,) according to the relation logit(S,) =
o+ P, t+ By, and the process of “infection,” capture, and
subsampling was repeated. If fewer fish were captured than the
assigned subsampling rate, then all captured fish were used for
simulated histopathological examination.

Each simulated dataset was analyzed using a modified
version of the PBT N-mixture model described above. The
model was modified to apply to multiple years by looping
over likelihoods for all years. Capture probability was
also simplified because we ignored the complexities of
multiple gear-types and off-shore/on-shore effects for the
purposes of simulation. The final modifications accounted
for uncertainty in the true copepod infection prevalence
because of the subsampling effect and related survival to the

latent true infection prevalence. That is for each timestep,
we assumed ¢, ~ Binomal(Z,, r,), where Z, is the number of
fish subsampled and ¢, is the number of these fish with signs
of copepod infection. We then estimated survival according
to the relation logit(S,) = f, + f, t+ p,x,. We evaluated each
simulation in terms of Type S and Type M errors (Gelman
and Carlin, 2014). Type S errors are errors of the sign of
the estimate, if the 90 percent posterior uncertainty interval
for §, and f, contained both positive and negative values or
contained only negative values for £, and only positive values
for f3, then this would be an instance of Type S error. Type
M errors are errors of the magnitude of the estimate, which
would be the case where the true parameter value was not
in 90 percent posterior uncertainty value. In evaluating the
model’s ability to detect an effect of both time (predation)
and copepod infection, Type S error takes precedence over
Type M error. That is, if credible intervals are of the correct
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Figure 4.

Example survival curves used in the simulation model, (A) example copepod infection prevalence used to generate survival

curves in bottom panel, and (B) the red line represents the effect of copepod infection prevalence on survival, ignoring the time effect
and the blue line represents the effect of time, ignoring the copepod effect. The black line depicts survival as result of both effects and
is the representative survival curve used in the simulation model. On the x-axis, Sampling Occasions occur over time (months since

release).

sign, but wrong magnitude (Type S error negative, type M
error positive) then we can conclude that time and copepods
have a positive and negative effect respectively; even if the
absolute value of that effect is incorrect, we can use this as a
basis for making management decisions. On the other hand, if
the credible interval contains the true parameter value but also
contains values of the opposite sign, then we cannot conclude
there is any effect and thus cannot improve the information
on which we base decisions. Because of the limited number
of replications (a consequence of limited computational
efficiency), our analysis of Type M and Type S error rates are
only qualitative.

The results of the simulation study must be interpreted
with caution because it makes several assumptions which
may not hold in the field. Among these, we assumed that the
survival effects would be constant from year to year, which is

unlikely to be the case in nature. We also assumed that there
was no interaction between time (a surrogate of fish size) and
copepod infection which may not hold in nature. Examples of
interactions between the two covariates include the following:
(1) if larger fish are more likely to die from copepod infection
than smaller fish (given equal infection rates); or (2) if larger
fish are more likely to be infected but equally likely to die
from infection. The true field implementation is also likely

to be more complicated than the relatively simple simulation
model obtained here; in particular, capture probability was

set to be a constant. If it is necessary to account for additional
parameters (for example, capture probabilities from different
gear types) this may reduce the ability of the model to detect
an effect. There is no empirical evidence for the effect of
copepod infection prevalence as defined here (that is, infection
damage prior to the appearance of adult copepods) and an
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effect of lesser magnitude is less likely to be detected. Finally,
it is unclear whether such a subsampling approach is feasible
in a field study; that is, we do not know if gill tissue recovered
in the field will be of sufficient quality for histopathological
examination.

Results

Re-Analysis of 2018 Lookout Point Data

Re-analysis of the 2018 Lookout Point data was unable
to identify separate effects of both time and copepod adult
prevalence on survival. Whereas both the “predation only”
and “copepod only” models detected a negative effect of the
respective covariate, the model with both covariates estimated
a negative effect for time that was larger than the effect of
the “predation only” model and a positive effect with high
uncertainty for the copepod model (fig. 54). Additionally,
the 90 percent posterior uncertainty model for the copepod
effect in the combined model overlapped zero which can be
interpreted as a non-significant effect. That is, there is some
non-negligible probability that the effect of copepods could
be either negative or positive. Survival estimates between
the three models were similar, with the posterior interval
overlapping for all time periods except the third and last

(fig. 5B). These results are consistent with what one would
expect under multicollinearity; that is, the data are insufficient
to estimate separate contributions between the two covariates.

Multi-Year Data Simulation with Subsampling

The multiyear data simulation suggests that identifying a
signal of the two countervailing covariates will be challenging.
Of 96 simulated datasets, only 6 had both 90 percent
posterior intervals which contained the true values and did
not overlap zero. That is, these simulations had neither Type
S nor Type M error. Two of these occurred in simulations of
2-year studies (36 total simulations, fig. 6) and four occurred
in simulations of 3-year studies (60 total simulations,
fig. 7). All 6 occurred in simulations where the subsample
rate was set to 30 fish per sample. All but one occurred in
simulations where the year-type combinations included more
than one year-type and only one year-type class had more
than one replication successfully estimate both parameters
(“Low-Low-Moderate”). The models were somewhat better at
distinguishing the effect of copepod infection rate alone (18 of
96). When considering only Type S error, 8 out of 96 models
got the direction but not magnitude of the effect correct for
both covariates, whereas 28 out of 96 models got the direction
but not the magnitude correct for the copepod effect alone.
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Figure 5. Graphs showing (A) parameter estimates and 90-percent posterior uncertainty intervals for the coefficients of survival
(S) of the PBT N-mixture model applied to field data from Lookout Point in 2018. b0 is the intercept, b1 is the slope of time, and b2 is
the slope of the copepod effect. The red dashed line is zero; if the posterior interval overlaps the red-dashed line then the model was
unable to successfully detect an effect of that covariate, and (B)time period specific estimates of survival for three models. Symbols
show the point estimates for survival (S) and whiskers show the 90-percent credible intervals. The x-axis represents time, in months,
since release.
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Two Year Study
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Discussion

Identifying relations between environmental conditions
and ecological processes from observational studies is a
challenging endeavor. Environmental conditions often covary
(for example temperature and river flow) and ecological
process (for example, survival of fish species) are often only
imperfectly observed and must be estimated using models
paired to rigorous field study designs. Results from this
study showed that several limitations exist which prevent the
PBT N-mixture model from estimating mortality separately
for predation- and copepod-related covariates in Lookout
Point Reservoir. These include limitations in recapture
probabilities, correlation between covariates of interest, the
anticipated duration of a future multi-year field study (2 or
3 years), and critical uncertainties about methods to assess
copepod infection and the effect of copepod infection on
juvenile salmon survival. Whereas the PBT N-mixture has
proven useful for estimating survival and trends in survival
when other methods fail, it is important to acknowledge these
limitations.

Recapture probabilities during field studies in 2017 and
2018 were very low, ranging from 0.00074 to 0.01303 (Kock
and others, 2019a, b). This factor introduces substantial
uncertainty into survival estimation. Such low recapture
probabilities preclude the effective use of traditional
mark-recapture methods (Kock and others, 2019a). Whereas
the PBT N-mixture model can obtain survival estimates
even with such low recapture probabilities, it may make
it impossible to discern small or even moderate effects of
covariates on survival using the PBT N-mixture model. The
2017 and 2018 field studies relied on electrofishing, shoreline
traps, and gill nets for fish collection and substantial staff
time to achieve collection rates observed during the studies.
Unless other approaches (for example, trawling) are tested and
prove to result in substantial increases in catch, it is unlikely
that future field studies will achieve recapture probabilities
that allow for improvements in the ability of the survival
model to estimate covariate effects on survival probabilities.
If opportunities to increase recapture probabilities are indeed
limited, then other means of increasing the power of statistical
models to detect a trend may need to be implemented. These
could include increasing the number of fish released or
combining data collected over multiple field seasons.

Correlation between two or more predictor variables
(multicollinearity) greatly complicates the ability for any
statistical model to obtain reliable estimates of the independent
contribution of each predictor to the observed outcome.

In the case of copepod infection and predation, both are
expected to change monotonically over the course of a field

season, which leads to multicollinearity. Absent the ability
to experimentally manipulate these two covariates in the
field, the only way to realistically reduce the influence of
multicollinearity is to collect data over multiple field seasons
in the hope that the relation between copepod infection and
predation differs between years. We developed the simulation
for this study to include 2-year and 3-year scenarios based
on the assumption that funding entities would be unwilling
to commit to expensive, multi-year studies that extended
beyond 3 years. Simulation results showed that four of the six
simulated datasets without Type S or Type M errors occurred
during the 3-year study period, which illustrate the value of
additional years in contributing to modeling success. However,
the only successful simulations of multiyear studies occurred
when years were drawn from different copepod curve-families.
Thus, the ability of a multiyear study to discriminate an effect
is likely to be reliant on substantial interannual variation over
the course of the study. For example, studies that pair wet,
cold years with one or more hot, dry years are more likely
to produce different relations between time and copepod
infection than a study that included years with similar climatic
conditions. The potential value of these additions to the data
could be considered along with financial costs associated with
additional years of study and the likelihood of conducting a
study over a set of years with sufficient interannual variation.
Finally, whereas recent studies have provided new
insights into the effects of copepods on the performance and
survival of juvenile Chinook salmon, critical uncertainties
remain. Several recent studies have assessed copepod effects
on juvenile Chinook salmon in field (Beeman and others,
2015; Monzyk and others, 2015b; Murphy and others, 2022)
and laboratory (Herron and others, 2018; Murphy and others,
2020a, b; Neal and others, 2021) settings. Results from
these studies provided new information by documenting
copepod infected Chinook salmon in Willamette Valley
reservoirs, describing gill damage caused by copepods, and
demonstrating that copepod infection negatively affects
juvenile Chinook salmon performance and survival. However,
basic questions about copepod effects still exist. For example,
Neal and others (2021) showed that juvenile copepods can
severely damage gill filaments of juvenile Chinook salmon.
However, it’s not clear if this damage leads to direct mortality
in the wild. If mortality does occur, the proportion of fish that
die, and elapsed time to death are also important unknowns.
It is also possible that copepod-induced gill damage affects
juvenile Chinook salmon behavior in a manner that increases
the likelihood of predation. Finally, it is not clear that gill
damage can be assessed in the field for sufficient numbers
of captured fish to inform modeling efforts. For survival
modeling, these are important critical uncertainties.
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