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Abstract

After returning to spawning areas, adult Paciﬁc salmon Oncorhynchus spp. often die without spawning
successfully, which is commonly referred to as prespawn mortality. Prespawn mortality reduces reproductive
success and can thereby hamper conservation, restoration, and reintroduction efforts. The primary source of
information used to estimate prespawn mortality is collected through carcass surveys, but estimation can be
difﬁcult with these data due to imperfect detection and carcasses with unknown spawning status. To facilitate
unbiased estimation of prespawn mortality and associated uncertainty, we developed a hidden-process mark–
recovery model to estimate prespawn mortality rates from carcass survey data while accounting for imperfect
detection and unknown spawning success. We then used the model to estimate prespawn mortality and identify
potential associated factors for 3,352 adult spring Chinook Salmon O. tshawytscha that were transported above
Foster Dam on the South Santiam River (Willamette River basin, Oregon) from 2009 to 2013. Estimated prespawn
mortality was relatively low (≤13%) in most years (interannual mean = 28%) but was especially high (74%) in
2013. Variation in prespawn mortality estimates among outplanted groups of ﬁsh within each year was also very
high, and some of this variation was explained by a trend toward lower prespawn mortality among ﬁsh that were
outplanted later in the year. Numerous efforts are being made to monitor and, when possible, minimize prespawn
mortality in salmon populations; this model can be used to provide unbiased estimates of spawning success that
account for unknown fate and imperfect detection, which are common to carcass survey data.
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It has become increasingly evident that large numbers of
adult Paciﬁc Salmon Oncorhynchus spp. often die without
spawning successfully after they return to spawning areas;
these deaths are commonly referred to as prespawn mortality.
For example, beginning in the 1990s, prespawn mortality of
Coho Salmon O. kisutch in western Washington rivers resulted
in widespread concern and investigations to identify potential
causes (Scholz et al. 2011; King et al. 2013). Similarly, high
prespawn mortality (mean = 48%) of threatened Chinook
Salmon O. tshawytscha in the Willamette River basin has
recently been recognized as a potential threat to population
persistence (Keefer et al. 2010). Although we focus primarily
on prespawn mortality, mortality during migration to spawning areas (i.e., migration mortality) is closely related and may
occur through similar processes. Potential factors that have
been associated with prespawn and/or migration mortality
include warm water temperatures (Naughton et al. 2005;
Quinn et al. 2007; Keefer et al. 2008, 2010), river discharge
(Rand et al. 2006; Quinn et al. 2007), pollutants (Scholz et al.
2011), infectious disease (CDFG 2004; Kocan et al. 2004;
Bradford et al. 2010; Benda et al. 2015), and insufﬁcient
energy reserves to migrate and survive until spawning (Rand
et al. 2006). Density dependence at very high abundance has
also been associated with pre-spawn mortality (Quinn et al.
2007); however, in most recently reported cases, populations
are well below historical averages, and this mechanism is
unlikely.
One population restoration and reintroduction effort that is
particularly sensitive to prespawn mortality is outplanting,
which involves trapping and hauling sexually mature or
maturing adults upstream of migration barriers or into habitats where reproduction is limited. Outplanting is increasingly
being used for different purposes, including to accelerate
recolonization of Chinook Salmon into newly available habitat after barrier removal in Shitike Creek, Oregon
(Baumsteiger et al. 2008); to reintroduce Chinook Salmon
above high-head dams in the Willamette River basin, Oregon
(Keefer et al. 2010); and to allow adult Bull Trout Salvelinus
conﬂuentus to spawn upstream of barriers (DeHaan and
Bernall 2013; Al-Chokhachy et al. 2015). Even moderate
levels of prespawn mortality can undermine the effectiveness
of outplanting operations because the number of adults outplanted is limited by (1) the number of adult ﬁsh available
and (2) the high costs of associated infrastructure and personnel time. Outplanting operations may also elevate prespawn mortality via increased stress or disease transmission
during holding or transport (Schreck et al. 1989; Mesa et al.
2000). Outplanting can only be successful at restoring selfsustaining populations if enough adults successfully spawn
and produce sufﬁcient numbers of offspring that survive
through subsequent life stages and return as adults to complete the life cycle (Anderson et al. 2014).
Accurate estimation of prespawn mortality and identiﬁcation of associated environmental covariates or management
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practices are important for understanding spawning success
and, if possible, mitigating negative effects. The most direct
and widely available source of data for estimating the prevalence of prespawn mortality is collected during carcass surveys on spawning grounds (e.g., Hruska et al. 2011; Scholz
et al. 2011), although radiotelemetry tags that report mortality
can identify prespawn mortalities occurring prior to the
spawning season (Keefer et al. 2008). In populations of ﬁsh
that arrive early and hold in spawning areas, ﬁsh can die prior
to the commencement of the spawning season, and any carcasses recovered during that time can be classiﬁed as prespawn mortalities, regardless of sex or condition (Keefer
et al. 2008). Identiﬁcation of prespawn mortality after the
spawning season has begun is more difﬁcult and requires the
recovery and examination of female carcasses to determine the
level of egg retention, as high percentages may signify prespawn mortality. Uncertainties arise in using carcass survey
data to estimate prespawn mortality rates due to (1) the use of
egg retention to identify prespawn mortality, (2) the presence
of carcasses with unknown fates, and (3) imperfect detection.
The use of egg retention estimates to identify prespawn mortality in carcasses can be uncertain due to poor carcass condition and the selection of a threshold above which ﬁsh are
classiﬁed as prespawn mortalities. The use of a threshold
does not recognize that ﬁsh with egg retention rates above
the threshold may have partially spawned and produced offspring. However, it is common practice to use a relatively high
egg retention threshold, such as 50% (Scholz et al. 2011) or
75% (Hruska et al. 2011), to signify prespawn mortality since
most successful spawners are assumed to release more than
90% of their eggs under normal conditions (e.g., Major and
Mighell 1969; Quinn et al. 2007). If some of these ﬁsh
partially spawned and successfully produced offspring, then
prespawn mortality and its related effects on the population
would be overestimated. Carcasses with unknown fates are
common because spawning success cannot be identiﬁed in
males, and many carcasses may be in poor condition due to
decay or scavenger damage, making it impossible to determine
sex or spawning success via egg retention. In addition, carcass
recovery at all times of the year is limited by imperfect
detection due to practical limits on survey effort or due to
conditions (e.g., high ﬂows) that limit recovery. A model that
accounts for imperfect detection and unknown spawning status
can help make use of all available information collected during carcass surveys and can provide unbiased estimates of
prespawn mortality.
Given the potential for prespawn mortality to adversely
affect populations, conservation and recovery efforts such as
outplanting can beneﬁt from unbiased estimates of prespawn
mortality and an understanding of the relationship between
prespawn mortality and environmental factors or management
practices. Since individuals that are handled during outplanting can be easily marked and later identiﬁed, the estimation of
prespawn mortality from carcass survey data can be paired
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with an appropriate mark–recovery model to facilitate estimation. We describe the development of a hidden-process mark–
recovery model that can be used to estimate prespawn mortality from carcass survey data with marked individuals while
accounting for imperfect detection and unknown spawning
success. Hidden-process models account for variation in the
unobserved (hidden) ecological process and for error due to
observation methods, leading to more robust estimates of
population dynamics (Newman et al. 2006; Gimenez et al.
2012) or similar ecological processes. We then use this
model to estimate prespawn mortality of spring-run Chinook
Salmon that were outplanted above Foster Dam on the South
Santiam River, Oregon, and to understand the effects of outplanting operations on prespawn mortality.

METHODS
Model Development
We developed a hidden-process mark–recovery model that
enables estimation of the percentage of prespawn mortalities
while accounting for unknown fates and imperfect detection.
Our model was similar to that developed by Schaub and
Pradel (2004) for estimating the percentage of white storks
Ciconia ciconia that died from power line collisions. Schaub
and Pradel (2004) used the more conventional maximum likelihood estimation based on a summarization of the mark–
recovery data, which did not allow for estimation of group
or individual effects. We modiﬁed the model in a manner that
enabled us (1) to separately estimate two known spawning
states (successfully spawned and prespawn mortality) from
unknown states and (2) to use all available information from
individual ﬁsh mark–recovery histories.
The unobserved process describing the survival and fate of
outplanted ﬁsh was modeled with ﬁve states: (1) alive, (2) died
within the preceding week without spawning (prespawn mortality), (3) died within the preceding week and had successfully spawned, (4) died within the preceding week but had an
unknown spawning status (unknown status), and (5) died
before the preceding week (i.e., had been dead for more than
7 d) and were unavailable for recovery (dead). Fish that were
either alive (state 1) or dead (state 5) were not available for
recovery. We assumed that after more than 1 week, Chinook
Salmon carcasses would be unavailable for recovery because
carcasses can be quickly damaged due to scavenging or can be
washed downstream (Cederholm and Peterson 1985).
Although it is possible that carcasses could be recovered
more than 1 week after the mortality occurred (Cederholm
et al. 1989), we made this simplifying assumption because we
had no additional information on the transition between death
and carcass recovery. If this assumption was violated, then the
estimates of weekly detection probability and survival could
be biased, but the estimates of prespawn mortality would be
largely unaffected. Thus, in the unobserved-process model,

individuals that died at time t but were not recovered transitioned to state 5 (dead) and could no longer be observed.
The observation process model had four states: unobserved
(alive or unrecovered/dead), recovered as a prespawn mortality, recovered as a spawned carcass, and recovered as a carcass
of unknown status. A transition probability matrix is a convenient way to describe the model in terms of the probability
of transitioning from the current state at time t to another state
at time t + 1 (Schaub and Pradel 2004; MacKenzie et al.
2009). The transition probability matrix (ϕ) and associated
vector of recovery probabilities (P) were
2
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where S is survival probability, α is the probability of prespawn mortality, K is the probability that the spawning success
of a recovered ﬁsh is known, and λ is the detection probability.
Note that we include only a single λ shared by all fates
because preliminary simulations showed that the model was
not identiﬁable when λ was estimated separately for each fate
(J.T.D., unpublished data). Additional information or an alternative formulation could be used to enable the estimation of
multiple λ values, but simulations would be needed to ensure
that all parameters are identiﬁable.
Consider an individual that is alive at time t (row 1 in
equation 1). This individual can (1) remain alive with probability S, (2) die without spawning, with probability (1 – S)(α)(K),
(3) die after spawning, with probability (1 – S)(1 – α)(K); or (4)
die and become a carcass of unknown spawning status with
probability (1 – S)(1 – K) at time t + 1. Note that the probability
of becoming an individual of unknown status is actually (1 – S)
(1 – K)[α + (1 – α)], as ﬁsh of unknown fate actually spawned or
did not spawn prior to dying, but [α + (1 – α)] is equal to 1.0 and
is not shown in our transition matrix. A ﬁsh cannot transition
from alive (state 1) to dead and unobservable (state 5) within one
time step because in our model, carcasses are assumed to be
available for recovery for 1 week, which is reﬂected by the 0%
probability in the last column of row 1. The last four rows are
deterministic, since all individuals that are recently dead (states
2–4) or dead (state 5) either transition to or remain dead (state 5)
at time t + 1. These transitions are summarized by using a fate
diagram for an outplanted individual (Figure 1).
Outplanting of Chinook Salmon as a Case Study
The model described above is a relatively general form that
can be used to estimate spawning success from carcass survey
data with tagged ﬁsh, such as in Paciﬁc salmon outplanting
operations. We illustrate the model’s application in estimating
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FIGURE 1. Fate diagram for individual tagged Chinook Salmon, showing possible state transitions from time t to time t + 1 (S = survival probability; α =
probability of prespawn mortality; K = probability that spawning status is known; λ = detection probability [i.e., probability that the carcass will be recovered]).
The capture history fragment records the observed state for 2 weeks resulting from each of the possible unobserved transitions in the diagram. All capture
history fragments begin with the number 1 during the ﬁrst week a ﬁsh is tagged (alive) and are then followed in the second week by a 0 (not recovered), 2
(prespawn), 3 (spawn), or 4 (unknown spawning status).

the prespawn mortality of outplanted Chinook Salmon in the
South Santiam River, Oregon.
Study region.—The South Santiam River is a major
tributary to the Willamette River. The South Santiam River
has a 2,694-km2 watershed, with elevations ranging from 67 m
in the Willamette Valley to 1,744 m on the western slope of
the Cascade Mountains (Figure 2). Riverine habitat ranges
from steep, conﬁned channels in forested, high-elevation
areas to low-gradient reaches with broader ﬂoodplains
surrounded by farming and developed land cover
downstream. Foster Dam is located at river kilometer (rkm)
62; it is an impassable barrier that blocks spring-run Chinook
Salmon and winter-run steelhead O. mykiss from accessing
historic spawning locations. Chinook Salmon in the upper
Willamette River system, including the South Santiam River
population, were listed as threatened under the U.S.
Endangered Species Act in 1999, partly due to very limited
natural reproduction (NMFS 1999a, 1999b; ODFW and NMFS
2011). The loss of access to historic spawning habitat due to
dams was a major contributor to population declines, but
habitat degradation and overharvest also contributed (ODFW
and NMFS 2011). Managers initially began outplanting adult
Chinook Salmon above dams to provide a prey base for
threatened Bull Trout, but the establishment of naturally
reproducing populations became a primary goal after initial
outplanting resulted in natural production (Johnson and
Friesen 2010; ODFW and NMFS 2011). Outplanting
operations have included the South Santiam River above
Foster Dam, but also other sites in the Willamette River

basin, including the North Santiam River above Detroit
Dam, the McKenzie River above Cougar Dam and Blue
River Dam, and the Middle Fork Willamette River above
Lookout Point Dam and Fall Creek Dam. Upstream of
Foster Dam, most of the habitat that is accessible to
outplanted salmon is relatively steep, with a conﬁned
channel surrounded by forested land at moderate elevations.
Outplanting and recovery operations.—During May–
September in 2009–2013, spring Chinook Salmon arrived at
Foster Dam and entered the ﬁsh trap. Trapping and outplanting
generally occurred on a weekly basis but varied to match the
number of returning ﬁsh. In some weeks no ﬁsh were
outplanted, whereas outplanting occurred as often as three or
four times in 1 week during the peak return period in each
year. Individuals with intact adipose ﬁns were assumed to be
wild ﬁsh and were outplanted above Foster Dam, whereas ﬁsh
with clipped adipose ﬁns were of known hatchery origin and
were not outplanted during the study period. Some hatcheryorigin ﬁsh were unmarked due to healed adipose ﬁns and were
thus outplanted as wild ﬁsh. Nearly all of the outplanted ﬁsh
received a single Floy tag (with an individual identiﬁcation
number) directly behind the dorsal ﬁn above the lateral line.
Only individuals that received and retained their Floy tags
until they were discovered as carcasses were used to
estimate pre-spawn mortality.
After tagging, ﬁsh were transferred to aerated tanks on
trucks, transported upstream, and outplanted at one of three
locations (shown in Figure 2). The most suitable location for
the release of adult salmon was selected by Oregon
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FIGURE 2. Map depicting the South Santiam River (bold line), Oregon, and the locations of Foster Dam and three Chinook Salmon release sites. Inset shows
the location of the study reach (bold line) in the South Santiam River basin (dark gray shading), which is part of the Willamette River basin (light gray shading).

Department of Fish and Wildlife (ODFW) staff based on the
water levels, water temperature, and season. Dead or moribund individuals (if any) were recorded as transport mortalities at the time of ﬁsh release from the truck, but those
individuals were not considered prespawn mortalities in our
analysis. Fish that were outplanted to the same site on the
same date were classiﬁed into a single outplant group; this was
done to identify groups of ﬁsh that experienced similar trapping, hauling, and outplanting conditions, including the occurrence of transport mortality. Ideally, an outplanted group
would only include individuals that were trapped, transported
in the same truck, and outplanted together, but the transport
event identiﬁer was not linked to the outplanting and recapture
data set.
Carcass surveys by ODFW staff and volunteers began after
the ﬁrst group of ﬁsh was outplanted each year, and the
surveys spanned from the head of the reservoir to a natural
barrier waterfall at rkm 99.0. The location and length of
stream surveyed varied among daily surveys, but the entire
length of the main-stem South Santiam River that was available to spawning ﬁsh was surveyed on a weekly basis. All
recovered carcasses were examined for Floy tags and were
identiﬁed as one of the following: prespawn mortality females

(>50% of eggs remaining), successfully spawned females
(<50% of eggs remaining), males, and unknown spawning
status (too much damage or decay to be identiﬁable). The
50% threshold was used because in most years, survey data
only recorded whether egg retention was below or above this
value. During the 2013 surveys, when egg retention was
estimated in quartiles, most of the ﬁsh that were classiﬁed as
prespawn mortalities (43 of 47) had 75–100% of eggs remaining. This ﬁnding suggests that (1) most of the ﬁsh that were
recovered as pre-spawn mortalities in our study either did not
spawn or released less than 25% of their eggs, and (2) the use
of a 50% threshold was unlikely to affect our results. The
recovery location of each carcass also was recorded as belonging to one of nine main-stem survey reaches, which were
delineated by tributaries or landmarks and ranged in size
from 2.5 to 7.5 km. Recovered carcasses were chopped to
ensure that those individuals would not be recorded during
subsequent surveys.
Model implementation.—We used the general form of the
hidden-process model presented above to estimate the fates of
Chinook Salmon in the outplanted groups. The ecological and
observation processes were modeled at a weekly time step,
which provided sufﬁcient temporal resolution to depict the
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underlying process and corresponded to the timing of salmon
carcass surveys. We classiﬁed all ﬁsh that died prior to week
35 of each year (i.e., the beginning of September) as prespawn
mortalities because Chinook Salmon do not normally spawn
prior to September in the South Santiam River. The unknown
state included carcasses that were damaged or decayed beyond
recognition as well as all males that died after the spawning
season began, since it was impossible to determine from
carcass surveys whether males had successfully spawned.
In addition, we prepared a matrix with known information
about the unobserved process to assist in convergence, as
discussed by Kery and Schaub (2012). For each recovered
carcass, it was known that the individual was alive from the
time of release until the period prior to recovery, after which it
died, was recovered in the observed state, and subsequently
entered the dead state. The known matrix was used so that the
unobserved states of all recovered ﬁsh did not have to be
estimated. This was not required but did increase the speed
of model convergence.
We modeled the annual probabilities Sy, Ky, and λy as
constant within a year y, where each annual estimate was
independent from those of other years. We recognize that
each of these parameters could be modeled as random deviations from a normal distribution with an interannual mean and
SD, but we did not pursue this approach because it greatly
increased computational time and did not improve inference in
preliminary comparisons (J.T.D., unpublished data). We constrained survival in the last week of each year to be zero
because it was unlikely that any individuals survived past the
end of the spawning season in late October.
One of our primary objectives was to estimate how the
prespawn mortality rate varied among years and among outplant groups and to estimate potential covariate effects. The
probability of prespawn mortality for outplant group g in year
y (αgy) can be modeled as a logit-linear function of the intercept, an annual deviation (γy), a group deviation (εg), and the
effect b of outplant group covariate Xg,
 
logit αgy ¼μ þ bXgy þ γy þ εg ;

(2)

where γy ~ Nð0; σα Þ and εg ~ Nð0; σαy Þ:
Without covariates, the model is a two-level hierarchical
model with annual and group-level deviations that stem from
normal distributions with a mean of zero and SDs of σα and
σαy , respectively. When covariates are included, the deviations
εg allow for additional variation in outplant groups that is not
accounted for by covariate effects.
Potential covariates.—We developed a set of covariates
that might inﬂuence the probability of prespawn mortality
for ﬁsh in outplant groups. Covariates included the week of
the year during which a group was outplanted (hereafter,
“outweek”), whether a death occurred during transport for a
given outplant group (transport death), and the outplant
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location (site). Outweek ranged from 19 to 43 and averaged
28.9 (SD = 5.3). The prevalence of transport death was 26%,
and the three outplant locations shown in Figure 2 served as
the three levels of the site covariate. We expected outweek to
have a negative effect because other studies have found that
ﬁsh outplanted later in the season exhibited lower prespawn
mortality rates (Keefer et al. 2010). We included outplant
location because a closely related analysis found a signiﬁcant
effect on transport mortality (M.E.C., unpublished data), and
there are immediate management implications that would stem
from higher prespawn mortality at a given site. A transport
death was expected to be associated with an increased
probability of prespawn mortality because all ﬁsh in the
transport vessel could have been inﬂuenced by the stressor
or pathogen that caused the transport mortality, potentially
resulting in latent mortality of the outplanted ﬁsh that
survived transport (Schreck et al. 1989). The transport death
covariate was uncertain because outplant groups included all
ﬁsh that were outplanted to a given site on the same day, and
two to three transport groups were included in a single
outplant group on 19 dates. For outplant groups that
included multiple transport groups, we recorded a transport
death if mortality occurred during transport for any ﬁsh taken
to that site on that day. All r2 values among outplant group
covariates were less than ±0.50.
The full model was modiﬁed from the generic model
shown in equation (2) to include the effects (boutweek, btransport_death, bGordon, and bRiverbend) of the covariates outweek
(O), transport death (D), and indicator variables for the
Gordon (G) and Riverbend (R) sites,
 
logit αgy ¼ μ þ boutweek Ogy
þ btransport death D þ bGordon G þ bRiverbend R þ γy þ εg ;

(3)

where γy ~ Nð0; σα Þ and εg ~ Nð0; σαy Þ:
We used forward stepwise selection to identify covariates
that were important predictors of prespawn mortality. We ﬁrst
began by ﬁtting a null model that did not include any
covariates of prespawn mortality. We then ﬁtted three models
with one covariate each to determine whether covariate
effects were supported by the data. If the 80% credible
intervals (CIs) of a given covariate effect did not include
zero, that covariate was selected for inclusion in the model.
We recognize that an 80% CI is not conservative and may
have led to the inclusion of spurious predictors in our results,
but we think that this is a reasonable level of support given
the high amount of variation in our data set. Since the choice
of CI is ultimately subjective, we report the CIs plus the
percentage of posterior distributions that are below (or
above) zero and thereby lend support for a negative (or
positive) effect for any included covariates. If two or more
covariates were supported, we ﬁtted models that included all
supported covariates plus two-way interactions.
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All models were ﬁtted in JAGS software (Plummer 2003),
which was implemented in the R2Jags package (Su and
Yajima 2015) of the R statistical environment (R Core Team
2015). The model code is available upon request from J.T.D.
All model priors were uninformative, with uniform distributions ranging from 0 and 1 for all probabilities and normal
distributions with a mean of 0 and a standard deviation of 1
for covariate effects. We used three chains and ﬁtted models
for 500,000 iterations, discarding the ﬁrst 50,000 iterations.
Due to high autocorrelation, we kept every 50th draw, resulting in a total of 27,000 posterior samples. We analyzed trace
plots and density plots of posterior distributions, and we
considered models to have converged when mixing was thorough and when the Gelman–Rubin diagnostic was less than or
equal to 1.05 for all parameters. The estimation of parameters
for this model is not trivial: convergence for models described
here with our data set typically required over 2 weeks running
in parallel on three 3.60-gigahertz processors. Computation
time can be greatly reduced if prespawn mortality is estimated
by using a ﬁxed-effects structure or if the data set includes
more information (i.e., more recovered prespawn mortalities).
Simulations.—Since the reliability of our model was
unknown, we compared parameter estimates with known
values from simulated data to determine the reliability of our
model estimates. We simulated the outplanting of groups of
100 individual ﬁsh on 10 occasions for a single year, followed
by recapture events on 12 occasions beginning after the ﬁrst
outplant occasion, with known values for S, αg, K, and λ. We
simulated data sets to represent situations with relatively low

and high values for S, K, and λ, as shown in Table 1. For each
of the six combinations of S, K, and λ, we randomly drew the
10 outplant group prespawn mortality probabilities (αg) from a
uniform distribution between 0 and 1 (Table 1). Survival was
set to zero during the last time interval because Paciﬁc salmon
do not survive after the spawning season. For each
combination of known values, we simulated 30 data sets and
estimated all parameters by using a model with all
probabilities as ﬁxed effects, ensuring that estimates
converged (Gelman–Rubin diagnostic ≤ 1.05 for all
parameters). We then compared the estimates to the true
values to identify potential biases.

RESULTS
Simulation Results
Estimates of S, K, and λ from the 30 simulations for all
parameter combinations were very precise (SD < 7%) and
unbiased, with mean values much less than 1 SD from true
values (Table 1). Nearly all mean estimates of αg from the 30
simulations for combinations 1–5 of S, K, and λ were within 1
SD of the true values, and the remaining 10 values were
within 2 SDs. For combination 6, in which S was 60%, K
was 30%, and λ was 5%, ﬁve mean estimates of αg were
within 2 SDs of the true values, and the other ﬁve were within
3 SDs. This last combination involved both low λ and low K,
resulting in the fewest known prespawn mortalities and the
least information for estimation. When we ran the same

TABLE 1. Simulation results summarizing the mean estimates for six combinations of known true values for the probability of survival (S), the probability that
spawning status is known (K), detection probability (λ), and the probability of prespawn mortality for Chinook Salmon outplant group y (αy). For each
combination of known values, we estimated parameters based on 30 simulated mark–recapture data sets, where 100 fish were outplanted in 10 groups of fish
with differential αy. “True” is the known true value, and “mean (SD)” is the estimated mean (with SD in parentheses) from the 30 simulations. All values are
probabilities.

Combination 1

Combination 2

Combination 3

Combination 4

Combination 5

Combination 6

Parameter True Mean (SD) True Mean (SD) True Mean (SD) True Mean (SD) True Mean (SD) True Mean (SD)
S
K
λ
α1
α2
α3
α4
α5
α6
α7
α8
α9
α10

0.30
0.60
0.30
0.07
0.12
0.39
0.03
0.11
0.22
0.03
0.35
0.06
0.05

0.3
0.6
0.3
0.12
0.17
0.45
0.08
0.16
0.23
0.08
0.35
0.09
0.1

(0.01)
(0.02)
(0.01)
(0.07)
(0.06)
(0.1)
(0.04)
(0.06)
(0.09)
(0.05)
(0.09)
(0.05)
(0.05)

0.30
0.30
0.30
0.62
0.61
0.11
0.72
0.46
0.00
0.66
0.33
0.44
0.59

0.3
0.3
0.3
0.58
0.56
0.17
0.68
0.52
0.1
0.62
0.36
0.51
0.58

(0.01)
(0.02)
(0.02)
(0.14)
(0.12)
(0.08)
(0.14)
(0.15)
(0.04)
(0.14)
(0.11)
(0.16)
(0.14)

0.30
0.60
0.05
0.76
0.67
0.97
0.53
0.26
0.42
0.20
0.53
0.31
0.86

0.3
0.6
0.05
0.61
0.63
0.75
0.43
0.38
0.47
0.3
0.51
0.43
0.72

(0.01)
(0.07)
(0.01)
(0.15)
(0.16)
(0.11)
(0.16)
(0.17)
(0.19)
(0.13)
(0.15)
(0.16)
(0.13)

0.60
0.60
0.30
0.08
0.83
0.85
0.82
0.33
0.97
0.86
0.48
0.73
0.34

0.6
0.59
0.3
0.13
0.79
0.82
0.77
0.34
0.93
0.83
0.45
0.68
0.36

(0.01)
(0.03)
(0.01)
(0.07)
(0.09)
(0.06)
(0.06)
(0.09)
(0.03)
(0.08)
(0.14)
(0.11)
(0.09)

0.60
0.60
0.05
0.33
0.76
0.46
0.62
0.72
0.59
0.85
0.04
0.90
0.42

0.6
0.58
0.05
0.38
0.61
0.48
0.5
0.7
0.52
0.69
0.25
0.74
0.46

(0.01)
(0.05)
(0.01)
(0.17)
(0.15)
(0.17)
(0.15)
(0.14)
(0.17)
(0.12)
(0.11)
(0.14)
(0.17)

0.60
0.30
0.05
0.06
0.64
0.97
0.77
0.98
0.74
0.29
0.98
0.97
0.76

0.6
0.3
0.05
0.34
0.54
0.68
0.59
0.66
0.56
0.44
0.7
0.64
0.63

(0.01)
(0.07)
(0.01)
(0.13)
(0.14)
(0.11)
(0.13)
(0.12)
(0.14)
(0.14)
(0.11)
(0.13)
(0.13)
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simulation and increased the number of outplanted ﬁsh from
100 to 500 individuals, there were more known prespawn
mortalities in the simulated data sets, and all mean estimates
of αg were within 1.5 SD of the true values.

Case Study Results
In total, 4,381 Chinook Salmon adults were outplanted
above Foster Dam during the study period, of which 3,453
received Floy tags and could be used in model estimation. Fish
were outplanted during May–October; the average number of
outplant groups per year was 20.4, and the average number of
individuals outplanted per year was 691. Smaller numbers of
outplant groups (10) and individuals (223) were used in 2009
because many of the outplanted ﬁsh did not receive tags, and
this smaller sample greatly decreased precision in the 2009
estimates, as discussed below. The number of individuals per
outplant group varied from 1 to 110 and averaged 33.9. The
most ﬁsh were released at Riverbend (1,667), followed by
Gordon (1,186) and Calkins (499), and there were differences
in the choice of release site among years and throughout the
season. None of the ﬁsh used in analyses was released at
Calkins in 2009, for example, and most of the ﬁsh that were
released later in the season in all years were released at
Gordon, the furthest upstream site (Figure 2; Table 2).
Overall, 904 carcasses with and without tags were recovered during the study period; 113 were known prespawn
females, and 289 were known spawned females. In addition,

28 male carcasses were recovered in July and August prior to
the spawning season (September 1) and were therefore considered to be prespawn mortalities. The naive prespawn mortality rate (i.e., uncorrected for imperfect detection), which
was calculated as the percentage of all recovered carcasses
that were known prespawn females or early male deaths, was
15.6% overall. The annual naive prespawn mortality rate was
6.2% in 2009, 2.7% in 2010, 12.2% in 2011, 8.6% in 2012,
and 35.8% in 2013. If only females were included in the
calculation, the naive prespawn mortality rate based on all
recovered female carcasses was 28% overall and was 14.8%
in 2009, 5.6% in 2010, 24.8% in 2011, 14.5% in 2012, and
65.9% in 2013. The naive tag retention rate (calculated as the
percentage of all recovered ﬁsh that were found with tags; n =
530) averaged 59% and ranged from 50% in 2013 to 71% in
2009. Of the 904 carcasses that were recovered, 530 were
recovered with tags and 433 were included in the model as
recoveries; the remaining recoveries were not included
because the death covariate was not available. Of these 433
ﬁsh, there were 54 prespawn mortalities and 175 spawned
mortalities, whereas all others had unknown fates (Table 2).
Prespawn mortalities were recovered throughout the year, with
32 recovered during the typical spawning season in September
after week 35.
The average probability of prespawn mortality from the
intercept-only model for the entire study period was 28%; interannual variation and among-group variation were both high
(Table 3; Figure 3). The variation among groups was especially

TABLE 2. Number of Chinook Salmon that were outplanted and recovered in the South Santiam River, Oregon; number of recovered carcasses that were
designated as prespawn mortalities, successfully spawned fish, or having an unknown spawning status; number of transport occasions during which a transport
death occurred; and the minimum (min), maximum (max), and mean week of outplanting (outweek). Data are summarized by year and site and include only
those used in model development (NA = no fish were outplanted at the specified site during that year).

Recovered carcasses
Year

Site

2009 Calkins
Gordon
Riverbend
2010 Calkins
Gordon
Riverbend
2011 Calkins
Gordon
Riverbend
2012 Calkins
Gordon
Riverbend
2013 Calkins
Gordon
Riverbend

Outweek

Number
outplanted

Number
recovered

Prespawn
mortality

Spawned

Unknown
status

Transport
death

95
128
NA
108
163
342
NA
348
655
157
108
577
139
439
93

4
23
NA
1
11
19
NA
80
90
10
17
81
10
61
10

0
0
NA
0
0
0
NA
7
7
1
2
6
3
21
4

0
8
NA
1
7
11
NA
29
41
4
5
49
1
14
1

4
15
NA
0
4
8
NA
44
42
5
10
26
6
26
5

0
0
NA
0
1
0
NA
4
6
1
1
4
4
5
1

Min Max Mean
29 34
30 40
NA NA
28 29
32 38
20 29
NA NA
30 40
25 30
25 34
24 38
19 29
25 31
24 39
19 24

31.4
37
NA
28.3
33.9
27
NA
34.9
27.6
29.1
32.7
25.7
28.6
32.3
22.6
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TABLE 3. Summaries of parameter estimates from a hidden-process model
without covariates for adult Chinook Salmon that were outplanted above
Foster Dam on the South Santiam River during 2009–2013 (Sy = probability
of survival in year y; Ky = probability that spawning status in year y is known;
λy = detection probability in year y; µ• = interannual mean prespawn mortality;
σ• = variance of µ•; µy = mean prespawn mortality in year y; σy = intra-annual
variance). The mean, SD, and 90% credible interval (CI) are summaries of
30,000 draws from the posterior distribution. The rate parameters are reported
as probabilities, whereas variances are reported on the logit scale.

This effect predicted that the probability of prespawn mortality was higher for groups of ﬁsh that were outplanted
earlier in the season (Table 4). The 80% CIs for the effects
of transport death and site widely overlapped zero and
suggested that these covariates were not supported by the
data.

Parameter

Mean

SD

90% CI

S2009
S2010
S2011
S2012
S2013
K2009
K2010
K2011
K2012
K2013
λ2009
λ2010
λ2011
λ2012
λ2013
µ•
σ•
µ2009
µ2010
µ2011
µ2012
µ2013
σ2009
σ2010
σ2011
σ2012
σ2013

0.20
0.33
0.57
0.59
0.42
0.31
0.61
0.49
0.62
0.53
0.12
0.05
0.17
0.13
0.13
0.28
4.89
0.10
0.01
0.13
0.09
0.74
4.79
2.77
1.35
2.17
1.90

0.02
0.02
0.01
0.01
0.01
0.08
0.08
0.04
0.05
0.05
0.02
0.01
0.01
0.01
0.01
0.22
2.31
0.21
0.03
0.06
0.06
0.13
2.89
2.35
0.95
1.53
1.01

0.16, 0.24
0.31, 0.36
0.55, 0.59
0.57, 0.60
0.40, 0.45
0.18, 0.45
0.47, 0.74
0.43, 0.56
0.54, 0.69
0.44, 0.61
0.09, 0.16
0.04, 0.07
0.15, 0.19
0.11, 0.15
0.11, 0.15
0.03, 0.73
1.74, 9.18
0.00, 0.63
0.00, 0.06
0.04, 0.23
0.01, 0.19
0.52, 0.93
0.43, 9.45
0.21, 7.88
0.16, 3.11
0.28, 5.62
0.72, 3.81

DISCUSSION
By using a hidden-process model, we were able to successfully estimate the probability of prespawn mortality in
Chinook Salmon while accounting for imperfect detection
and for the fact that many carcasses had unknown fates.
Simulations showed that the model provided unbiased estimation of parameters across a reasonable range of parameter
values and were especially precise for the probabilities of
survival (S), detection (λ), and known spawning status (K).
When few carcasses representing prespawn mortalities were
available, the estimates of prespawn mortality were imprecise
due to low simulated λ and K, which is not surprising since
little information was available to inform estimates in such
cases. Situations with few prespawn mortalities could arise
from small outplant groups, a low prevalence of prespawn
mortality, low λ, or a large number of individuals with
unknown spawning status. In such cases, model estimates of
prespawn mortality are likely to provide unbiased estimates
with low precision. This lack of precision was reﬂected in the
wide CIs for many years and outplant groups in our case study
application when data were limited (Figure 3).
We estimated that prespawn mortality occurred in relatively
few Chinook Salmon (≤13%) and few outplanted groups during 2009–2012, but it was highly variable and affected an
average of 74% of the outplanted ﬁsh in 2013 and 87% of
individuals in one outplant group. The annual naive prespawn
mortality rates based on the proportion of all carcasses recovered (including those without tags) were also low (≤12%) for
2009–2012 and relatively high in 2013 (36%), although lower
than model estimates. This comparison shows that model
estimates captured the general trends in naive estimates
while also providing reliable uncertainty estimates that
accounted for process error and sampling error. Differences
in the 2013 estimates were likely attributable to tag loss or
differential detection throughout the season, which are important limitations of our data set that we discuss further below.
Comparably high variability was also reported in a recent
study that used radio-tagged outplants in the nearby Middle
Fork Willamette River, where prespawn mortality (deﬁned in
that study as ﬁsh that did not survive past September 1)
averaged 48% but varied from 0% to 93% among outplant
groups (Keefer et al. 2010). It is important to note that our
deﬁnition of prespawn mortality included individuals that
might have partially spawned (i.e., 50% egg retention threshold), and those ﬁsh may have successfully produced offspring.
Because almost all (43 of 47) prespawn mortalities in 2013

high in 2009, when relatively few ﬁsh were outplanted, and in
2010 and 2012, when average annual prespawn mortality probabilities were below 10%. High interannual variability and
among-group variability were driven by the estimation of comparatively high prespawn mortality in one year (2013) or in a
few outplant groups within a year (Figure 3). Estimates of
prespawn mortality for outplant groups were often imprecise
(Figure 3), especially when groups had few outplants or few
recovered carcasses. Average λ ranged from 5% to 17% among
years, and detection was substantially lower in 2010 than in all
other years (Table 3).
Model selection suggested that a negative effect of outweek was supported by the data, as 80% CIs did not overlap zero. The probability of a negative effect was 94%
based on the percentage of posterior draws below zero.
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FIGURE 3. Estimates of prespawn mortality probability are shown for the 102 groups of Chinook Salmon that were outplanted above Foster Dam on the South
Santiam River, presented in order of outplanting date from 2009 to 2013. Each estimate is accompanied by 90% credible intervals (CIs); the horizontal lines and
dark-gray boxes show the annual means and 90% CIs, respectively, for each corresponding year. The bold dashed line and light-gray shaded area depict the
mean prespawn mortality for the entire study period and the corresponding 90% CI, respectively.

had more than 75% egg retention and because even moderately high egg retention may be detrimental to reintroduction
efforts, we think that it is reasonable to classify those ﬁsh as
prespawn mortalities.
We estimated prespawn mortality based on the percentage
of all carcasses recovered (both males and females) because
spring-run Chinook Salmon in the South Santiam River arrive
to spawning areas early, and prespawn mortality may occur
TABLE 4. Summary of the estimated effects of potential covariates for
within-year variability in prespawn mortality of Chinook Salmon that were
outplanted above Foster Dam on the South Santiam River during 2009–2013
(CI = credible interval). “Transport death” denotes the occurrence of one or
more transport mortalities, “outweek” is the week during which fish were
outplanted, and “site” is the location of outplanting. Asterisks denote covariates that were considered supported (i.e., the 80% CI did not overlap zero).
Site is a categorical variable, with Gordon and Riverbend effects estimated as
deviations from prespawn mortality at the third site, Calkins.

Covariate

Mean

80% CI

Transport death
Outweek*
Site
Gordon
Riverbend

0.35
–0.75

–0.51, 1.19
–1.36, –0.13

–0.94
–1.18

–2.78, 0.83
–2.96, 0.57

prior to and during the spawning season. Because both males
and females that die prior to the spawning season are known
prespawn mortalities and because the early death of either sex
is of concern to managers, we think that this deﬁnition best
characterizes prespawn mortality for the studied population. In
2013, for example, 8 of 28 known prespawn mortalities used
in the modeling data set were early male deaths that occurred
in July and August, and we did not want to exclude them from
the analysis. Although prespawn mortality in females may be
a primary concern of some managers because numerical production is limited by egg deposition, premature deaths of
males may have negative consequences via the loss of genetic
diversity. Our deﬁnition of prespawn mortality as the percentage of all ﬁsh is common in estimates of migration mortality
(Macdonald et al. 2010) and in studies that consider prespawn
mortality prior to the spawning season (e.g., Keefer et al.
2010). In contrast, most studies based on carcass surveys in
spawning areas have reported prespawn mortality as the percentage of female carcasses (e.g., Quinn et al. 2007; Scholz
et al. 2011), presumably because (1) spawning can occur when
ﬁsh arrive in these populations and (2) males always have
unknown spawning success. Since our estimate of prespawn
mortality was calculated based on the total number of recovered carcasses, it is an underestimate relative to studies that
use only the percentage of females. The general hidden-
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process model can be used to estimate prespawn mortality as
deﬁned by any of these criteria, or it could be modiﬁed to
separately estimate mortality that occurs prior to and after the
commencement of the spawning season.
Variability in the prevalence of prespawn mortality could
be due to several factors, and we were able to explain some of
this variation. The outweek effect suggested that prespawn
mortality was lower for groups that were outplanted later in
a given year, although this effect was largely driven by the
high mortalities that occurred in 2013. Keefer et al. (2010)
also reported lower prespawn mortality among groups of ﬁsh
that were outplanted later in the season. One potential explanation is that ﬁsh outplanted later had higher ﬁtness, perhaps
because they entered the river system later and therefore had a
shorter period of exposure to pathogens and thermal stress.
Furthermore, ﬁsh in poorer condition might have already died
during migration or while holding downstream of Foster Dam,
meaning that ﬁsh available for outplanting later in the year
were thus more likely to survive. We cannot compare these
two hypotheses here because we do not have information with
which to track individual ﬁsh from the time of freshwater
entry and we do not know whether ﬁsh that were outplanted
later spent more or less time in the river system. A third
hypothesis is that handling and transport stress led to immunosuppression and increased infection (Schreck 1996; Mesa
et al. 2000), which had greater time to develop and lead to
prespawn mortality in earlier outplants because they had to
survive longer before spawning commenced. Information to
further explore these hypotheses is not available, but future
studies could be designed to determine their plausibility.
Interestingly, two recent studies in the South Santiam River
and the nearby McKenzie River determined that in some
years, individuals that were outplanted earlier produced an
equivalent or greater number of juveniles and returning adults
than ﬁsh that were outplanted later (Evans et al. 2015; Sard
et al. 2015). The seeming contradiction between higher prespawn mortality and greater reproductive success in early
outplants may be due to a lack of prespawn mortality in ﬁsh
that were outplanted during those two studies. Based on data
from an earlier carcass survey for 2007–2008 (C. S., unpublished data) and data used in the current study for 2009–2010,
prespawn mortality was likely low (<8%) during the years of
adult outplanting analyzed in the two studies. The single
exception was 2011, when prespawn mortality was moderately
higher, but Sard et al. (2015) did not identify an effect of
outplant timing in 2011. Future integrated research that
includes genetic analyses of offspring across a range of prespawn mortality events could enhance our understanding of
the link between outplant timing, spawning success, and offspring production.
We expected that a death during transport would be associated with higher prespawn mortality in the corresponding
outplant group, as previous studies have shown that transported ﬁsh often have common fates due to shared exposure

to stressors and pathogens (Specker and Schreck 1980;
Schreck et al. 1989). However, the current analysis did not
support this hypothesis, perhaps because we could not accurately link the occurrence of a transport death to outplanted
ﬁsh. An equally plausible alternative explanation is that transport mortality did not have a latent effect on outplanted ﬁsh
and that prespawn mortality is due to separate mechanisms.
The current evidence suggests that prespawn mortality rates
did not differ among outplanting locations, but the correlation
between outplant site and outweek in our data set made this
difﬁcult to determine. Similarly, Evans et al. (2015) conducted
genetic parentage analysis and determined that there was no
effect of release location on the number of returning adults
produced by Chinook Salmon outplanted in the South Santiam
River during 2009.
Prespawn mortality was estimated to affect 73.5% of outplanted ﬁsh in 2013, which was substantially higher than in
the other four study years. Variability in prespawn mortality
among years within a single population is expected but may be
driven by differences among years (Hinch et al. 2012).
However, very high ﬂows after a storm event in late
September 2013 during the peak of the spawning season likely
reduced the number of spawned ﬁsh recoveries, resulting in
overestimation of the prespawn mortality rate. In most years, a
large percentage of recoveries occurred in October, and few
prespawn mortalities were observed among those ﬁsh. For
example, 96 (47.8%) of 201 carcass recoveries in 2009 were
found in October; only 5 of the 96 carcasses were prespawn
mortalities, whereas 31 carcasses were ﬁsh that had spawned
(the remaining 60 recovered carcasses were either males or
had unknown fates due to damage or decay). In contrast, only
6 (5.5%) of 109 carcass recoveries in 2013 occurred in
October, and none were prespawn mortalities, suggesting
that λ was greatly reduced due to high ﬂows. Thus, if carcass
recovery had not been hampered by high ﬂows in late
September and October 2013, a greater number of carcasses
from successful spawners would have been found, resulting in
a lower estimated prespawn mortality rate for 2013. Although
it is likely based on available data that the 2013 pre-spawn
mortality rate was much higher than that in other years, the
actual rate was probably lower than estimated here. The
potential for biased estimates in 2013 is a good reminder
that estimates from any model reﬂect upon the sampling data
and that the validity of model assumptions should always be
investigated prior to acceptance of the estimates.
We estimated a lower level of prespawn mortality than the
48% average reported by Keefer et al. (2010) for radio-tagged
ﬁsh that were outplanted in the Middle Fork Willamette River,
Oregon. Transport mortality was much more prevalent in outplanting operations at Dexter Dam in the Middle Fork
Willamette River than at Foster Dam and was associated
with longer times spent waiting at the Dexter Dam ﬁsh trap
and related exposure to thermal stress, longer handling times,
and transportation at higher densities (M.E.C., unpublished
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data). This suggests that differences in prespawn mortality
among populations could be due at least partially to greater
stress during trapping and outplanting; however, other factors
may include differences in migratory route and ﬁtness level.
Keefer et al. (2010) may have observed higher rates due to the
potential adverse effects of radio-tagging on survival because
those authors were limited to using ﬁsh that were in relatively
poor condition. Although we expect that prespawn mortality
differences among Willamette River basin populations and
among years are at least partly related to altered river conditions and outplanting operations, high variability in egg retention and pre-spawn mortality is common (Hinch et al. 2012)
and may be unrelated to any of these factors.
Even the relatively low prespawn mortality rates estimated
during most years in this study could adversely affect efforts
to establish self-sustaining Chinook Salmon populations
upstream of barriers in the South Santiam River basin. Our
results indicate that the outplanting of ﬁsh later in the season
could result in lower prespawn mortality, which could lead to
increased production of juvenile salmonids and larger returns
in the future. Such a ﬁnding seems to suggest that holding
adult ﬁsh under controlled conditions and outplanting them
later in the season may constitute an effective strategy (Benda
et al. 2015). The potential effect of outplanting timing in our
study should be accepted with caution, however, because ﬁsh
were not randomly assigned to outplant dates as would be
required to more robustly test for this effect. In addition, other
recent studies have reported that earlier outplants may exhibit
greater reproductive success (Evans et al. 2015; Sard et al.
2015). The practice of holding adults and conducting outplanting operations may select for ﬁsh that are ill equipped to
survive under natural riverine conditions, which could undermine the establishment of a locally adapted, self-sustaining
population. It is also important to consider other potential
bottlenecks that may limit recovery efforts (Anderson et al.
2014). In the South Santiam River, one additional bottleneck
is the poor downstream passage for juveniles, resulting in
delayed out-migration and reduced survival (Keefer et al.
2013). Despite poor passage, Evans et al. (2015) found that
outplanted adults produced sufﬁcient numbers of offspring to
achieve or exceed population replacement, which illustrates
the potential beneﬁts for population reintroduction.
Tag loss was a potential source of bias in our study, as
40.6% of carcasses that were recovered during the study
period no longer had tags and were not included in analyses
because they could not be identiﬁed. Estimated values of λ
must therefore be viewed as underestimates because we were
implicitly estimating the probability of ﬁnding a carcass given
that it still had a tag. Tag loss could have biased our estimates
of prespawn mortality if the tag loss rate differed between ﬁsh
of different fates, but we have no reason to believe that this
was the case. The naive estimate of prespawn mortality based
solely on recovered individuals with tags and known fates was

173

slightly lower (mean = 15.4%; N = 207) than that for all
individuals of known fate with or without tags (mean =
21.5%; N = 402). However, these point estimates are not
widely different, and it does not seem likely that prespawn
ﬁsh would have greater rates of tag loss given that all individuals are in a similar environment and experience similar
processes prior to recovery. The outweek effect estimates
could be biased if tag loss was not constant across weeks in
each year, but we have no information to determine whether
this is the case. Different tagging technologies that have lower
tag loss could help to reduce potential biases, and ODFW
switched to using PIT tags for all individuals that were outplanted in the South Santiam River during 2014 (C. S., personal observation).
Our hidden-process model provides a useful framework for
estimating the fate of recovered individuals when fates cannot
always be determined, which is common to carcass surveys
and many other mark–recovery applications. This modeling
framework is convenient for estimating pre-spawn mortality
via carcass survey data for a few reasons. First, outplanting
operations are often reasonably directed toward minimizing
the time that ﬁsh wait in a trap (i.e., to minimize stress) and
are not focused on statistical estimation. This can lead to
highly unbalanced data that are best addressed in a hierarchical framework wherein estimates for individual outplant
groups or years with very limited information could “borrow”
information from all other outplant groups in the year as well
as across all years. Second, we were able to partition the
variation among years and among outplant groups, with covariates introduced at the appropriate levels of the model. The
model could be extended to estimate the probability of prespawn mortality for individuals based on covariates or to
allow survival or λ to vary throughout the season. Numerous
efforts are being made to re-establish self-sustaining salmon
populations, and carcass surveys are commonly used to evaluate spawning success; the model presented here can be used
to provide unbiased estimates that account for unknown fates
and imperfect detection.
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