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Abstract: State-space population models are becoming a common tool to guide natural resource
management, because they address the statistical challenges arising from high observation error
and process variation while improving inference by integrating multiple, disparate datasets. A
hierarchical state-space life cycle model was developed, motivated by delta smelt (Hypomesus
transpacificus), an estuarine fish experiencing simultaneous risks of entrainment mortality from
out-of-basin water export and natural mortality. Notable model features included a covariate-
dependent instantaneous rates formulation of survival, allowing estimation of multiple sources of
mortality, and inclusion of relative observation bias parameters, allowing integration of differently
scaled abundance indices and entrainment estimates. Simulation testing confirmed that two
sources of mortality, process variation, and data integration parameters could be estimated. Delta
smelt entrainment mortality was associated with environmental conditions used to manage
entrainment, and recruitment and natural mortality were related to temperature, outflow, food, and
predators. Although entrainment mortality was reduced in recent years, ecosystem conditions did
not appear to support robust spawning or over-summer survival of new recruits, manifesting as a
98% reduction of adults during 1995-2015.

Key words: Bayesian hierarchical model; data integration; entrainment; delta smelt; process noise;
endangered species.
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Introduction

Human population growth and increasing use of natural resources has led to widespread
ecosystem changes (Vitousek et al. 1997) and corresponding declines, or in some cases,
endangerment of native fauna (McGill et al 2015). The need to develop successful conservation
and management strategies has driven advancements in quantitative modeling tools to inform
complex decisions about allocation of natural resources and the biota that depend upon those
resources. The statistical challenges are manifold when developing modeling tools for rare species.
It can be difficult to sample rare species, resulting in observation error that may obscure the
relationships between abundance and the environment and, therefore, the relative merits among
resource management options (Harwood and Stokes 2003; Williams 2011). Populations at low
densities may exhibit demographic stochasticity or process variation from multiple sources that
must be disentangled from observation errors to make robust predictions about the consequences
of conservation actions (Lande 1993). The management objective for population modeling is often
to identify ways to balance recruitment, natural mortality, and anthropogenic mortality, requiring
an understanding of how these vital rates interact to result in cumulative lifetime survival. Finally,
declining population densities may necessitate new monitoring programs that must be integrated
into existing population models over time, though new programs may be scaled differently with
different catchabilities than older programs.

For natural populations that are shaped by both deterministic and stochastic processes and
are often observed by multiple sampling programs, each with its own sources of error and bias,
arguably the most robust approach to statistical population modeling is the state-space model,
because it facilitates separation of the components of variability while allowing integration of a

wide variety of information (Newman 1998; Meyer and Millar 1998). A (hierarchical) state-space
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modeling framework facilitates a probabilistic approach to population management and risk
assessment by incorporating uncertainties in the values of parameters scaling the relative risks of
mortality, the influence of temporal variation in ecosystem conditions on the population vital rates,
and error in measurements of the population. State-space models have been applied to many types
of populations, including insects (de Valpine and Rosenheim 2008), birds (Knape et al. 2013), and
mammals (Servanty et al. 2010). In fisheries, state-space models have been used to simultaneously
estimate per capita rates of fishing and natural mortality for many commercial fish stocks including
common sole (Solea solea) (Rochette et al. 2013), Atlantic salmon (Sa/mo salar) (Massiot-Granier
et al. 2014), northern cod (Godus morhua) (Cadigan 2015) and yellowtail flounder (Limanda
ferruginea) (Miller et al. 2016).

A principle concern when modeling fishery catch data and defining harvest limits is that
parameters related to both fishing and natural mortality may not be estimable within the same
model, though variation in both results in catch variation. For this reason, a common approach is
to fix the natural mortality rate at an externally derived value, and estimate the remaining losses
as fishing mortality (Mangel et al. 2013). Recent applications (Rochette et al. 2013; Massiot-
Granier et al. 2014; Cadigan 2015; Miller et al. 2016) of state-space models demonstrate, however,
that combinations of the number of deaths due to a source of mortality (e.g. fishery catch) and an
index of abundance may be sufficient to extract information about both fishing and natural
mortality rates. Importantly, Aanes et al. (2007) showed that process variation from two sources
of mortality could be extracted from common catch-at-age and abundance data.

In most models of fished populations, fishery catch is known with little error, and fishing
mortality may be estimated as a function of fishery effort (e.g. Rochette et al. 2013; Aanes et al.

2007). In other scenarios, another source of mortality and associated errors may be known, and
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covariates such as ecosystem conditions may drive the per-capita mortality process. Fishery
models combine estimates of abundance with estimates of the number of deaths attributable to a
particular source of mortality and associated errors, but mortality rates for any taxa could be
estimated, like fishery catch, as a function of competing risks of mortality.

Here, we describe a state-space population model motivated by the population processes
of an endangered fish, delta smelt (Hypomesus transpacificus) that is subject to entrainment in
large water diversions. This model includes recruitment and life stage-specific survival to separate
sources of mortality, predict per capita rates of mortality as a function of management quantities,
and test hypotheses about factors influencing vital rates. Model performance is first evaluated by
fitting models to simulated datasets and assessing estimability of model parameters. Guided by the
findings from the simulation study, the model is then used to assess the population status of delta
smelt and applied to evaluate management strategies and test hypotheses about the associations

between vital population rates, ecosystem conditions, and regulations to limit water diversions.

Case study: the decline of California’s delta smelt

Delta smelt are an endangered osmerid fish, endemic to the San Francisco Estuary in
California, USA. The delta smelt exists at the nexus of high stakes natural resource management,
high observation error, and critical population status (Moyle et al. 2018). Delta smelt may once
have been one of the most common fish in the upper portion of the San Francisco Estuary, the
Sacramento-San Joaquin Delta (hereafter, Delta), but have declined to near extirpation in recent
decades. Major changes to the physical structure of the Delta since the California Gold Rush, a
series of biological invasions beginning in the latter 19t century (Moyle 2002), and increasingly

greater fractions of fresh water captured in storage or diverted (Cloern and Jassby 2012), may have
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each contributed to the decline of delta smelt. Delta smelt were listed as threatened under the US
and State of California Endangered Species Acts in 1993 and as endangered under the California
Endangered Species Act in 2009 (Moyle et al. 2018). Entrainment of delta smelt in large water
diversions since the completion of the Central Valley Project in 1951 and the State Water Project
in 1968 has received special attention as a factor contributing to their decline (Brown et al. 2009;
Moyle et al. 2018).

The Delta forms at the confluence of the Sacramento and San Joaquin Rivers (Fig. 1). The
physical structure of the Delta has been significantly altered from its natural state for flood control
and agriculture, resulting in isolation from adjacent floodplains (Whipple et al. 2012; Andrews et
al. 2017), reduction in suspended sediments and system productivity, and cumulative changes to
the duration, magnitude, and timing of inflowing freshwater (Cloern and Jassby 2012). The Delta
is the primary transfer point for the large-scale redistribution of surface water from northern to
central and southern California. The southern portion of the Delta, including the San Joaquin, Old,
and Middle rivers (the South Delta; Fig. 1) conveys water to two of the largest water diversions in
world, the Tracy and Banks Pumping Plants, located on the Old River. These pumping plants are
part of the US government’s Central Valley Project (CVP) and California’s State Water Project
(SWP), respectively. Although tidal action plays a major role in hydrodynamics in the Delta’s
numerous channels (Andrews et al. 2017), the combined water diversions from Tracy and Banks
pumping plants are often sufficient to reverse the net flow direction of Old and Middle rivers,
causing water to flow upstream. This phenomenon draws Sacramento River water across the Delta
to the pumping plants and can cause the entrainment of fish (Kimmerer and Nobriga 2008).
Collectively, the Projects exported as much as 8.5 billion m?* of Sacramento-San Joaquin Delta

water per year between 1995 and 2014 (ftp://ftp.dfg.ca.gov).
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As entrainment of delta smelt is mitigated at the cost of water to supply tens of millions of
people in southern California with drinking water and a multi-billion dollar agricultural industry
(Grimaldo et al. 2009; Moyle et al. 2018), the stakes in the water management strategy described
above are high. Management of delta smelt entrainment has been a topic of contentious scientific
debate (Kimmerer 2011; Miller 2011) and litigation (2010 US District Court ruling). Efficient
management of natural resources requires periodic assessment of past actions and evaluation of
the effectiveness of regulatory criteria, such as limits on the export of water. Population models
are useful quantitative tools for assessing effects of past conservation actions, evaluating the
quality of management criteria and comparing actions to manage populations in the future.

Delta smelt mortality risks can be divided into the risk of entrainment and the risk of
mortality from all other sources. While many sophisticated models have been applied to delta
smelt, none have sought to quantify per capita entrainment risk as a function of the variables used
to manage delta smelt entrainment, focusing instead on identification of the factors with the
greatest influence on recruitment and survival (Maunder and Deriso 2011; Miller et al. 2012;
Kimmerer and Rose 2018; Polansky et al. 2020). With newly available estimates of the number of
entrained fish and, critically, the associated observation errors (Smith et al. 2020; Smith 2019), an
opportunity to draw inference from population models that disentangle the relative contributions
of different mortality sources to survival, and extend this understanding to population growth rate
consequences, has emerged.

The life cycle model here integrates abundance indices (Polansky et al. 2019) with
entrainment and associated errors (Smith et al. 2020; Smith 2019) into a single population model
using a state-space model framework to quantify entrainment mortality as a function of existing

management quantities and does so within the context of time-varying natural mortality rates; i.e.,
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the survival models are functions of both natural and entrainment processes. Three management
hypotheses are tested: (1) entrainment mortality is related to Old and Middle River flow, (2)
entrainment mortality at a given level of Old and Middle River flow depends on water clarity, and
(3) the management regime beginning in 2007 was associated with significantly lower delta smelt
entrainment mortality. The model is then used to predict future mortality and population growth

given alternative ecosystem and water operations conditions.

Materials and Methods

Data

Data to fit the model consisted of time series of population abundance indices (Polansky et
al. 2019), entrainment estimates of post-larvae (Smith et al. 2020) and adults (Smith 2019), and a
collection of salient vital rate covariates used to predict recruitment, natural mortality, and
entrainment mortality (Tables 1-2). A cohort year was defined by the birth of a cohort, beginning
in March. Delta smelt is an annual fish, so a cohort year ended the following April after the
spawning season. For example, cohort 1995 was first observed as early post-larvae in May of
calendar year 1995 and finally as final spawn or post-spawn adults in April of calendar year 1996.
Here we focus on birth cohort years 1995-2015 and partition the species into seven life stages:
early (May) and late (June) post-larvae, juveniles (July-August), early (October-November) and
late (January-February) sub-adults, and early (March) and late (April) adults (Table 1). Although
life stages represented a temporal scale of one to three months, water operations for delta smelt
conservation are actively managed at a sub-weekly scale, so the life cycle model was a coarse

abstraction of the delta smelt population and conservation schedule.
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Although observed abundance indices constructed by Polansky et al. (2019) incorporated
length-based probabilities of capture derived in Mitchell et al. (2019), Polansky et al. (2020) found
that other survey specific biases led to persistent under estimates by three of the surveys relative
to others, necessitating bias adjustment parameters for life cycle model fitting (Polansky et al.
2020) when using indices of juveniles and sub-adults for any year, and adult indices prior to 2002
relative to adult (after 2001) and post-larval indices. Unlike the nets used for adults and post-
larvae, gears used to capture juveniles and sub-adults were not selected to be efficient for sampling
delta smelt; they were designed to sample a larger fish, age-0 striped bass (Morone saxatilis)
(Stevens 1977).

Estimates of delta smelt entrainment were developed for post-larval (Smith et al. 2020) and
sub-adult (Smith 2019) life stages. These models accounted for uncertainty in the sequence of
events leading from entrainment to observation by modeling coupled processes of transport,
survival, sampling efficiency, and subsampling. Data from a coupled hydrodynamic, particle
tracking model informed a model of post-larval transport to the water diversions where post-larvae
can be observed, and throughout areas of the South Delta where post-larvae were unavailable for
observation and not expected to survive. In contrast, the sub-adult and adult fish are thought to
exert greater choice and control over their spatial distribution (Bennett and Burau 2015; Polansky
et al. 2018; Hobbs et al. 2019). Uncertainties in sub-adult transport as a function of hydrodynamics
led to a reduced spatial definition of sub-adult entrainment that only included those fish directly
entrained and available for observation at the fish facilities sampling South Delta water diversions.
In other words, the sub-adult model did not assume net flows would index the transport of older

fish.
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The generally accepted conceptual model for the process leading to the entrainment of delta
smelt is that under conditions of low water clarity, delta smelt occupy portions of the water column
that make them more vulnerable to advective flows (Grimaldo et al. 2009; Bennett and Burau
2015). Any delta smelt that happen to occupy the portion of the Delta influenced by net southward
flows, towards the CVP and SWP water diversions, are at risk of entrainment into Old and Middle
rivers. If they survive long enough, they may be observed by the fish collection facilities in front
of the Tracy and Banks pumping plants. The CVP’s Tracy Fish Facility and the SWP’s Skinner
Fish Facility sample a fraction of entrained fish from diverted water using behavioral louver
systems (see Smith 2019 and Smith et al. 2020 for further details). Entrainment of delta smelt is
managed by controlling the net reverse flow in the Old and Middle rivers OMR (USFWS 2019;
Fig. 1). Specific management criteria depend on water clarity in the South Delta, or South Delta
Turbidity (SDT).

Three sets of covariates were summarized: those predicting recruitment, those predicting
non-entrainment related mortality (hereafter, natural mortality), and those predicting entrainment
mortality. The recruitment and natural mortality covariates used here (Tables 1-2) were previously
identified by Polansky et al. (2020) as those with the most evidence of having an effect in the
hypothesized direction and although the entrainment component of mortality was not explicitly
modeled by Polansky et al. (2020), covariates indexing entrainment were found to be the ones
most strongly associated with sub-adult survival. Entrainment covariates represented the regulated
metric of South Delta hydrodynamic conditions OMR and the environmental trigger for
management action, SDT. OMR was the average of the daily sum of tidally filtered flows from two
adjacent rivers, Old and Middle rivers. OMR data were available from US Geological Survey

(USGS) streamflow databases (https://waterdata.usgs.gov). When streamflow data was not
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available to compute OMR, the Hutton model (Andrews et al. 2017) was used to estimate OMR
from San Joaquin River flows and exports from South Delta water diversions. SDT, where Secchi
depth indexed turbidity, was the mean of values measured during California Department of Fish
and Wildlife surveys. SDT values were drawn only from locations in the southern portion of the
Delta, where entrainment may affect the population. Biological data were available from
ftp://ftp.dfg.ca.gov, and flow data other than OMR were available from the Dayflow database

(https://data.cnra.ca.gov/dataset/dayflow).

Population model

State process model. Like most annual fishes, delta smelt can spawn more than once in their single
spawning season (Damon et al. 2016). We modeled two recruitment events per cohort resulting in
two sub-cohorts. The first sub-cohort, early post-larvae recruiting to the population in May, was
produced by early adults that spawned by March, and the second sub-cohort, late post-larvae
recruiting to the population in June, was produced by late adults that spawned in April. Late post-

larval abundance was the sum of early post-larval survivors nag,, .. * @pr1c and late adult spawning

(see Table 3 for definitions of all parameters). Abundances of all subsequent life stages were non-
overlapping and modeled as the product of the prior cohort specific life stage abundance and its
survival rate @gc.

Latent abundance n,g dynamics for the early post-larvae PL1, late post-larvae PL2,

juveniles J, early sub-adults SA1, late sub-adults SA2, early adults Al, and late adults A2 were

given by
SSBa1(c—1) * P1c fors = PL1
(1) nap, = {MaBp * PrLic T SSBazc—1) * Pac for s = PL2 ,
NAB(,_ 1. ¥ P(s — 1)c fors =], SA1,SA2, Al and A2
10
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where ps. and ¢4 were life stage s and cohort ¢ specific recruitment and survival functions,
respectively, and the spawning stock biomass (SSB;.) depended on adult abundance and mean fork
length FLg. converted to weight (SSBg. = 0.5 * nap, * 1.8 * 10 —6 4 FL338 [Kimmerer et al.
2005]). Recruitment rate ps. was modeled using lognormal distributions. Spawning by early adults,
producing new recruitment observed in May (s = PL1), was modeled with a log mean parameter
ay, and spawning of late adults that produced a second recruitment observed in June (s = PL2),
was modeled with log mean parameter that was a function of @y and mean April-May water

temperature X ,

aoﬂ%{ )for s =PL1

(2) Psc~L0gn0rmal(a0 +ay * XRC;O—%{ for s = PL2"

The model of recruitment did not include any form of density-dependence (i.e., Ricker or
Beverton-Holt models were not used). Following Kimmerer (2011) and Rose et al. (2013), it was
assumed that modern delta smelt abundances were too low to generate intraspecific limits on vital
rates or approach a carrying-capacity that could be a first-order factor in population dynamics.
Further, modern abundance observations did not provide sufficient contrast between high and low
population levels to inform a density-dependent model.

The survival functions @ explicitly described instantaneous rates of natural mortality M,
and entrainment mortality Fg., when entrainment occurred (s = PLI, PL2, SAI, SA2, Al), as
simultaneous, competing sources of mortality,

() pe=e et
and fixed Fs.=0 for life stages when no entrainment was observed (s = J). The use of
instantaneous rates facilitated use of Baranov’s catch equation (Ricker 1975) to predict the number
entrained ngr,

11

© The Author(s) or their Institution(s)



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

Canadian Journal of Fisheries and Aquatic Sciences

4 Fsc * (1 - (psc)
= X Y~
( ) nETSC nABSC (Fsc + Msc) ’

M was modeled as a lognormal random variable whose expectation depended on a single covariate

per life stage transition Xy (Table 1-2), mean weight W, and parameters f3,

(%) M5C~Lognormal((ﬁ0 + L1 *Ws+ Bs11* XMSC),UZMS).
The quantity B + 1 * W represented a stage-specific intercept that relied on the principle that
natural mortality declines with body size (Lorenzen 2005; Gislason et al. 2010), and the quantity
Bs+1 * Xu,, represented annual deviations from the stage-specific mean, informed by covariate
Xwm,.- The models cited above were not expected to be accurate for delta smelt because they all
developed to approximate natural mortality for larger-bodied and longer-lived fishes, compared to

delta smelt. Rather, we extended the logic that mortality was expected to decline as fish grew, and

estimated a delta smelt model as a linear function of mean expected weight for each life stage W .

F was also modeled as a lognormal random variable with expectation that depended on

OMR, SDT, and the interaction of the two, represented as covariates X (Tables 1-2)
3
(6) F Sc~Lognormal((y0,S + Zi _Yis * X Fisc)»UIZT)-

We assumed that entrainment covariate effects y(1.3ys were equal among adjacent life stages,

because they were at a similar stage of development. Post-larval life stages shared entrainment

slopes, and sub-adult and adult life stages shared slopes, i.e., ¥(1:3ypL1 = Y(1:3)pL2 @nd Y (1:3)5a1 =
Y(:3)sa2 = Y(1:3)a1- Fsc were compared to a mortality reference point, 41% of natural mortality or
0.41 * M. (Zhou et al. 2012), in order to retrospectively assess the effectiveness of management
actions taken to reduce entrainment since 1995. To account for variable sc, F. estimated for delta

smelt and the reference point were converted to proportion of deaths due to entrainment mortality,

Foo/(Fse + My) and 0.41 * My./(1.41 * M) or 29% of total deaths.

12
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Preliminary data analysis suggested separate process variances could not be estimated for
each life stage and vital rate (i.e. two values of 0§, six values of g% and five values of o). To
overcome this, a reduced parameterization of process variances was modeled, with a single
parameter o to describe both early and late recruitment process variance and a single parameter
ot to describe entrainment mortality process variance for all life stages (PL1, PL2, SA1, SA2, and

Al). Two parameters 01%,[5 described early post-larval to juvenile (PL1, PL2, and J) and early sub-

adult to early adult (SA1, SA2, and A1) natural mortality process variance, under the assumption
that environmentally driven processes in early life stages would be more stochastic than those of
later life stages. Constraining process variances reduced the number of parameters to estimate

from 13 to 4.

Observation model. Fish survey based abundance indices 7iap_ and their standard errors Seap were
taken from Polansky et al. (2019), and estimates of the number of fish entrained ngr and the
standard errors Segr, were taken from Smith 2019 and Smith et al. 2020. All observations were

modeled as bias corrected lognormal random variables; that is, mean observed values, from
external models, were converted to medians to parameterize the lognormal distribution by
subtracting one half variance. Given model complexity and the difficulty separating process and
observation errors within a single model, we followed the approach recommended by others (Ives

et al. 2003; Knape et al. 2013; Polansky et al. 2020), by fixing observation variance parameters,

2

here as & AB.,

=log (1 + s"ef\Bsc/ﬁf\Bsc) and &éTsc =log (1 + s"eéTSC/ﬁETSC), during the state-space

model fitting
&2

ABge N
(7) ﬁABS;«Lognormal(log(nABsc x P ) — T’Uf\B )

13

© The Author(s) or their Institution(s)



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

Canadian Journal of Fisheries and Aquatic Sciences

ETge
(8) ﬁETSC~Lognormal(log(nETSc * ws) S ,O'ET )

fiap,, estimated from 20mm and Spring Kodiak Trawl Survey data were assumed to be

unbiased measurements of the true latent states of abundance. Though some inestimable fraction
of the population may be unavailable to the 20mm and Kodak trawl gears, we assumed this fraction

was negligible and did not require a bias adjustment. The fisp derived from other surveys and fgr_

derived from observations of entrained fish, on the other hand, were assumed to be biased, because
a portion of the delta smelt population is systematically unavailable to the gear; therefore, bias

adjustments or data integration factors were required to scale fisp  and figr, to the abundances
estimated from 20mm and Spring Kodiak Trawl Survey data so that the observation model for all
fiap, and gt was a function of the same latent abundance predictions (Eq. 4, 7, and 8). Relative
bias adjustments s and wg served the same function as catchability coefficients in many fisheries

stock assessment models (Arreguin-Sanchez 1996) and here can take values between 0 and 1.

Preliminary modeling suggested that 15 and wg could become confounded when simultaneously
estimated, so s were fixed in order to estimate w;. The 5 parameters were fixed at one for life

stages measured by the 20mm and Spring Kodiak Surveys and fixed at the posterior means

reported in Polansky et al. (2020) for other life stages, 1y = 0.42 for the Townet Survey and 151

= 0.19 for the Midwater Trawl.

Life stage and cohort specific bias adjustment parameters ws. scaled figr . to the latent
entrainment predictions ngr, to account for known biases in entrainment estimates, and wg,

represented the expected fraction of the model predicted (latent) number of entrained fish

estimated by figr, . Post-larval observed entrainment was biased by the fraction of the population

that goes unobserved; delta smelt below 20mm fork length are not enumerated by the fish facilities
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monitoring South Delta entrainment because they are difficult to accurately identify. Adult
observed entrainment was biased by the fraction of entrained fish that die during transport through
the South Delta; no data have been collected to inform this process, so this source of loss was not

included when developing sub-adult and adult nigt (Smith 2019).

Post-larval entrainment bias parameters wpy 1. were estimated using length frequency data
M20mm,, collected during the 20mm Survey, adjusted for length-based selectivity (Mitchell et al.
2019). maomm,, represented the number of fish observed in the 20mm Survey between 20mm and
45mm fork length, where 45mm was the largest possible size of a post-larval delta smelt in June,
excluding larger age-1 fish. myoymm, were modeled as binomially distributed, with expected
probability wg. and effective sample size N

(9)  M20mm,~Binomial(wseNeg).

The quantity 1 — wg. was the probability of encountering a fish less than 20mm, which would not

be enumerated at the fish facilities observing entrainment. Although many lengths were measured
in most years, the length data was assumed to be overdispersed as a result of the potential for

shoaling behavior (Bennett 2005; Davis et al. 2019). N.¢ was therefore a smaller, unknown value
compared to the total number of measured lengths. N was estimated using the method of

McAllister and Ianelli (1997) and treated as a fixed quantity in the model. In this approach, the

sample size N was calculated that would be needed to produce the variance observed in the
model fit to length data, using the fixed N¢g value, and the quantity |N off — Neffl was iteratively
minimized by changing N The wppi. were modeled using logistic regression with regression

parameters 7. Annual variation in delta smelt hatch timing and early growth led to annual variation

in wpy1., Which was represented by a normally-distributed random effect 6,
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(10)  wppic= 1/(1 +e (9 + BC)), where §.~Normal(0,03).

Late post-larvae were expected to be larger than early post-larval fish, with a greater fraction

observable in the data that informed figr, ,, because late post-larvae included surviving early

spawned fish. In other words, wpy . > wpr1c and wpp . depended on wpy1¢
1 —(ng+ny+6,)
(1) wpze="/(1+e 07T,

No data have been collected to directly estimate delta smelt survival in the South Delta,
such as mark-recapture data, so we could not develop a parallel integrated model for subadult and

adult we.. Subadult and adult w,. were instead set equal to a single entrainment bias adjustment Q,

which was estimated using an intercept-only logistic regression model and vague regression prior.

Model fitting and diagnostics

The model was fit using JAGS (Plummer 2003) in R (R Core Team 2019) and the package
R2jags (Su and Yajima 2015). All model parameters were assigned vague priors on the scale of
the process of interest (i.e. hyperparameter priors were chosen so that induced survival priors were
uniformly distributed) (Table 3). Exponential priors for all state process standard error parameters
o, were based on a penalized complexity prior framework (Simpson et al. 2017) and the
assumption that ¢ exceeded a value of 1.25 with a probability less than 0.01. To our knowledge,
no one has derived a set of priors for the intercept and slope parameters f and y so that the induced
survival prior of a log-log model is uninformative. Intercept prior means were derived from the
logic that if uniformed prior survival has mean 0.5, then by rearranging Eq. 4, F and M intercepts
must be distributed with mean log[-log(0.5)/2]. Prior standard deviations of 1.2 were found to
produce a somewhat uniform induced distribution at the mean covariate values for survival purely

by trial and error. A burn-in period of 20,000 iterations was followed by a posterior sample of
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250,000. Convergence among 6 posterior chains was assessed using the Gelman-Rubin statistic
(Gelman and Rubin 1992) and by examining posterior chains to see if stationary distributions were
sampled. Gelman-Rubin statistics less than 1.05 indicated model convergence. JAGS code and
data to fit the delta smelt life cycle model may be found in the Supplementary Material.
Regression parameters (a, £, and y) were evaluated based on the level of evidence that a
particular covariate or interaction between covariates was associated with a delta smelt vital rate.
Evidence was quantified as the proportion of posterior samples that were greater than zero in
instances when a positive association was hypothesized, or less than zero in instances when a
negative association was hypothesized. Although most entrainment and natural mortality
covariates were selected based on results from a parallel modeling effort of fewer life stages
(Polansky et al. 2020), we wanted to test entrainment covariates using new information (i.e., the
entrainment estimates) and with a finer temporal resolution in the state process. Further, the two
best sub-adult to adult natural mortality covariates, Food and STBI+ (see Tables 1-2), were not
highly distinct in terms of evidence and effect size. Candidate models included those with or
without OMR*SDT interactions as entrainment mortality effects, and candidate models also
included either Food or STB1+ as natural mortality covariates for sub-adults or adults. Candidate
models were compared in two stages of backwards selection, using the evidence to select the best
model for further inference. In the first stage, OMR*SDT interactions were evaluated based on the
evidence statistic for the interaction and removed in stage 2 if not supported, with evidence less
than 0.50. In the second stage, the alternate late sub-adult to early adult and early to late adult
natural mortality covariates, Food or STBI+, were evaluated, and the covariate associated with the

highest evidence statistic was selected for further inference.
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Model diagnostics included leave-one-out cross-validation, checks for joint posterior
correlations among model parameters, and comparison of prior and posterior distributions. Leave-

one-out cross validation was performed by sequentially omitting each individual value of fiap_ and
figr,, refitting the model, and predicting the missing observation. Cross validation residuals

(missing observation — predicted missing observation) were standardized by dividing by residual
standard deviation, and the time series of cross validation residuals were explored for values
indicating poor fit (greater than 2 or less than -2) and for temporal patterns in fit. Correlation
between pairwise posterior samples of all estimated model parameters (a, f, y, o, and w) was
quantified by the R? statistic. Prior and posterior densities of all parameters were compared
graphically. Posterior densities that resembled prior densities (same modal value and variance)

were one indication that the parameter was not estimable with available data.

Sensitivity analyses. Assumptions were made regarding the applicability of abundance and
entrainment datasets to model delta smelt population dynamics. Model sensitivity to these
assumptions was tested by comparing results of a base model to results of a model with a different
assumption. With reference to the model described above (the base model), a set of data and
assumptions were defined, and a set of sensitivity analyses testing each data source or assumption
is described below. Model sensitivity was represented as the mean proportional change of p and
F/(F+M) for each life stage, where proportional change was the difference from the base model
posterior mean divided by the base model posterior mean (i.e., for a value of two and a base model
value of one, proportional change = 1). Model sensitivity was also represented as the change in
evidence tests from the base model, but these were represented as differences in the fractions of

posterior predictions rather than proportional changes.
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Abundance observations fiup  derived from the 20mm Survey and Spring Kodiak Trawl
Survey were assumed to be unbiased (y; = 1), though they may be negatively biased to the extent
that shoals of delta smelt may be stochastically distributed shoreward of the trawl lanes (Bennett
and Burau 2015). Model sensitivity to 20mm Survey and Spring Kodiak Trawl Survey
assumptions was tested by iteratively setting 1 for 20mm- or Spring Kodiak-derived abundances
to 0.75. Model sensitivity to the bias adjustments applied to Summer Townet and Midwater Trawl-
derived abundance estimates was tested by iteratively increasing each bias adjustment by 0.5 while
not changing bias adjustments for other surveys. Adult entrainment bias adjustments represented
survival of entrained fish during transport. Although the entrainment observations used to fit the
delta smelt life cycle model did not include this source of loss, prior modeling efforts by Kimmerer
(2011) did. Dividing the life cycle model entrainment observations by entrainment estimates of

Kimmerer (2011) provided an ad hoc estimate of 0.51 to fix 2 in the final sensitivity analysis.

Model projection

To explore the potential effects of entrainment mitigation on the delta smelt population and
the relative effects of managing the ecosystem to reduce natural mortality, future population
abundances were simulated over three cohort years. The simulations accounted for parameter
estimate uncertainty, process variation, and covariate uncertainty. The simulation was initialized
with a sample from the posterior distribution of the number of early adults in cohort year 2015.
New random values for recruitment (ps.; Eq. 3) and mortality (Mg, and Fg.; Eq. 5-6) were
simulated for each life stage and cohort year using joint posterior samples of model parameters («,

p, v and o) and simulated covariate values to generate expected vital rate values.
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Several future condition scenarios were considered under the assumption that future
environmental conditions could be represented by simulating from distributions based on the mean
and standard deviations of their values from 2007-2015. The first scenario represented the status
quo, with all covariates varying stochastically and random OMR truncated at the current
management threshold of -142m3s™! (-5,000ft3s'!). A second scenario represented the ideal Temp
and Outflow (Tables 1-2) conditions of year 2011, a recent year of good recruitment and survival.
The status quo and ideal scenarios represented lower and upper references points to compare
against alternative scenarios representing potential management actions. In other simulated
scenarios, random OMR was truncated at -212m3s! (-7,500ft3s’") or Om3s™!, representing greater
or lower impacts of water exports on downstream entrainment processes. To test the effect of
managing natural mortality, relative to management of entrainment mortality, the final simulated
scenario truncated the late post-larval natural mortality covariate Qutflow to eliminate values less
than the lower quartile of 2007-2015 values (value observed in June-August of 2012). Truncation
of Outflow in some years represented its augmentation to a minimal level. A prior delta smelt
management regime (USFWS 2008) provided for conditional management of fall survival
following high spring rainfall, so we simulated conditional management of Outflow following ideal
spring conditions, represented by mean 7emp minus one half standard deviation. Simulated
Outflow management actions occurred in approximately one of every four simulated years.

Covariance between environmental covariates was accounted for by simulating variables
from linear regression models of 2007-2015 relationships, rather than allowing variables to vary
independently. June-August Outflow was correlated with the prior April-May Temp; February
Food was correlated with STB I+, and March Food was correlated with February Food. The 2007-

2015 mean and standard deviation were used to simulate other covariates. The probability of
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population growth was equal to the proportion of joint posterior samples of projected early adult
abundance that were greater than initial abundance (early adult abundance of cohort 2015), and
probabilities from alternative OMR and Outflow management scenarios were compared to the

status quo and ideal scenarios to evaluate the relative merits among conservation options.

Results

Life cycle models fit to 180 simulated datasets, generated from known true state parameters
demonstrated that all model parameters were estimable (see Appendix). Depending on whether
entrainment bias adjustments or entrainment observations were ignored, some parameter estimates
could be biased. The entrainment mortality intercept was biased low when entrainment data were
biased low, and that bias was ignored; therefore, entrainment bias adjustments were included in
the delta smelt life cycle model. Entrainment bias adjustments could be estimated, but if no data
were available to estimate the process associated with entrainment bias (i.e., adult delta smelt pre-
screen survival) the adjustments could not address interannual variation (Fig. A1-A4). Both natural
mortality and entrainment mortality process variation appeared to be estimable, but at low levels
of natural mortality process variation, posteriors could be dominated by the prior distribution,
which manifested as low posterior shrinkage values in the simulation experiment (Fig. A3-A4).

Specifics of the delta smelt life cycle model were developed with guidance from the
simulation experiment results. Critically, all state process noise parameters appeared to be
estimable, the prior distributions did not appear to result in biased parameter estimates, and
entrainment bias adjustments could be estimated either with appropriate data (e.g., delta smelt
post-larvae) or without observations to inform the bias adjustment (e.g., delta smelt adults and sub-

adults).
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Case study: delta smelt

Returning to the case study, delta smelt entrainment mortality of all life stages varied
significantly across the 1995-2015 time series, with higher entrainment mortality estimated during
the early- to mid-2000s compared to the 1990s and 2007-2015 (Fig. 2). While post-larval
entrainment mortality (posterior mean) only approached the 0.41*natural mortality reference point
in 2002, sub-adult to adult entrainment mortality exceeded the reference point during at least one
life stage of the 1998-2007 (calendar years 1999-2008) cohorts, before declining to values below
the reference point by the 2008 cohort. In the last years of the time series, sub-adult to adult
entrainment mortality increased again, approaching the reference point in February and March of
cohorts 2014 and 2015.

The posterior distributions of entrainment mortality parameters supported all three
management hypotheses. The evidence associated with the Old and Middle River (OMR) and
water clarity (South Delta Turbidity [SDT]) interaction was 0.91 for post-larvae (Table 4). Across
all candidate models of sub-adult and adult natural mortality, evidence for an interactive effect of
OMR and water clarity on adult entrainment was low (<0.13), so the interaction was removed in
the first stage of model selection. Evidence for both OMR and SDT main effects was very high
(1.00), indicating an additive effect of water clarity on adult entrainment rather than an interactive
effect. Predicted entrainment mortality of all life stages was greater at low water clarity and low
OMR (Fig. 3). These results supported the management hypotheses that entrainment mortality was
related to OMR (F increased as OMR declined, i.e. became more negative) and that the effect of
OMR depended on water clarity (¥ was greater when Secchi depth was low). For each life stage,

the average of joint posterior entrainment mortality samples from 1999-2006 was greater than

22

© The Author(s) or their Institution(s)

Page 22 of 77



Page 23 of 77

499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

521

Canadian Journal of Fisheries and Aquatic Sciences

during 2007-2015, supporting the final entrainment hypothesis that entrainment mortality was
reduced during the recent period of hydrodynamic management.

Effective sample size for length frequencies used to estimate post-larval entrainment bias
adjustments converged on a value of 28, a considerable reduction from the maximum number of
lengths measured during a single time period of 4,322 that indicated limited information content
to contrast the proportions of large and small fish. The mean posterior post-larval entrainment bias
adjustments were 0.19 (95% credible interval [0.13, 0.25]) in April-May and 0.78 (95% credible
interval [0.63, 0.88]) in June. The final three years in the time series, 2013-2015, were associated
with the highest bias adjustment values (closest to 1) and highest proportions of observed lengths
greater than 20mm. The sub-adult to adult entrainment bias adjustment was estimated to be 0.046
(95% credible interval [0.024,0.097]), suggesting that slightly less than one of twenty entrained
sub-adult and adult delta smelt survive transport through the Old and Middle rivers before
becoming available for observation by the fish facilities monitoring entrainment.

In addition to strong evidence for entrainment mortality, the evidence for effects from
ecosystem covariates on natural mortality was high (Table 4). Recruitment of late-spawned fish
was associated with average April-May water temperature. Later years 2012-2015 were warm, and
recruitment of late post-larvae was lower relative to most of the earlier years (Fig. 4). Natural
mortality of late post-larvae was associated with mean June-August Outflow. As Outflow declined
over the time series, estimated mortality of post-larvae during June to August increased
significantly. Natural mortality of juveniles during September to November was negatively
associated with Delta-wide Turbidity, but the associated evidence was relatively low (0.70).
Between age 1+ striped bass (STBI+) and prey density (Food) covariates, STBI+ evidence was

highest for early sub-adults, and Food evidence was highest for late sub-adults and adults. STB/+
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(SA1 life stage) and Food (SA2 and Al life stage) were therefore selected as the best natural
mortality covariates for further inference. Natural mortality of early sub-adults was positively
associated with STB I+, which was highest in the 1990s, declined in the 2000s, and increased again
in the 2010s. Natural mortality of late sub-adults and adults was negatively associated with Food,
which generally declined over the study period, resulting in somewhat greater mortality during the
spawning period. Most variation in late sub-adult and adult natural mortality, however, appeared
to be lost in process noise, as demonstrated by wide and overlapping 95% credible intervals of the

mortality estimates.

Diagnostics. Results from the cross validation exercise demonstrated random scatter around O for
all abundance and entrainment residuals (missing observation — predicted missing value) (Fig. 5).
Cross validation residuals were very small for entrainment observations, because high entrainment
observation error resulted in high residual standard deviation. On the other hand, 15 of 140
abundance cross validation residuals were greater than 2 or less than -2, indicating poor fit of 11%
of model predictions to the missing abundance observations. Relative to entrainment, abundance
observation errors were lower, resulting in lower residual standard deviation and larger
standardized abundance residual values. Fit to two abundance observations were particularly
poor. The early post-larval observation in May 2005 and the early sub-adult observation in 1995
were much lower than predicted by the life cycle model. Some joint posterior correlation was
evident between the intercept and weight coefficients of the natural mortality model (Eq. 5; Fig.
AS5) and between the early sub-adult entrainment mortality intercept (Eq. 6) and sub-adult
entrainment bias, but the next highest joint posterior correlation was low (R? = 0.18). Posteriors of

all model parameters converged on stationary distributions (Fig. A6) and moved away from their
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prior distributions (Fig. A7), indicating that the parameters were informed by the delta smelt

abundance and entrainment data.

Sensitivity analysis. The relative values of F'and M were sensitive to assumptions about abundance
and entrainment observations, but the evidence tests on posterior distributions of regression
coefficients were not (Table 5). Assuming a negative bias in 20mm-derived abundance
observations led to lower F/(F+M) for post-larval life stages, but assuming negative bias in Spring
Kodiak-derived abundance observations had little effect on F/(F+M) of any life stage. F/(F+M)
for later life stages was sensitive to assumptions about the bias of the Summer Townet Survey.
Assuming less bias in Summer Townet-derived abundance observations led to higher F/(F+M) for
sub-adult and adult life stages. Model estimates of /" were extremely sensitive to the entrainment
bias adjustments. Assuming a value of 0.51 for sub-adults and adults, versus 0.05 estimated by the
model, using a vague prior, resulted in approximately 90% lower F/(F+M). Recruitment rates p
were most sensitive to the assumptions that 20mm-derived abundance observations were unbiased

and that the externally derived Townet bias adjustment (y); = 0.42) was correct.

Population projection. In the ideal conditions scenario, represented by year 2011 Temp and
Outflow, probabilities of population growth over three years were at least 0.81 (Table 6). A status
quo scenario, with OMR set to -142m3s-! and an environment varying with the 2007-2015 mean
and standard deviation, resulted in a probability of 0.39 of population growth. The difference in
probability of population growth between a status quo OMR and a relatively high OMR
(socioeconomically infeasible) management scenario (OMR = 0) was 3.6%, and the difference

between random and managed Outflow scenarios was only approximately 0.4%. Among all
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simulated scenarios, only simulations of year 2011 conditions resulted in greater than 0.5

probability of population growth.

Discussion

Management of delta smelt has operated under the hypotheses that entrainment mortality
resulting from operation of the CVP and SWP in the South Sacramento-San Joaquin Delta is a
function of the net flow in the Old and Middle rivers (OMR) and that this effect is greater when
water clarity is low. In agreement with previous research (Grimaldo et al. 2009; Kimmerer 2011;
Polansky et al. 2020), the model developed here supported these hypotheses. OMR and a measure
of water clarity were each related to entrainment mortality at all affected life stages, supporting
the management of entrainment risk using a combination of OMR thresholds and water clarity
triggers. In agreement with Polansky et al. (2020), who found effects of OMR on recruitment, the
effects of these covariates were supported in early life stages as well as later life stages.

The final entrainment management hypothesis addressed by the model was that the
management regime beginning in 2007 was associated with a decrease in entrainment mortality.
Entrainment mortality appeared to vary by three time periods that were associated with different
management of OMR flow. During 1995-1998, no management threshold was applied to OMR but
several consecutive high rainfall, high OMR years occurred (Fig. 2). Highly variable OMR during
this early period was associated with highly variable entrainment mortality. During 1999-2005,
Delta water exports were managed to a low OMR (less than -142m3s!), resulting in the highest
entrainment mortality for all life stages. Finally, since 2007, water exports have been managed to
an OMR threshold of no less than -142m3s’!, and entrainment mortality was lowest for all life

stages after calendar year 2007.
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The time period 1995-2015 was characterized by several long-term trends in the upper San
Francisco Estuary that were quantitatively linked to patterns in delta smelt recruitment and
mortality. Important trends in late winter to early summer ecosystem conditions were increasing
abundance of juvenile striped bass and declining prey density, associated with greater winter
mortality, and declining outflow, associated with greater summer mortality. Though not increasing
appreciably over 1995-2015, late spring water temperature was elevated for an extended duration
during the historic 2013-2016 drought in California, and this was associated with poor recruitment
success of late spawned delta smelt for several years in a row. A long term trend towards a drier
(Reis et al. 2019), hotter Delta (Dettinger et al. 2015), dominated by exotic food items, predators,
and competitors (Sommer et al. 2007; Brown et al. 2016) is a likely driver of ecosystem conditions

that will increase delta smelt mortality and lower recruitment success.

Limitations of model and data

In addition to the effect of management, there may be additional causes of the long-term
decline in estimated entrainment mortality that could not be modeled with currently available
information. South Delta water clarity has increased over time, contributing to the long-term
decline in entrainment mortality, but important variation in South Delta ecosystem dynamics could
not be modeled. Changes to the South Delta habitat and predator field were ignored, because
temporal variation in mortality during the transport of entrained fish was not explicitly modeled
(Smith 2019; Smith et al. 2020). Decreasing delta smelt occupancy of the Lower San Joaquin River
due to declining turbidity and a changing fish community may also contribute to the long-term
decline in entrainment mortality. It is important to consider the biological meaning of the

entrainment covariates that were modeled. Entrainment into the South Delta is an inherently spatial
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process, because it occurs in a specific location in the Delta and is not continuously applied across
the full spatial distribution of the delta smelt population. Fish only become vulnerable to
entrainment when they happen to occupy the portion of the Delta where advective flows (OMR)
may draw them into the South Delta, and this vulnerability is enhanced by low water clarity. Thus,
the OMR covariate should be considered an index of the force acting on fish in a location
somewhere in the San Joaquin River near its confluence with the Sacramento River. If fish are
located elsewhere and do not occupy these areas, hydrodynamic modeling suggests water export
should have less effect (Kimmerer and Nobriga 2008).

The power to detect water clarity effects and interactions may have been greater for earlier
life stages because of the data used to develop post-larval entrainment observations. As post-larvae
were assumed to be passively transported, hydrodynamic data, including the variables that
determine OMR (San Joaquin River flow and water export volume), were used to estimate the
transport of post-larvae through the South Delta. In effect, OMR was encoded in post-larval
entrainment observations, leaving greater power for the life cycle model to detect other effects. If
future data to model observed entrainment of later life stages includes the transport of fish, as a
function of hydrodynamics and behavior, similar improvements to the power to detect interactive
effects may be realized for sub-adult and adult life stages.

The modeling approach we employed relied on abundance and entrainment bias
adjustments, i.e. data integration parameters, to scale survey-specific sets of observations to the
true latent abundance of the population. Although the model was sensitive to each of these
parameters, sensitivity analyses demonstrated that the model was extremely sensitive to the
entrainment bias adjustments. The post-larval bias adjustment accounted for entrainment of fish

below 20mm fork length that are too small to be enumerated at the fish facilities sampling entrained
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fishes, and data were available to model this bias in the form of observed length frequencies. The
adult entrainment bias adjustment accounted for transport through the Old and Middle rivers and
the losses associated with this transport, which, unlike post-larvae, were not directly modeled in
the observations. During transport through the Old and Middle rivers, delta smelt may be lost to
predation or transported to regions where they become geographically isolated from the
population. Observed post-larval entrainment accounted for transport and survival, because post-
larval transport could be modeled like a passive particle using a coupled hydrodynamic particle
tracking model (Kimmerer 2011; Smith et al. 2020). Adults, however, are thought to exhibit
behaviors that modulate their hydrodynamic transport through the Delta (Bennett and Burau 2015).
As these behaviors have not been quantified at spatial scales relevant to the entrainment process,
adult transport could not be modeled as a function of hydrodynamics, and no data currently exist
to directly estimate predation rates or validate the indirect value we estimated (the sub-adult to
adult entrainment bias adjustment £2). Simulation testing revealed that this parameter could be
estimated indirectly, as we did in the delta smelt life cycle model, but annual variation could not
be accounted for. Future mark-recapture experiments in the Old and Middle rivers could provide
data to directly estimate the survival of entrained delta smelt during transport and an adult
entrainment bias adjustment.

Abundance observations derived from the 20mm and Spring Kodiak Trawl surveys were
assumed to be unbiased, but these abundance observations could be biased to the extent that some
fish are systematically unavailable to be sampled by survey gears or evade the approaching nets.
In contrast to entrainment observations that are biased in known ways, the direction of abundance
biases is unclear. For example, large trawl gears like those used by the 20mm and Spring Kodiak

Trawl surveys are suited to sampling pelagic habitats but not littoral habitats, and delta smelt
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residing in littoral habitats are unavailable to these surveys. Limited information suggests that delta
smelt vertical and lateral distribution may be affected by tidal phase (Bennett et al. 2002; Bennett
and Burau 2015; Feyrer et al. 2013; Polansky et al. 2018), generating additional potential sources
of bias for the open-water trawl indices. Sensitivity analyses demonstrated that if 20mm- and
Spring Kodiak Trawl Survey-derived abundances were biased and were systematically
underestimated, then the relative contribution of entrainment to total mortality (F/[F+M]) could be
over- or under-estimated, depending on the life stage.

Although the delta smelt life cycle model presented here addressed the management of
delta smelt entrainment using the hydrodynamic covariate OMR, the active management of OMR
occurs at a much finer temporal scale than we were able to model delta smelt population dynamics.
While OMR is actively managed at a sub-weekly scale, it is necessary to aggregate delta smelt
observations at the monthly or bi-monthly scale to avoid severe zero-inflation. Delta smelt became
increasingly rare and difficult to detect over the time period modeled. The temporal mismatch
between hydrodynamic management and population modeling means that the delta smelt life cycle
model will have limited utility to guide day-to-day management of delta smelt entrainment. Rather,
it can be used to guide long-term planning and management at a coarser, life-stage specific scale.
Simulations of delta smelt hydrodynamic transport and behavior (Gross et al. 2017) in the South

Delta may provide more insight into sub-weekly variation in entrainment risk.

Management implications
Previous examples of life cycle models to estimate simultaneous rates of mortality were
applied to harvested populations (Rochette et al. 2013; Massiot-Granier et al. 2014; Cadigan 2015;

Miller et al. 2016). The goal of such models is commonly to calculate a target harvest mortality
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rate that will lead to sustainable harvest, or the rate of harvest mortality that balances recruitment
and natural mortality (Ricker 1975; Zhou et al. 2012). Current delta smelt entrainment
management appears to have limited post-larval entrainment mortality to a small fraction of mean
natural mortality (less than 8.6% estimated here). Though declining substantially during the initial
years of the current management regime (2007-2008), the fraction of sub-adult to adult mortality
attributable to entrainment increased in the later years of the time series (2014-2015), possibly to
levels that are expected to harm the population (equaling or exceeding natural mortality in
February and March of cohort 2015 [calendar year 2016]). Although entrainment management has
attempted to reduce specific life stage mortalities, a primary management concern is that
population growth rates have not increased under the current management regime. In a population
in which recruitment success rates cannot sustain the population, no additional mortality is
sustainable; there is no surplus production. Given average environmental conditions, no level of
predicted delta smelt entrainment mortality, including that associated with zero net OMR, led to a
high probability of population growth. No additional mortality can be sustained by the population,
but that does not mean that entrainment mortality of O will result in its recovery. Entrainment
mortality cannot be completely eliminated because water exports must continue; thus, the question
of a target level of entrainment mortality becomes a subjective policy question. How much attrition
are policy-makers willing to accept?

Although low mean delta smelt recruitment rates preclude the estimation of a traditional
reference point (RFP), derived from sustainable fishing theory, alternative RFPs can be derived
from estimates of natural mortality. We applied the lower mortality RFP estimated by Zhou et al
(2012) (0.41*natural mortality) to retrospectively evaluate delta smelt entrainment mortality. As

it is based on fishing theory and the assumption that the population could compensate for
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entrainment losses, this RFP does not represent a recovery target for delta smelt. Rather,
0.41*natural mortality represents a point beyond which we could be certain of harm to the
population. We recommend that management for population recovery strive for a high probability
of avoiding the RFP.

Entrainment mortality of delta smelt during the late 1990s and early 2000s was extremely
high, exceeding the RFP, especially for sub-adult and adult life stages. Entrainment was the
dominant factor in mortality for these later life stages during this period, and was likely a factor in
declining abundance at that time. With the revised management of delta smelt entrainment
beginning in 2007 (USFWS 2008), entrainment mortality appeared to decline for several years,
before increasing and approaching the RFP again in the terminal year (January-March of calendar
year 2016). These results suggest that changes in regulatory application in response to extreme
drought and variation in environmental conditions (e.g., more predators and less food) in 2016
reduced the effectiveness of OMR management.

The 2008 and 2019 USFWS Biological Opinions specified two classes of management
actions. Actions to limit entrainment losses in the winter and spring, and an action to limit juvenile
mortality was specified for the fall in 2008, and summer-fall in 2019. As previously stated,
entrainment is managed by monitoring hydrodynamic and environmental conditions, and actively
limiting advective flows into the South Delta. The delta smelt life cycle model indicated that
entrainment actions were successful in reducing mortality, supporting status quo water operations,
and results suggested that new or modified management actions may be necessary to improve the
odds that the population will recover. Population projections using the fitted delta smelt life cycle

model, however, suggested a low probability of population growth under any modeled scenario.
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A pessimistic implication of this result is that the limited manipulation of the Delta ecosystem that
is possible to support delta smelt will have a low probability of achieving growth in the population.
Although none of the scenarios we tested resulted in projected population growth, the
conditions tested were admittedly not comprehensive, and many others are possible, i.e., some
scenarios we did not consider could lead to greater probabilities of population growth. Results did,
however, suggest that some management strategies could have greater potential for limiting
mortality than others. Active management of entrainment appears to have been successful in
reducing mortality, though entrainment management alone did not appear to be sufficient to
recover the population. In addition to entrainment, other sources of mortality may be managed by
augmenting seasonal ecosystem conditions, but the delta smelt population projections indicated
that even combined actions may be insufficient. In recognition of the limits within which the San
Francisco Estuary may be actively managed, recent management plans for delta smelt include
supplementation of the wild population with hatchery-origin fish (USFWS 2019).

A prior management strategy for delta smelt (USFWS 2008) provided for limitation of
juvenile mortality during certain years of high winter and spring outflow, when enhanced survival
may sustain population growth until the next spawning season. Limitation of juvenile mortality
may be accomplished by maintaining sufficient outflow to keep the Low Salinity Zone westward
of the confluence of the Sacramento and San Joaquin rivers where turbidity is often higher and
water temperatures are cooler. Such a positioning of the Low Salinity Zone is considered to
maximize available delta smelt habitat during a demographic bottleneck — poor growth and high
mortality. Although the results here demonstrate significant variation in juvenile (fall) mortality
during the years 1995-2015, most variation appeared to occur prior to 2007. In subsequent years,

juvenile mortality was less variable and was significantly less than mortality experienced earlier
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in the year by post-larvae. This result suggests that ecosystem management to eliminate delta smelt
demographic bottlenecks would be more effective earlier in the year.

An alternative conclusion is that substantial observation error associated with juvenile and
early sub-adult delta smelt life stages precluded the finding of any significant variation in juvenile
mortality during later years. Juvenile delta smelt were observed in the Townet Survey, and early
sub-adults were observed in the Fall Midwater Trawl Survey. Neither gear nor survey design were
devised to sample delta smelt, and their capacity to produce an index of the delta smelt population
with adequate precision is questionable (Polansky et al. 2019). A recently-developed US Fish and
Wildlife Service survey for delta smelt, the Enhanced Delta Smelt Monitoring Program, has had
greater success capturing delta smelt during this seasonal period and may reveal more about
mortality during the summer and fall.

We modeled late post-larval natural mortality as a function of mean June-August Outflow,
which may be considered an index of many Delta ecosystem conditions, including the multivariate
habitat suitability of the Low Salinity Zone (Bever et al. 2016), and prey availability (e.g., R> =
0.86 and 0.70, respectively, for June-August, 1995-2015). Model projections indicated that
conditions at the limits of recent ranges in ecosystem conditions may be required for growth of the
delta smelt population (e.g., the exceptional conditions of year 2011). Under warming climate
conditions and greater demand for Central Valley water (Dettinger et al. 2015; Reis et al. 2019),
such conditions are likely to manifest less frequently in the future. The effect mechanisms implied
by the best supported covariates may need to be mitigated with focused conservation efforts, if it
is possible to do so. It is possible that conditions for higher recruitment success and summer

survival can be provided without extreme weather. For example, the California Department of
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Water Resources is currently experimenting with summer prey enhancement by rerouting the flow

of water in the northern Delta (Frantzich et al. 2018; Sommer et al. 2020).

Conclusions

The framework of the state-space model was particularly useful for the delta smelt
population, because it was necessary to separate a very noisy signal from very noisy observations.
The state-space model explicitly separated process variation from observation error, accounting
for more variation in observations than a process or observation error only model. In many
instances observation errors manifested as disagreement from one survey to the next; abundance
observations increased in later life stages. Latent abundances estimated by the life cycle model
smoothed over these differences, improving vital rate-covariate inferences.

The noisy delta smelt signal was further compartmentalized into distinct sources of
mortality, facilitating comparisons among categories of management actions. The model adds to
the growing evidence that multiple, simultaneously acting mortality rates may be estimated when
observations of the number of mortalities are combined with observations of abundance in a
population model. A common approach to fitting population models, especially in fisheries stock
assessments, is to assume that natural mortality cannot be estimated and set it to a constant,
externally estimated value, but evidence from hierarchical modeling indicates that more
information about natural mortality rates can be derived from harvest and abundance data than was
previously recognized (Millar and Myer 2000; Miller and Hyun 2017). Using simulations, we
demonstrated that it was possible to extract both entrainment and natural mortality rates,
coefficients, and process variance (see Appendix). Consistent with the findings of Aanes et al.

(2007), however, we found that natural mortality process variance was still a difficult parameter
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to estimate, especially when the true value was relatively low. A useful approach would integrate
additional data, such as mark-recapture data, to further inform the natural mortality model
(Cadigan 2015), but to date this has not been possible for delta smelt due to their small size, rarity,
and limited artificial production.

Hierarchical models, such as integrated models and state-space models, have the potential
to disentangle complex biological relationships and provide quantitative guidance to conserve and
manage populations. Partitioning parameter, process, and observation uncertainties facilitates
probabilistic assessments of the risk associated with management actions. The delta smelt life
cycle model presented here provided a basis to compare the relative effects of different actions
focused on different life stages, and it will be used to evaluate the risk associated with a range of
water export operations. Though it is common practice for fish populations, formulation of survival
rates in terms of multiple sources of mortality is not common outside of fisheries science. We
expect the model presented here will have greater utility in management of other populations where
abundance and the number of mortalities due to a particular source can be estimated (Smallwood

2017; Servanty et al. 2010).
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April SKT (after 2001)

1095  Table 1. Delta smelt life stage transition covariates. See Table 2 for descriptions of the summary method for each covariate.
1096  Acronymns for specific delta smelt surveys are: Spring Midwater Trawl (SMWT), Spring Kodiak Trawl (SKT), 20-mm Survey (20-
1097  mm), Summer Townet Survey (TNS), and Fall Midwater Trawl (FMWT).
Life stage and data Modeled Rate(s) Covariates Covariate Covariate data source
source aggregate months
Recruitment Adult abundqnce March --
Mean adult size March SMWT, SKT
Early post-larval (PL1); )
May 20-mm Natural mortality None. ' ' . --
. . Old and Middle River flow April-May USGS
Entrainment mortality . g .
South Delta turbidity April-May SMWT, SKT and 20-mm
Adult abundance April --
Recruitment Mean adult size April SKT
Late post-larval (PL2); Temperature April-May SKT and 20-mm
June 20-mm Natural mortality Outflow June-August Dayflow
Entrainment mortality Old and Middle River flow June USGS
South Delta turbidity June 20-mm and TNS
Juvenile (J); Natural mortality Delta-wide turbidity September-November FMWT
Jul-Aug TNS
) Food December-January Neomysis/zooplankton surveys
Early Sub-adult (SA1); Natural mortality Age-1+ striped bass December FMWT
Oct-Nov FMWT Entrainment mortality Old and Middle River flow December-January USGS
South Delta turbidity December-January FMWT, SMWT, SKT
. Food February Neomysis/zooplankton surveys
Late Sub-adult (SA2); Natural mortality Age-1+ striped bass December FMWT
Jan-Feb SMWT and SKT Entrainment mortality Old and Middle River flow February USGS
South Delta turbidity February SMWT and SKT
. Food March Neomysis/zooplankton surveys
Early Adult (A1); Natural mortality Age-1+ striped bass December FMW"}II“ P g
March SMWT and SKT Entrainment mortality Old and Middle River flow March USGS
South Delta turbidity March SMWT and SKT
Late Adult (A2);
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1099  Table 2. Description of the summary method for each covariate used to model dynamic

1100  processes of recruitment, natural mortality, and entrainment mortality of delta smelt.

Covariates Units Covariate summary details

Mean fork length observed in February 1995-
Mean adult size millimeters 2001 in the Spring Midwater Trawl Survey and
2002-2015 in the Spring Kodiak Trawl Survey
Mean water temperature measured by the
Temperature Celsius 20mm Survey during April to May population
monitoring
Sum of the volume of water moving past a
point near the confluence of the Sacramento
and San Joaquin Rivers, near Pittsburgh, CA
during June to August
Mean Secchi depth measured by the Fall
Delta-wide turbidity centimeters Midwater Trawl Survey during September to
November
Mean carbon-weighted density of adult
Calanoid copepods, Cyclopoid copepods,
Cladocerans, and Mysid shrimp observed
during February and March zooplankton
surveys
Index of striped bass abundance, observed in
the Fall Midwater Trawl Survey during
December, excluding young of the year,

—15
calculated Zitr

catch per unit effort CPUE was the mean

observed in each of 15 spatial strata str

Mean of the daily sum of tidally-filtered flows

in the Old and Middle rivers

Mean Secchi depth measured by fish surveys in

South Delta turbidity centimeters the southern portion of the Sacramento-San
Joaquin Delta

Outflow meter3

micrograms

Food
carbon/meter?

Age-1+ striped bass total number CPUE., * volumes,, where

Old and Middle River flow meters®/second

1101
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Table 3. List of indices, parameters, and data used in the delta smelt life cycle model.

Page 52 of 77

Index Values Description
i 1=1,2,3 entrainment covariate
. s=PL1, PL2,J, SA1, SA2, Al, life stage
A2
c c=1995, 1996, ...2015 cohort year
Parameter Description Prior
NAB,, abundance --
NET,, number entrained --
Psc recruitment rate --
a recruitment rate regression parameter Normal(0,1)
ok variance of recruitment rate Exponential(3.68)
Psc survival --
M. instantaneous rate of natural mortality --
Normal(-1,1.2) [int.]
Bs natural mortality regression parameters Normal(0,1.2)
[slope]
o 1%/15 variance of natural mortality Exponential(3.68)
Fyc instantaneous rate of entrainment mortality --
Normal(-1,1.2) [int.]
Vis entrainment mortality regression parameters Normal(0,1.2)
[slope]
ot variance of entrainment mortality Exponential(3.68)
Ps bias adjustment for abundance estimate --
0 mean sub-adult to adult bias adjustment for entrainment Normal(0,0.31)
estimate
Wsc bias adjustment for entrainment estimate --
n regression parameter of entrainment bias adjustment model Normal(0,0.62)
ok variance of entrainment bias adjustment random effect Exponential(4.6)
Data
NAB,, observed abundance estimate
o Z\Bsc variance estimate of abundance estimate
ET,, observed entrainment estimate
o ETSC variance estimate of observed entrainment
XRoX Mo XFyq covariates predicting recruitment (R) and mortality (F and M) rates
M20mm,, adjusted number of lengths >20mm fork length in the 20mm Survey

52

© The Author(s) or their Institution(s)



Page 53 of 77

1106
1107
1108
1109
1110
1111

Canadian Journal of Fisheries and Aquatic Sciences

Table 4. Posterior evidence (proportion of posterior distributions greater or less than 0) for all modeled covariate effects. Candidate
models are indicated by each column, and rows show different stages of model selection. Only evidence for interactions is presented
for sub-adult entrainment mortality in Stage 1. Water temperature, Old and Middle River flow, South Delta Secchi depth, Outflow,
and Food (see Tables 1-2) were each hypothesized to have negative effects on the corresponding vital rate, and all others were
hypothesized to have positive effects. Only one natural mortality effect was applied to each life stage (Stage 2), and only the model
supported in Stages 1 and 2 was explored in Stage 3. Some covariate effects were therefore not applicable (denoted with --).

Process (month) Covariate Evidence

Stage 1: Compare sub-adult to adult entrainment interactions, at four configurations of sub-adult to adult natural mortality

Sub-adult to adult entrainment mortality (February-March) Slsdoft‘}f g’gﬁglge%iﬁrdggt‘ﬁ 0.102  0.128 0.129 0.108

Stage 2: Compare sub-adult to adult natural mortality covariates

. Age-1+ striped bass 0.942 0.914 -- --

Early sub-adult natural mortality (December-January) Food g . 0704 0.634
. Age-1+ striped bass -- 0.323 0.384 --

Late sub-adult to adult natural mortality (February-March) Food 0.984 B B 0.972

Stage 3: Refit model with no sub-adult to adult entrainment interaction, Age-1+ striped bass as an early sub-adult natural
mortality covariate, and Food as late sub-adult to adult natural mortality covariate

Late recruitment (June) Water temperature 0.977 - -- --
Late post-larval natural mortality (June-August) Outflow 0.987 - -- --
South Delta Secchi depth 1.000 -- -- --

Post-larval entrainment mortality (April-June) Old and Middle River flow 1000 - N N

Old and Middle River flow 0.914 _ B B
* South Delta Secchi depth '
Juvenile mortality (September-November) Secchi depth 0.699 -- -- --
Early sub-adult natural mortality (December-January) Age-1+ striped bass 0.936 -- -- --
Late sub-adult to adult natural mortality (February-March)  Food 0.983 -- -- --

South Delta Secchi depth 1.000 - -- -

Sub-adult to adult entrainment mortality (February-March) 0Old and Middle River flow 1.000 . . .
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1113 Table 5. Results of sensitivity analysis, showing proportional changes from the base model when
1114  asingle aspect of the model was altered. For parameter definitions, see Table 3. Vital rate
1115  sensitivity was summarized as the mean proportional change across each life stage. Sensitivity

1116  values greater than an absolute value of 0.2 are bolded.

1117
Proportional change in vital rates
1.5% 1.5x Summer Fall Adult
) 0' Spring Townet Midwater entrainment
derlrg/r:(-i Kodiak- bias Trawl bias bias
derived  adjustment adjustment adjustment
Fpr1/(FpL1 + MpL1) -0.298 -0.012 -0.046 -0.073 0.038
Fpr2/(FpL2 + MpL2) -0.329 0.008 -0.114 -0.051 -0.017
Fsa1/(Fsa1 + Msa1) -0.018 0.022 0.277 -0.064 -0.913
Fsaa/(Fsaz + Msaz) 0.015 -0.031 0.257 -0.087 -0.868
Fa1/(Fa1 + Ma1) 0.017 -0.059 0.221 -0.126 -0.880
PPLL 0.346 -0.170 -0.012 0.182 0.004
PrL2 0.366 -0.194 -0.037 0.187 -0.020
Change in evidence
Water temperature
(April-May) -0.012 0.004 -0.023 -0.001 0.011
Outflow -0.001 0.003 -0.008 0.002 0.004
(June-August)
Turbidity
(September-November) -0.005 0.111 -0.064 0.191 0.015
Age I+ striped bass 0.000 -0.022 0.016 0.016 0.015
(December-January)
Food
(February-March) 0.002 0.003 0.012 0.000 0.050
A
OMR*Turbidity 20.002 20.001 20.006 0.002 20.002
(April-June)
OMR
(December-March) 0.000 0.000 0.000 0.000 0.000
Turbidity
(December-March) 0.000 0.000 0.000 0.000 0.000
1118
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1120  Table 6. Three-year projected probabilities of population growth under different environmental

1121  and hydrodynamic conditions.

1122
Old and Probability of population growth
Middle Random Avoid lowest Best year of
River flow  summer outflow aftera  recent temps and
(m3sh) outflow cold spring outflow (2011)
2212 0.385 0.389 0.813
-142 0.387 0.390 0.815
0 0.423 0.426 0.841
1123
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FIGURE LEGENDS

Fig. 1. Map of the study area, created using ArcGIS ArcMap 10.6.1 and data provided by the US

Geological Survey.

Fig. 2. Time series of the proportion of deaths due to entrainment (entrainment mortality/total
mortality) and associated covariates. Boxplots depict the posterior distributions of estimates, and
the red lines indicate the reference point 0.41*natural mortality, or 0.29*total mortality (Zhou et
al. 2012). Early post-larvae were observed in April-May, and late post-larvae were observed in
June. Early sub-adults were observed in December-January, and late sub-adults were observed in
February. Finally, early adults were observed in March. Mean entrainment covariates measured

for each life-stage-cohort combination are shown in the bottom two panels (see Tables 1-2).

Fig. 3. Posterior distributions of predicted entrainment mortality at two levels of water clarity
(2007-2015 interquartile range) and a range of Old and Middle River flows. The dark shaded
regions indicate the interquartile range of posterior predictions, and the light shaded regions
indicate the 95% credible intervals. The red lines indicate the reference point 0.41*natural

mortality, or 0.29*total mortality (Zhou et al. 2012).

Fig. 4. Time series of recruitment success, estimates of natural mortality, and associated
covariates. Boxplots depict the posterior distributions of recruitment and mortality estimates, and
red lines show the corresponding covariates. The late post-larval recruitment covariate was

measured in April-May, and June-August ecosystem conditions were related to late post-larval
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1147  natural mortality. Juvenile natural mortality was indexed by September-November conditions,
1148  and early sub-adult covariates were measured in December-January. Finally, February and

1149  March covariates were related to late sub-adult and adult natural mortality (see Tables 1-2).

1150

1151  Fig. 5. Standardized residuals from leave-one-out cross validation, where residuals equal the
1152  differences between the missing observations and the predicted missing values. Residuals were
1153  standardized by dividing by residual standard deviation within each life stage and type of

1154  observation. Abundance residuals are shown in the top row, and entrainment residuals are shown
1155  in the bottom row.

1156
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1165
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Appendix

2 Simulation model to test the performance of the state-space life cycle model

3 The estimability of life cycle model parameters was explored using a simulation study. We

4  hoped to resolve the following questions about inference of the model:

5 1. whether two mortality intercepts and process variances could be simultaneously

6 estimated,

7 2. if the model was estimable across a range of process noise variances,

8 3. whether the priors resulted in biased parameter estimates, and

9 4. if entrainment bias adjustments were estimable from the type of information available
10 for delta smelt.

11 True values of state parameters were simulated using Monte Carlo methods to draw 180 random
12 values from the prior distributions used in model fitting. From each of these 180 simulated sets of
13 true state parameters, population abundances and observations were simulated over a 20-year time
14 series. Finally, the model was iteratively refit to each of these simulated datasets, and the properties
15  of posterior parameter distributions were evaluated.

16

17  State process model

18 The simulation model was a slightly simplified version of the model fit to the delta smelt
19  data. See Table 3 of the main text for parameter descriptions. Reproduction, natural mortality, and
20 entrainment mortality were simulated among five life stages: post-larvae, juveniles, early and late
21 sub-adults, and adults (Eq. Al). Post-larvae were produced by the previous cohort’s adults (Eq.

22 A2-A3), and some post-larvae died due to natural mortality as fish aged into the juvenile class (Eq.

1
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A4-AS5). Entrainment of juvenile through adult life stages occurred, so transitions to early sub-
adult and adult life stages were functions of entrainment and natural mortality. Recruitment

success, natural mortality, and entrainment mortality were modeled as functions of covariates Xg_,
Xwm,, and Xg_, respectively (Eq. A3, A5-A6), each of which was generated from a Normal(0,1)

distribution. A single natural mortality process noise variance parameter and a single entrainment
mortality process noise variance parameter was shared across all life stages. Entrainment
predictions were calculated using the Baranov catch equation (Eq. A7).
NpLc
Tl]c
(Al) nup_ = [Msalc

Nsa2c
Nac

_ MAc—1) * Pe for s = PL
(A2)  npp, = {n(s_ he* Ps—1)c fors=J,SA1, SA2, and A

(A3) psc~Lognormal(a0 + aq * XRSC,aﬁ)

- (Msc) —
e for s = PL
(A4) Psc = {

e” Fset M) for s =] SA1, and SA2
(AS) MSC~Lognormal(ﬁo + B * XMSC,GI%I)

(A6) F5C~Lognormal(y0 + Y1 * XFSC,G}Z:) fors =], SA1,SA2,and A

Fgc* (1 _<psc)

= X YV~
(A7) MEr, = Mo * ()

Entrainment bias model

Entrainment biases were estimated from simulated length frequencies mg. for juvenile and

early sub-adult life stages (Eq. A8-A10) and from a simulated variable g representing the survival

2
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41  of entrained fish for late sub-adults and adults (Eq. A11). Though no data have been collected to
42  estimate delta smelt survival after entrainment, future information from mark-recapture

43  experiments could inform Eq. A11.

44 (A8) mg~Binomial(ws,N)

45 (A9) logit(wse) = 1o + 6. for s =], and logit(ws.) = no + nq + 6. for s = SA1
46 (A10) .~Normal(0,03,)

47 (A11) q]-~Normal(.Q,asz), where wg = 1/(1 + e™?) for s = SA2 and A

48

49 Observation model

50 From simulated values of abundance and entrainment, observations fsp _ and fgr  were

51 randomly simulated from lognormal distributions (Eq. A12-A13). Lognormal standard errors for
52  observations were fixed at 0.3 for abundance observations and 0.5 for entrainment observations.
53  Observed entrainment was biased low to reflect delta smelt entrainment prediction bias, so
54  observations were adjusted by a bias factor w which scaled the true entrainment down to the

55  observed value needed for data integration,

~2

TaB,, R
56 (A12) ﬁABSC~Lognormal(log(nABsc) —Z,JiBSC)
5’2
. ETg.
57 (A13) nETSC~Lognormal(log(nETSc * a)s) —— ,O'%T )
58

59  Estimation model
60 The estimation model was identical to the operating model described above. In other words,
61  in the absence of observation error, estimated model parameters would be distributed around the

62  true values as long as all parameters were estimable. In the estimation model, all vital rate

3
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parameters (a, £, and y) were assigned vague priors, and all process noise variance parameters (
o0&, ofy, of, and o) were assigned penalized complexity priors, assuming a 0.01 probability that
error exceeded a value of 1.25 (Simpson et al. 2017).

For each iteration of the simulation, a set of true values was drawn and a set of stochastic
observations of abundance and entrainment were simulated. Four variations of the observation

model, representing different potential modeling approaches, were fit to the same observations.

The first observation model (OM 1) did not use gy, observations and did not attempt to separate
F and M. In this case, entrainment effects y; * Xy were included with the model of M (Eq. AS).

The second observation model (OM 2) did separate F' and M, but did not include simulated data
Mg or g; when estimating entrainment bias adjustment terms (Eq. A8-A11). A mean value, with a
Uniform(0,1) prior distribution, was estimated for juvenile to early sub-adult life stages, and a
second mean value was estimated for late sub-adults and adults. The third observation model (OM
3) was based on the full model described above but did not include an entrainment bias adjustment
parameter o, i.e. @ was fixed at 1. The fourth observation model (OM 4) represented the full model
described above, including estimation of F and, critically, estimation of @ by integrating additional
simulated information.

All simulations and model fitting were performed using JAGS (Plummer 2003) and R
statistical package R2jags (Su and Yajima 2015). To sample posterior distributions from the fitted
model, a burn-in period of 5,000 was followed by 25,000 samples of posterior distributions. The
posterior distributions of all state transition parameters and process variance parameters were
compared to the true simulated values using the z-score ([posterior mean-true value]/posterior
standard deviation) and 95% credible interval coverage of the true value. Z-scores and coverages

explored potential biases in posteriors; the dispersion of posterior distributions was evaluated by

4
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comparing posterior standard deviations to prior standard deviations with the posterior shrinkage
statistic (1-posterior standard deviation/prior standard deviation). Posterior shrinkage near 1
indicated that observations strongly informed model parameters, while posterior shrinkage near 0
indicated that data poorly informed parameters (Betancourt 2018). Bias was also evaluated

graphically by plotting posterior means versus true values.

Results and Discussion

With the full observation model (OM type 4) that included entrainment bias adjustment
parameters, entrainment bias observations, and entrainment observations, all vital rate and process
noise variance parameters appeared to be estimable (Table A1, Figs. A1-A2). This was true across
a range of potential true states and parameter values and using the priors used to fit the life cycle
model to delta smelt. Posterior 95% coverage of the true value was greater than 0.9 for all
parameters and the true value was almost always contained within 95% credible intervals of the
posterior (Table A1). Posterior means were evenly distributed around true values with no apparent
biases (Figs. A1-A2).

When entrainment observations were ignored (OM 1), however, posterior 95% coverage
of mortality and process variance parameters declined (Table Al), entrainment mortality slope
parameters were biased towards 0 (Fig. A2), natural mortality process variation was not well-
estimated (Fig. Al), and entrainment process variation was not separately estimable. Posterior
95% coverage of most parameters was also lower when the model was fit using entrainment
observations but the entrainment bias was ignored (OM 3), and ignoring entrainment bias resulted
in negative bias in posterior means of the entrainment mortality intercept parameter. Surprisingly,

a mean entrainment bias adjustment was estimable even when entrainment bias observations were

5
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ignored (OM 2), though annual variation was not accounted for, leading to greater error in
entrainment mortality variance.

Relationships between posterior shrinkage and bias (z-score) were consistent across the
four modeling scenarios explored (Figs. A3-A4). Posteriors for reproduction parameters a and
a1, natural mortality regression parameters [(-f4, and reproduction and entrainment process
variances oy and oy were highly informed by observations. Some posteriors for starting abundance
and natural mortality process variance oy had low shrinkage values, indicating greater similarity
between prior and posterior parameter distributions. These parameters may become dominated by
their priors under some conditions; therefore, we checked prior versus posterior plots carefully in

the life cycle model fit to delta smelt to identify this problem if it manifested.
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Ignore Ignore bias Ignore
Parameter entrainment adjustment .entrai.nment Full model
observations data bias adjustment ~ (OM type 4)
(OM type 1) (OM type2) (OM type 3)
Starting nug 0.95 0.95 0.93 0.96
Reproduction Qo 0.95 0.95 0.95 0.96
ay 0.98 0.96 0.97 0.96
Bo 0.53 0.95 0.70 0.91
Natural B1 0.86 0.96 0.89 0.96
mortality B2 0.78 0.96 0.86 0.96
B3 0.73 0.97 0.86 0.97
Ho -- - -- 0.92
7 -- -- -- 0.94
"2 - - - 0.95
Entrainment mean o, -- 0.96 -- --
mortality mean @, -- 0.99 -- --
mean w3 -- 0.97 -- --
Yo -- 0.97 0.03 0.96
Y1 0.41 0.95 0.88 0.96
OF -- 0.92 0.60 0.96
Process oM 0.82 0.98 0.92 0.97
variation OR 0.95 0.96 0.95 0.93
0B, - -- -- 0.97
0B, -- -- -- 0.96
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Fig. A2. Simulation model results. Posterior mean versus true simulated values for natural
mortality (beta), entrainment bias adjustment (eta [model with random effects] or omega [model
with no random effect]), and entrainment mortality (gamma). The dotted reference line indicates

a one-to-one relationship.
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149  Fig. A3. Results from simulation test depicting central tendency versus dispersion of posterior
150  distributions for reproductive (alpha), and process noise variance (sigma) parameters, and
151  starting abundance parameters. Central tendency is represented by bias (z-score), and dispersion

152  is represented by the contraction of posteriors from prior distributions (posterior shrinkage).
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Fig. A4. Results from simulation test depicting central tendency versus dispersion of posterior
distributions for natural mortality (beta), entrainment bias adjustment (eta [model with random
effects] or omega [model with no random effect]), and entrainment mortality (gamma). Central
tendency is represented by bias (z-score), and dispersion is represented by the contraction of

posteriors from prior distributions (posterior shrinkage).
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=

5

.

L

E

o =

=3

L S

[ 74 ] 1

=
I I . I I
-1.0 -0.5 0.0 0.5

M mtercept

=

D

£

2 W

E

g -

-—

g E’Ij _

g v-

Lﬁ I I I I

-5 -4 -3 -2

F mtercept

161
162  Fig. AS. The greatest two joint posterior correlations between delta smelt life cycle model

163  parameters (R? = 0.37 [top panel] and 0.59 [bottom panel]). F is entrainment mortality, and M is
164  all other mortality.
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167  Fig. A6. Posterior traceplots of all regression coefficients for recruitment success (alpha), other
168  mortality (M) intercept model, other mortality slopes (beta), entrainment mortality (gamma), and
169  process errors (sig). Lines of different colors represent six posterior chains.
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172 Fig. A7. Posterior (dashed lines) versus prior distributions (solid lines) of all regression
173 coefficients for recruitment success (alpha), other mortality (M) intercept model, other mortality
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