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9 Abstract: State-space population models are becoming a common tool to guide natural resource 
10 management, because they address the statistical challenges arising from high observation error 
11 and process variation while improving inference by integrating multiple, disparate datasets. A 
12 hierarchical state-space life cycle model was developed, motivated by delta smelt (Hypomesus 
13 transpacificus), an estuarine fish experiencing simultaneous risks of entrainment mortality from 
14 out-of-basin water export and natural mortality. Notable model features included a covariate-
15 dependent instantaneous rates formulation of survival, allowing estimation of multiple sources of 
16 mortality, and inclusion of relative observation bias parameters, allowing integration of differently 
17 scaled abundance indices and entrainment estimates. Simulation testing confirmed that two 
18 sources of mortality, process variation, and data integration parameters could be estimated. Delta 
19 smelt entrainment mortality was associated with environmental conditions used to manage 
20 entrainment, and recruitment and natural mortality were related to temperature, outflow, food, and 
21 predators. Although entrainment mortality was reduced in recent years, ecosystem conditions did 
22 not appear to support robust spawning or over-summer survival of new recruits, manifesting as a 
23 98% reduction of adults during 1995-2015.

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

27 Human population growth and increasing use of natural resources has led to widespread 

28 ecosystem changes (Vitousek et al. 1997) and corresponding declines, or in some cases, 

29 endangerment of native fauna (McGill et al 2015). The need to develop successful conservation 

30 and management strategies has driven advancements in quantitative modeling tools to inform 

31 complex decisions about allocation of natural resources and the biota that depend upon those 

32 resources. The statistical challenges are manifold when developing modeling tools for rare species. 

33 It can be difficult to sample rare species, resulting in observation error that may obscure the 

34 relationships between abundance and the environment and, therefore, the relative merits among 

35 resource management options (Harwood and Stokes 2003; Williams 2011). Populations at low 

36 densities may exhibit demographic stochasticity or process variation from multiple sources that 

37 must be disentangled from observation errors to make robust predictions about the consequences 

38 of conservation actions (Lande 1993). The management objective for population modeling is often 

39 to identify ways to balance recruitment, natural mortality, and anthropogenic mortality, requiring 

40 an understanding of how these vital rates interact to result in cumulative lifetime survival. Finally, 

41 declining population densities may necessitate new monitoring programs that must be integrated 

42 into existing population models over time, though new programs may be scaled differently with 

43 different catchabilities than older programs. 

44 For natural populations that are shaped by both deterministic and stochastic processes and 

45 are often observed by multiple sampling programs, each with its own sources of error and bias, 

46 arguably the most robust approach to statistical population modeling is the state-space model, 

47 because it facilitates separation of the components of variability while allowing integration of a 

48 wide variety of information (Newman 1998; Meyer and Millar 1998). A (hierarchical) state-space 

Page 2 of 77

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

Canadian Journal of Fisheries and Aquatic Sciences



Draft

3

49 modeling framework facilitates a probabilistic approach to population management and risk 

50 assessment by incorporating uncertainties in the values of parameters scaling the relative risks of 

51 mortality, the influence of temporal variation in ecosystem conditions on the population vital rates, 

52 and error in measurements of the population. State-space models have been applied to many types 

53 of populations, including insects (de Valpine and Rosenheim 2008), birds (Knape et al. 2013), and 

54 mammals (Servanty et al. 2010). In fisheries, state-space models have been used to simultaneously 

55 estimate per capita rates of fishing and natural mortality for many commercial fish stocks including 

56 common sole (Solea solea) (Rochette et al. 2013), Atlantic salmon (Salmo salar) (Massiot-Granier 

57 et al. 2014), northern cod (Godus morhua) (Cadigan 2015) and yellowtail flounder (Limanda 

58 ferruginea) (Miller et al. 2016). 

59 A principle concern when modeling fishery catch data and defining harvest limits is that 

60 parameters related to both fishing and natural mortality may not be estimable within the same 

61 model, though variation in both results in catch variation. For this reason, a common approach is 

62 to fix the natural mortality rate at an externally derived value, and estimate the remaining losses 

63 as fishing mortality (Mangel et al. 2013). Recent applications (Rochette et al. 2013; Massiot-

64 Granier et al. 2014; Cadigan 2015; Miller et al. 2016) of state-space models demonstrate, however, 

65 that combinations of the number of deaths due to a source of mortality (e.g. fishery catch) and an 

66 index of abundance may be sufficient to extract information about both fishing and natural 

67 mortality rates. Importantly, Aanes et al. (2007) showed that process variation from two sources 

68 of mortality could be extracted from common catch-at-age and abundance data.

69 In most models of fished populations, fishery catch is known with little error, and fishing 

70 mortality may be estimated as a function of fishery effort (e.g. Rochette et al. 2013; Aanes et al. 

71 2007). In other scenarios, another source of mortality and associated errors may be known, and 
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72 covariates such as ecosystem conditions may drive the per-capita mortality process. Fishery 

73 models combine estimates of abundance with estimates of the number of deaths attributable to a 

74 particular source of mortality and associated errors, but mortality rates for any taxa could be 

75 estimated, like fishery catch, as a function of competing risks of mortality. 

76 Here, we describe a state-space population model motivated by the population processes 

77 of an endangered fish, delta smelt (Hypomesus transpacificus) that is subject to entrainment in 

78 large water diversions. This model includes recruitment and life stage-specific survival to separate 

79 sources of mortality, predict per capita rates of mortality as a function of management quantities, 

80 and test hypotheses about factors influencing vital rates. Model performance is first evaluated by 

81 fitting models to simulated datasets and assessing estimability of model parameters. Guided by the 

82 findings from the simulation study, the model is then used to assess the population status of delta 

83 smelt and applied to evaluate management strategies and test hypotheses about the associations 

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

85

86 Case study: the decline of California’s delta smelt

87 Delta smelt are an endangered osmerid fish, endemic to the San Francisco Estuary in 

88 California, USA. The delta smelt exists at the nexus of high stakes natural resource management, 

89 high observation error, and critical population status (Moyle et al. 2018). Delta smelt may once 

90 have been one of the most common fish in the upper portion of the San Francisco Estuary, the 

91 Sacramento-San Joaquin Delta (hereafter, Delta), but have declined to near extirpation in recent 

92 decades. Major changes to the physical structure of the Delta since the California Gold Rush, a 

93 series of biological invasions beginning in the latter 19th century (Moyle 2002), and increasingly 

94 greater fractions of fresh water captured in storage or diverted (Cloern and Jassby 2012), may have 
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95 each contributed to the decline of delta smelt. Delta smelt were listed as threatened under the US 

96 and State of California Endangered Species Acts in 1993 and as endangered under the California 

97 Endangered Species Act in 2009 (Moyle et al. 2018). Entrainment of delta smelt in large water 

98 diversions since the completion of the Central Valley Project in 1951 and the State Water Project 

99 in 1968 has received special attention as a factor contributing to their decline (Brown et al. 2009; 

100 Moyle et al. 2018).

101 The Delta forms at the confluence of the Sacramento and San Joaquin Rivers (Fig. 1). The 

102 physical structure of the Delta has been significantly altered from its natural state for flood control 

103 and agriculture, resulting in isolation from adjacent floodplains (Whipple et al. 2012; Andrews et 

104 al. 2017), reduction in suspended sediments and system productivity, and cumulative changes to 

105 the duration, magnitude, and timing of inflowing freshwater (Cloern and Jassby 2012). The Delta 

106 is the primary transfer point for the large-scale redistribution of surface water from northern to 

107 central and southern California. The southern portion of the Delta, including the San Joaquin, Old, 

108 and Middle rivers (the South Delta; Fig. 1) conveys water to two of the largest water diversions in 

109 world, the Tracy and Banks Pumping Plants, located on the Old River. These pumping plants are 

110 part of the US government’s Central Valley Project (CVP) and California’s State Water Project 

111 (SWP), respectively. Although tidal action plays a major role in hydrodynamics in the Delta’s 

112 numerous channels (Andrews et al. 2017), the combined water diversions from Tracy and Banks 

113 pumping plants are often sufficient to reverse the net flow direction of Old and Middle rivers, 

114 causing water to flow upstream. This phenomenon draws Sacramento River water across the Delta 

115 to the pumping plants and can cause the entrainment of fish (Kimmerer and Nobriga 2008). 

116 Collectively, the Projects exported as much as 8.5 billion m3 of Sacramento-San Joaquin Delta 

117 water per year between 1995 and 2014 (ftp://ftp.dfg.ca.gov).

Page 5 of 77

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

Canadian Journal of Fisheries and Aquatic Sciences



Draft

6

118 As entrainment of delta smelt is mitigated at the cost of water to supply tens of millions of 

119 people in southern California with drinking water and a multi-billion dollar agricultural industry 

120 (Grimaldo et al. 2009; Moyle et al. 2018), the stakes in the water management strategy described 

121 above are high. Management of delta smelt entrainment has been a topic of contentious scientific 

122 debate (Kimmerer 2011; Miller 2011) and litigation (2010 US District Court ruling). Efficient 

123 management of natural resources requires periodic assessment of past actions and evaluation of 

124 the effectiveness of regulatory criteria, such as limits on the export of water. Population models 

125 are useful quantitative tools for assessing effects of past conservation actions, evaluating the 

126 quality of management criteria and comparing actions to manage populations in the future.

127 Delta smelt mortality risks can be divided into the risk of entrainment and the risk of 

128 mortality from all other sources. While many sophisticated models have been applied to delta 

129 smelt, none have sought to quantify per capita entrainment risk as a function of the variables used 

130 to manage delta smelt entrainment, focusing instead on identification of the factors with the 

131 greatest influence on recruitment and survival (Maunder and Deriso 2011; Miller et al. 2012; 

132 Kimmerer and Rose 2018; Polansky et al. 2020). With newly available estimates of the number of 

133 entrained fish and, critically, the associated observation errors (Smith et al. 2020; Smith 2019), an 

134 opportunity to draw inference from population models that disentangle the relative contributions 

135 of different mortality sources to survival, and extend this understanding to population growth rate 

136 consequences, has emerged. 

137 The life cycle model here integrates abundance indices (Polansky et al. 2019) with 

138 entrainment and associated errors (Smith et al. 2020; Smith 2019) into a single population model 

139 using a state-space model framework to quantify entrainment mortality as a function of existing 

140 management quantities and does so within the context of time-varying natural mortality rates; i.e., 
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141 the survival models are functions of both natural and entrainment processes. Three management 

142 hypotheses are tested: (1) entrainment mortality is related to Old and Middle River flow, (2) 

143 entrainment mortality at a given level of Old and Middle River flow depends on water clarity, and 

144 (3) the management regime beginning in 2007 was associated with significantly lower delta smelt 

145 entrainment mortality. The model is then used to predict future mortality and population growth 

146 given alternative ecosystem and water operations conditions.

147

148 Materials and Methods

149 Data

150 Data to fit the model consisted of time series of population abundance indices (Polansky et 

151 al. 2019), entrainment estimates of post-larvae (Smith et al. 2020) and adults (Smith 2019), and a 

152 collection of salient vital rate covariates used to predict recruitment, natural mortality, and 

153 entrainment mortality (Tables 1-2). A cohort year was defined by the birth of a cohort, beginning 

154 in March. Delta smelt is an annual fish, so a cohort year ended the following April after the 

155 spawning season. For example, cohort 1995 was first observed as early post-larvae in May of 

156 calendar year 1995 and finally as final spawn or post-spawn adults in April of calendar year 1996. 

157 Here we focus on birth cohort years 1995-2015 and partition the species into seven life stages: 

158 early (May) and late (June) post-larvae, juveniles (July-August), early (October-November) and 

159 late (January-February) sub-adults, and early (March) and late (April) adults (Table 1). Although 

160 life stages represented a temporal scale of one to three months, water operations for delta smelt 

161 conservation are actively managed at a sub-weekly scale, so the life cycle model was a coarse 

162 abstraction of the delta smelt population and conservation schedule. 
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163 Although observed abundance indices constructed by Polansky et al. (2019) incorporated 

164 length-based probabilities of capture derived in Mitchell et al. (2019), Polansky et al. (2020) found 

165 that other survey specific biases led to persistent under estimates by three of the surveys relative 

166 to others, necessitating bias adjustment parameters for life cycle model fitting (Polansky et al. 

167 2020) when using indices of juveniles and sub-adults for any year, and adult indices prior to 2002 

168 relative to adult (after 2001) and post-larval indices. Unlike the nets used for adults and post-

169 larvae, gears used to capture juveniles and sub-adults were not selected to be efficient for sampling 

170 delta smelt; they were designed to sample a larger fish, age-0 striped bass (Morone saxatilis) 

171 (Stevens 1977).

172 Estimates of delta smelt entrainment were developed for post-larval (Smith et al. 2020) and 

173 sub-adult (Smith 2019) life stages. These models accounted for uncertainty in the sequence of 

174 events leading from entrainment to observation by modeling coupled processes of transport, 

175 survival, sampling efficiency, and subsampling. Data from a coupled hydrodynamic, particle 

176 tracking model informed a model of post-larval transport to the water diversions where post-larvae 

177 can be observed, and throughout areas of the South Delta where post-larvae were unavailable for 

178 observation and not expected to survive. In contrast, the sub-adult and adult fish are thought to 

179 exert greater choice and control over their spatial distribution (Bennett and Burau 2015; Polansky 

180 et al. 2018; Hobbs et al. 2019). Uncertainties in sub-adult transport as a function of hydrodynamics 

181 led to a reduced spatial definition of sub-adult entrainment that only included those fish directly 

182 entrained and available for observation at the fish facilities sampling South Delta water diversions. 

183 In other words, the sub-adult model did not assume net flows would index the transport of older 

184 fish. 
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185 The generally accepted conceptual model for the process leading to the entrainment of delta 

186 smelt is that under conditions of low water clarity, delta smelt occupy portions of the water column 

187 that make them more vulnerable to advective flows (Grimaldo et al. 2009; Bennett and Burau 

188 2015). Any delta smelt that happen to occupy the portion of the Delta influenced by net southward 

189 flows, towards the CVP and SWP water diversions, are at risk of entrainment into Old and Middle 

190 rivers. If they survive long enough, they may be observed by the fish collection facilities in front 

191 of the Tracy and Banks pumping plants. The CVP’s Tracy Fish Facility and the SWP’s Skinner 

192 Fish Facility sample a fraction of entrained fish from diverted water using behavioral louver 

193 systems (see Smith 2019 and Smith et al. 2020 for further details). Entrainment of delta smelt is 

194 managed by controlling the net reverse flow in the Old and Middle rivers OMR (USFWS 2019; 

195 Fig. 1). Specific management criteria depend on water clarity in the South Delta, or South Delta 

196 Turbidity (SDT).

197 Three sets of covariates were summarized: those predicting recruitment, those predicting 

198 non-entrainment related mortality (hereafter, natural mortality), and those predicting entrainment 

199 mortality. The recruitment and natural mortality covariates used here (Tables 1-2) were previously 

200 identified by Polansky et al. (2020) as those with the most evidence of having an effect in the 

201 hypothesized direction and although the entrainment component of mortality was not explicitly 

202 modeled by Polansky et al. (2020), covariates indexing entrainment were found to be the ones 

203 most strongly associated with sub-adult survival. Entrainment covariates represented the regulated 

204 metric of South Delta hydrodynamic conditions OMR and the environmental trigger for 

205 management action, SDT. OMR was the average of the daily sum of tidally filtered flows from two 

206 adjacent rivers, Old and Middle rivers. OMR data were available from US Geological Survey 

207 (USGS) streamflow databases (https://waterdata.usgs.gov). When streamflow data was not 
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208 available to compute OMR, the Hutton model (Andrews et al. 2017) was used to estimate OMR 

209 from San Joaquin River flows and exports from South Delta water diversions. SDT, where Secchi 

210 depth indexed turbidity, was the mean of values measured during California Department of Fish 

211 and Wildlife surveys.  SDT values were drawn only from locations in the southern portion of the 

212 Delta, where entrainment may affect the population. Biological data were available from 

213 ftp://ftp.dfg.ca.gov, and flow data other than OMR were available from the Dayflow database 

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

215

216 Population model

217 State process model. Like most annual fishes, delta smelt can spawn more than once in their single 

218 spawning season (Damon et al. 2016). We modeled two recruitment events per cohort resulting in 

219 two sub-cohorts. The first sub-cohort, early post-larvae recruiting to the population in May, was 

220 produced by early adults that spawned by March, and the second sub-cohort, late post-larvae 

221 recruiting to the population in June, was produced by late adults that spawned in April. Late post-

222 larval abundance was the sum of early post-larval survivors  and late adult spawning 𝑛ABPL1𝑐 ∗ 𝜑PL1c

223 (see Table 3 for definitions of all parameters). Abundances of all subsequent life stages were non-

224 overlapping and modeled as the product of the prior cohort specific life stage abundance and its 

225 survival rate .𝜑sc

226 Latent abundance  dynamics for the early post-larvae PL1, late post-larvae PL2, 𝑛AB

227 juveniles J, early sub-adults SA1, late sub-adults SA2, early adults A1, and late adults A2 were 

228 given by

229 (1) ,𝑛ABsc = { 𝑆𝑆𝐵A1(c ― 1) ∗ 𝜌1c for s = PL1
𝑛ABPL1c ∗ 𝜑PL1c + 𝑆𝑆𝐵A2(c ― 1) ∗ 𝜌2c

𝑛AB(s ― 1)c ∗ 𝜑(s ― 1)c
for s = PL2

for s = J, SA1, SA2,  A1 and A2
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230 where  and  were life stage s and cohort c specific recruitment and survival functions, 𝜌sc 𝜑sc

231 respectively, and the spawning stock biomass ( ) depended on adult abundance and mean fork 𝑆𝑆𝐵sc

232 length  converted to weight (  [Kimmerer et al. 𝐹𝐿sc 𝑆𝑆𝐵sc = 0.5 ∗ 𝑛ABsc ∗ 1.8 ∗ 10 ―6 ∗ 𝐹𝐿3.38
sc

233 2005]). Recruitment rate  was modeled using lognormal distributions. Spawning by early adults, 𝜌sc

234 producing new recruitment observed in May (s = PL1), was modeled with a log mean parameter 

235 , and spawning of late adults that produced a second recruitment observed in June (s = PL2), 𝛼0

236 was modeled with log mean parameter that was a function of  and mean April-May water 𝛼0

237 temperature ,𝑋Rc

238 (2) .𝜌sc~Lognormal( 𝛼0,𝜎2
R

𝛼0 + 𝛼1 ∗ 𝑋Rc,𝜎
2
R)for s = PL1

for s = PL2

239 The model of recruitment did not include any form of density-dependence (i.e., Ricker or 

240 Beverton-Holt models were not used). Following Kimmerer (2011) and Rose et al. (2013), it was 

241 assumed that modern delta smelt abundances were too low to generate intraspecific limits on vital 

242 rates or approach a carrying-capacity that could be a first-order factor in population dynamics. 

243 Further, modern abundance observations did not provide sufficient contrast between high and low 

244 population levels to inform a density-dependent model.

245 The survival functions  explicitly described instantaneous rates of natural mortality  𝜑sc 𝑀sc

246 and entrainment mortality , when entrainment occurred (s = PL1, PL2, SA1, SA2, A1), as 𝐹sc

247 simultaneous, competing sources of mortality,

248 (3) 𝜑sc = 𝑒 ― (𝐹sc + 𝑀sc)

249 and fixed  for life stages when no entrainment was observed (s = J). The use of 𝐹sc = 0

250 instantaneous rates facilitated use of Baranov’s catch equation (Ricker 1975) to predict the number 

251 entrained 𝑛ETsc
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252 (4) .𝑛ETsc = 𝑛ABsc ∗
𝐹sc ∗ (1 ― 𝜑sc)

(𝐹sc + 𝑀sc)

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

254 per life stage transition  (Table 1-2), mean weight , and parameters ,𝑋Msc 𝑊s 𝛽

255 (5) .𝑀sc~Lognormal((𝛽0 + 𝛽1 ∗ 𝑊s + 𝛽s + 1 ∗ 𝑋Msc
),𝜎2

Ms)

256 The quantity  represented a stage-specific intercept that relied on the principle that 𝛽0 + 𝛽1 ∗ 𝑊s

257 natural mortality declines with body size (Lorenzen 2005; Gislason et al. 2010), and the quantity 

258  represented annual deviations from the stage-specific mean, informed by covariate 𝛽s + 1 ∗ 𝑋Msc

259 . The models cited above were not expected to be accurate for delta smelt because they all 𝑋Msc

260 developed to approximate natural mortality for larger-bodied and longer-lived fishes, compared to 

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

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

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

264 OMR, SDT, and the interaction of the two, represented as covariates  (Tables 1-2)𝑋Fisc

265 (6) .𝐹sc~Lognormal((𝛾0,s + ∑3
i = 1𝛾is ∗ 𝑋Fisc),𝜎2

F)
266 We assumed that entrainment covariate effects  were equal among adjacent life stages, 𝛾(1:3)s

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

268 slopes, and sub-adult and adult life stages shared slopes, i.e.,  and 𝛾(1:3)PL1 = 𝛾(1:3)PL2 𝛾(1:3)SA1 =

269 .  were compared to a mortality reference point, 41% of natural mortality or 𝛾(1:3)SA2 = 𝛾(1:3)A1 𝐹sc

270  (Zhou et al. 2012), in order to retrospectively assess the effectiveness of management 0.41 ∗ 𝑀sc

271 actions taken to reduce entrainment since 1995. To account for variable ,  estimated for delta sc 𝐹sc

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

273  and  or 29% of total deaths.𝐹sc/(𝐹sc + 𝑀sc) 0.41 ∗ 𝑀sc/(1.41 ∗ 𝑀sc)
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274 Preliminary data analysis suggested separate process variances could not be estimated for 

275 each life stage and vital rate (i.e. two values of , six values of  and five values of ). To 𝜎2
R 𝜎2

M 𝜎2
F

276 overcome this, a reduced parameterization of process variances was modeled, with a single 

277 parameter  to describe both early and late recruitment process variance and a single parameter 𝜎2
R

278  to describe entrainment mortality process variance for all life stages (PL1, PL2, SA1, SA2, and 𝜎2
F

279 A1). Two parameters  described early post-larval to juvenile (PL1, PL2, and J) and early sub-𝜎2
Ms

280 adult to early adult (SA1, SA2, and A1) natural mortality process variance, under the assumption 

281 that environmentally driven processes in early life stages would be more stochastic than those of 

282 later life stages.  Constraining process variances reduced the number of parameters to estimate 

283 from 13 to 4.

284

285 Observation model. Fish survey based abundance indices  and their standard errors were  𝑛ABsc 𝑠𝑒ABsc

286 taken from Polansky et al. (2019), and estimates of the number of fish entrained   and the 𝑛ETsc

287 standard errors were taken from Smith 2019 and Smith et al. 2020  All observations were 𝑠𝑒ETsc .

288 modeled as bias corrected lognormal random variables; that is, mean observed values, from 

289 external models, were converted to medians to parameterize the lognormal distribution by 

290 subtracting one half variance. Given model complexity and the difficulty separating process and 

291 observation errors within a single model, we followed the approach recommended by others (Ives 

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

293 here as  and , during the state-space 𝜎2
ABsc

= log (1 + 𝑠𝑒2
ABsc

/𝑛2
ABsc

) 𝜎2
ETsc

= log (1 + 𝑠𝑒2
ETsc

/𝑛2
ETsc

)

294 model fitting 

295 (7)      𝑛ABsc~Lognormal(log(𝑛ABsc ∗ 𝜓s ) ―
𝜎2

ABsc
 

2 ,𝜎2
ABsc)
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296 (8) .𝑛ETsc~Lognormal(log(𝑛ETsc ∗ 𝜔s) ―
𝜎2

ETsc

2 , 𝜎2
ETsc)

297  estimated from 20mm and Spring Kodiak Trawl Survey data were assumed to be 𝑛ABsc

298 unbiased measurements of the true latent states of abundance. Though some inestimable fraction 

299 of the population may be unavailable to the 20mm and Kodak trawl gears, we assumed this fraction 

300 was negligible and did not require a bias adjustment. The  derived from other surveys and 𝑛ABsc 𝑛ETsc

301 derived from observations of entrained fish, on the other hand, were assumed to be biased, because 

302 a portion of the delta smelt population is systematically unavailable to the gear; therefore, bias 

303 adjustments or data integration factors were required to scale  and  to the abundances 𝑛ABsc 𝑛ETsc

304 estimated from 20mm and Spring Kodiak Trawl Survey data so that the observation model for all 

305  and  was a function of the same latent abundance predictions (Eq. 4, 7, and 8). Relative 𝑛ABsc 𝑛ETsc

306 bias adjustments  and  served the same function as catchability coefficients in many fisheries 𝜓s 𝜔s

307 stock assessment models (Arreguín-Sánchez 1996) and here can take values between 0 and 1. 

308 Preliminary modeling suggested that  and  could become confounded when simultaneously 𝜓s 𝜔𝑠

309 estimated, so   were fixed in order to estimate . The  parameters were fixed at one for life 𝜓s 𝜔𝑠 𝜓s

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

311 reported in Polansky et al. (2020) for other life stages,  = 0.42 for the Townet Survey and  𝜓J 𝜓SA1

312 = 0.19 for the Midwater Trawl. 

313 Life stage and cohort specific bias adjustment parameters  scaled  to the latent 𝜔sc 𝑛ETsc

314 entrainment predictions  to account for known biases in entrainment estimates, and  𝑛ETsc 𝜔𝑠𝑐

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

316 estimated by . Post-larval observed entrainment was biased by the fraction of the population 𝑛ETsc

317 that goes unobserved; delta smelt below 20mm fork length are not enumerated by the fish facilities 
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318 monitoring South Delta entrainment because they are difficult to accurately identify. Adult 

319 observed entrainment was biased by the fraction of entrained fish that die during transport through 

320 the South Delta; no data have been collected to inform this process, so this source of loss was not 

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

322 Post-larval entrainment bias parameters  were estimated using length frequency data 𝜔PL1c

323  collected during the 20mm Survey, adjusted for length-based selectivity (Mitchell et al. 𝑚20mmsc

324 2019).  represented the number of fish observed in the 20mm Survey between 20mm and 𝑚20mmsc

325 45mm fork length, where 45mm was the largest possible size of a post-larval delta smelt in June, 

326 excluding larger age-1 fish.  were modeled as binomially distributed, with expected 𝑚20mmsc

327 probability  and effective sample size 𝜔sc 𝑁eff

328 (9) .𝑚20mmsc~Binomial(𝜔sc,𝑁eff)

329 The quantity  was the probability of encountering a fish less than 20mm, which would not 1 ― 𝜔sc

330 be enumerated at the fish facilities observing entrainment.  Although many lengths were measured 

331 in most years, the length data was assumed to be overdispersed as a result of the potential for 

332 shoaling behavior (Bennett 2005; Davis et al. 2019).  was therefore a smaller, unknown value 𝑁eff

333 compared to the total number of measured lengths.  was estimated using the method of 𝑁eff

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

335 sample size  was calculated that would be needed to produce the variance observed in the 𝑁′eff

336 model fit to length data, using the fixed  value, and the quantity  was iteratively 𝑁eff |𝑁′eff ― 𝑁eff|

337 minimized by changing . The  were modeled using logistic regression with regression 𝑁eff 𝜔PL1c

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

339 in , which was represented by a normally-distributed random effect 𝜔PL1c 𝜃c
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340 (10) , where .𝜔PL1c = 1 (1 + 𝑒
― (𝜂0 + 𝜃c)) 𝜃c~Normal(0,𝜎2

B)

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

342 observable in the data that informed , because late post-larvae included surviving early 𝑛ETPL2c

343 spawned fish. In other words,  and  depended on 𝜔PL2c >  𝜔PL1c 𝜔PL2c 𝜔PL1c

344 (11) .𝜔PL2c = 1 (1 + 𝑒
― (𝜂0 + 𝜂1 + 𝜃c))

345 No data have been collected to directly estimate delta smelt survival in the South Delta, 

346 such as mark-recapture data, so we could not develop a parallel integrated model for subadult and 

347 adult . Subadult and adult  were instead set equal to a single entrainment bias adjustment Ω, 𝜔sc 𝜔sc

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

349  

350 Model fitting and diagnostics

351 The model was fit using JAGS (Plummer 2003) in R (R Core Team 2019) and the package 

352 R2jags (Su and Yajima 2015). All model parameters were assigned vague priors on the scale of 

353 the process of interest (i.e. hyperparameter priors were chosen so that induced survival priors were 

354 uniformly distributed) (Table 3). Exponential priors for all state process standard error parameters 

355 σ, were based on a penalized complexity prior framework (Simpson et al. 2017) and the 

356 assumption that σ exceeded a value of 1.25 with a probability less than 0.01. To our knowledge, 

357 no one has derived a set of priors for the intercept and slope parameters β and γ so that the induced 

358 survival prior of a log-log model is uninformative.  Intercept prior means were derived from the 

359 logic that if uniformed prior survival has mean 0.5, then by rearranging Eq. 4, F and M intercepts 

360 must be distributed with mean log[-log(0.5)/2]. Prior standard deviations of 1.2 were found to 

361 produce a somewhat uniform induced distribution at the mean covariate values for survival purely 

362 by trial and error. A burn-in period of 20,000 iterations was followed by a posterior sample of 
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363 250,000. Convergence among 6 posterior chains was assessed using the Gelman-Rubin statistic 

364 (Gelman and Rubin 1992) and by examining posterior chains to see if stationary distributions were 

365 sampled. Gelman-Rubin statistics less than 1.05 indicated model convergence. JAGS code and 

366 data to fit the delta smelt life cycle model may be found in the Supplementary Material.

367 Regression parameters (α, β, and γ) were evaluated based on the level of evidence that a 

368 particular covariate or interaction between covariates was associated with a delta smelt vital rate. 

369 Evidence was quantified as the proportion of posterior samples that were greater than zero in 

370 instances when a positive association was hypothesized, or less than zero in instances when a 

371 negative association was hypothesized. Although most entrainment and natural mortality 

372 covariates were selected based on results from a parallel modeling effort of fewer life stages 

373 (Polansky et al. 2020), we wanted to test entrainment covariates using new information (i.e., the 

374 entrainment estimates) and with a finer temporal resolution in the state process. Further, the two 

375 best sub-adult to adult natural mortality covariates, Food and STB1+ (see Tables 1-2), were not 

376 highly distinct in terms of evidence and effect size. Candidate models included those with or 

377 without OMR*SDT interactions as entrainment mortality effects, and candidate models also 

378 included either Food or STB1+ as natural mortality covariates for sub-adults or adults. Candidate 

379 models were compared in two stages of backwards selection, using the evidence to select the best 

380 model for further inference. In the first stage, OMR*SDT interactions were evaluated based on the 

381 evidence statistic for the interaction and removed in stage 2 if not supported, with evidence less 

382 than 0.50. In the second stage, the alternate late sub-adult to early adult and early to late adult 

383 natural mortality covariates, Food or STB1+, were evaluated, and the covariate associated with the 

384 highest evidence statistic was selected for further inference.
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385 Model diagnostics included leave-one-out cross-validation, checks for joint posterior 

386 correlations among model parameters, and comparison of prior and posterior distributions. Leave-

387 one-out cross validation was performed by sequentially omitting each individual value of  and 𝑛ABsc

388 , refitting the model, and predicting the missing observation. Cross validation residuals 𝑛ETsc

389 (missing observation – predicted missing observation) were standardized by dividing by residual 

390 standard deviation, and the time series of cross validation residuals were explored for values 

391 indicating poor fit (greater than 2 or less than -2) and for temporal patterns in fit. Correlation 

392 between pairwise posterior samples of all estimated model parameters (α, β, γ, σ, and ψ) was 

393 quantified by the R2 statistic. Prior and posterior densities of all parameters were compared 

394 graphically. Posterior densities that resembled prior densities (same modal value and variance) 

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

396

397 Sensitivity analyses. Assumptions were made regarding the applicability of abundance and 

398 entrainment datasets to model delta smelt population dynamics.  Model sensitivity to these 

399 assumptions was tested by comparing results of a base model to results of a model with a different 

400 assumption. With reference to the model described above (the base model), a set of data and 

401 assumptions were defined, and a set of sensitivity analyses testing each data source or assumption 

402 is described below. Model sensitivity was represented as the mean proportional change of ρ and 

403 F/(F+M) for each life stage, where proportional change was the difference from the base model 

404 posterior mean divided by the base model posterior mean (i.e., for a value of two and a base model 

405 value of one, proportional change = 1). Model sensitivity was also represented as the change in 

406 evidence tests from the base model, but these were represented as differences in the fractions of 

407 posterior predictions rather than proportional changes.
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408 Abundance observations  derived from the 20mm Survey and Spring Kodiak Trawl 𝑛ABsc

409 Survey were assumed to be unbiased (  = 1), though they may be negatively biased to the extent 𝜓𝑠

410 that shoals of delta smelt may be stochastically distributed shoreward of the trawl lanes (Bennett 

411 and Burau 2015). Model sensitivity to 20mm Survey and Spring Kodiak Trawl Survey 

412 assumptions was tested by iteratively setting  for 20mm- or Spring Kodiak-derived abundances 𝜓s

413 to 0.75. Model sensitivity to the bias adjustments applied to Summer Townet and Midwater Trawl-

414 derived abundance estimates was tested by iteratively increasing each bias adjustment by 0.5 while 

415 not changing bias adjustments for other surveys. Adult entrainment bias adjustments represented 

416 survival of entrained fish during transport. Although the entrainment observations used to fit the 

417 delta smelt life cycle model did not include this source of loss, prior modeling efforts by Kimmerer 

418 (2011) did. Dividing the life cycle model entrainment observations by entrainment estimates of 

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

420

421 Model projection

422 To explore the potential effects of entrainment mitigation on the delta smelt population and 

423 the relative effects of managing the ecosystem to reduce natural mortality, future population 

424 abundances were simulated over three cohort years. The simulations accounted for parameter 

425 estimate uncertainty, process variation, and covariate uncertainty. The simulation was initialized 

426 with a sample from the posterior distribution of the number of early adults in cohort year 2015. 

427 New random values for  recruitment ( ; Eq. 3) and mortality (  and ; Eq. 5-6) were 𝜌sc 𝑀sc 𝐹sc

428 simulated for each life stage and cohort year using joint posterior samples of model parameters (α, 

429 β, γ and σ) and simulated covariate values to generate expected vital rate values. 
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430 Several future condition scenarios were considered under the assumption that future 

431 environmental conditions could be represented by simulating from distributions based on the mean 

432 and standard deviations of their values from 2007-2015. The first scenario represented the status 

433 quo, with all covariates varying stochastically and random OMR truncated at the current 

434 management threshold of -142m3s-1 (-5,000ft3s-1).  A second scenario represented the ideal Temp 

435 and Outflow (Tables 1-2) conditions of year 2011, a recent year of good recruitment and survival. 

436 The status quo and ideal scenarios represented lower and upper references points to compare 

437 against alternative scenarios representing potential management actions. In other simulated 

438 scenarios, random OMR was truncated at -212m3s-1 (-7,500ft3s-1) or 0m3s-1, representing greater 

439 or lower impacts of water exports on downstream entrainment processes. To test the effect of 

440 managing natural mortality, relative to management of entrainment mortality, the final simulated 

441 scenario truncated the late post-larval natural mortality covariate Outflow to eliminate values less 

442 than the lower quartile of 2007-2015 values (value observed in June-August of 2012). Truncation 

443 of Outflow in some years represented its augmentation to a minimal level. A prior delta smelt 

444 management regime (USFWS 2008) provided for conditional management of fall survival 

445 following high spring rainfall, so we simulated conditional management of Outflow following ideal 

446 spring conditions, represented by mean Temp minus one half standard deviation. Simulated 

447 Outflow management actions occurred in approximately one of every four simulated years. 

448 Covariance between environmental covariates was accounted for by simulating variables 

449 from linear regression models of 2007-2015 relationships, rather than allowing variables to vary 

450 independently. June-August Outflow was correlated with the prior April-May Temp; February 

451 Food was correlated with STB1+, and March Food was correlated with February Food. The 2007-

452 2015 mean and standard deviation were used to simulate other covariates. The probability of 
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453 population growth was equal to the proportion of joint posterior samples of projected early adult 

454 abundance that were greater than initial abundance (early adult abundance of cohort 2015), and 

455 probabilities from alternative OMR and Outflow management scenarios were compared to the 

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

457

458 Results

459 Life cycle models fit to 180 simulated datasets, generated from known true state parameters 

460 demonstrated that all model parameters were estimable (see Appendix). Depending on whether 

461 entrainment bias adjustments or entrainment observations were ignored, some parameter estimates 

462 could be biased. The entrainment mortality intercept was biased low when entrainment data were 

463 biased low, and that bias was ignored; therefore, entrainment bias adjustments were included in 

464 the delta smelt life cycle model. Entrainment bias adjustments could be estimated, but if no data 

465 were available to estimate the process associated with entrainment bias (i.e., adult delta smelt pre-

466 screen survival) the adjustments could not address interannual variation (Fig. A1-A4). Both natural 

467 mortality and entrainment mortality process variation appeared to be estimable, but at low levels 

468 of natural mortality process variation, posteriors could be dominated by the prior distribution, 

469 which manifested as low posterior shrinkage values in the simulation experiment (Fig. A3-A4).

470 Specifics of the delta smelt life cycle model were developed with guidance from the 

471 simulation experiment results. Critically, all state process noise parameters appeared to be 

472 estimable, the prior distributions did not appear to result in biased parameter estimates, and 

473 entrainment bias adjustments could be estimated either with appropriate data (e.g., delta smelt 

474 post-larvae) or without observations to inform the bias adjustment (e.g., delta smelt adults and sub-

475 adults).
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476

477 Case study: delta smelt

478 Returning to the case study, delta smelt entrainment mortality of all life stages varied 

479 significantly across the 1995-2015 time series, with higher entrainment mortality estimated during 

480 the early- to mid-2000s compared to the 1990s and 2007-2015 (Fig. 2). While post-larval 

481 entrainment mortality (posterior mean) only approached the 0.41*natural mortality reference point 

482 in 2002, sub-adult to adult entrainment mortality exceeded the reference point during at least one 

483 life stage of the 1998-2007 (calendar years 1999-2008) cohorts, before declining to values below 

484 the reference point by the 2008 cohort. In the last years of the time series, sub-adult to adult 

485 entrainment mortality increased again, approaching the reference point in February and March of 

486 cohorts 2014 and 2015.

487 The posterior distributions of entrainment mortality parameters supported all three 

488 management hypotheses. The evidence associated with the Old and Middle River (OMR) and 

489 water clarity (South Delta Turbidity [SDT]) interaction was 0.91 for post-larvae (Table 4). Across 

490 all candidate models of sub-adult and adult natural mortality, evidence for an interactive effect of 

491 OMR and water clarity on adult entrainment was low (<0.13), so the interaction was removed in 

492 the first stage of model selection.  Evidence for both OMR and SDT main effects was very high 

493 (1.00), indicating an additive effect of water clarity on adult entrainment rather than an interactive 

494 effect. Predicted entrainment mortality of all life stages was greater at low water clarity and low 

495 OMR (Fig. 3). These results supported the management hypotheses that entrainment mortality was 

496 related to OMR (F increased as OMR declined, i.e. became more negative) and that the effect of 

497 OMR depended on water clarity (F was greater when Secchi depth was low). For each life stage, 

498 the average of joint posterior entrainment mortality samples from 1999-2006 was greater than 
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499 during 2007-2015, supporting the final entrainment hypothesis that entrainment mortality was 

500 reduced during the recent period of hydrodynamic management.

501 Effective sample size for length frequencies used to estimate post-larval entrainment bias 

502 adjustments converged on a value of 28, a considerable reduction from the maximum number of 

503 lengths measured during a single time period of 4,322 that indicated limited information content 

504 to contrast the proportions of large and small fish. The mean posterior post-larval entrainment bias 

505 adjustments were 0.19 (95% credible interval [0.13, 0.25]) in April-May and 0.78 (95% credible 

506 interval [0.63, 0.88]) in June. The final three years in the time series, 2013-2015, were associated 

507 with the highest bias adjustment values (closest to 1) and highest proportions of observed lengths 

508 greater than 20mm. The sub-adult to adult entrainment bias adjustment was estimated to be 0.046 

509 (95% credible interval [0.024,0.097]), suggesting that slightly less than one of twenty entrained 

510 sub-adult and adult delta smelt survive transport through the Old and Middle rivers before 

511 becoming available for observation by the fish facilities monitoring entrainment.

512 In addition to strong evidence for entrainment mortality, the evidence for effects from 

513 ecosystem covariates on natural mortality was high (Table 4). Recruitment of late-spawned fish 

514 was associated with average April-May water temperature. Later years 2012-2015 were warm, and 

515 recruitment of late post-larvae was lower relative to most of the earlier years (Fig. 4). Natural 

516 mortality of late post-larvae was associated with mean June-August Outflow. As Outflow declined 

517 over the time series, estimated mortality of post-larvae during June to August increased 

518 significantly. Natural mortality of juveniles during September to November was negatively 

519 associated with Delta-wide Turbidity, but the associated evidence was relatively low (0.70). 

520 Between age 1+ striped bass (STB1+) and prey density (Food) covariates, STB1+ evidence was 

521 highest for early sub-adults, and Food evidence was highest for late sub-adults and adults. STB1+ 
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522 (SA1 life stage) and Food (SA2 and A1 life stage) were therefore selected as the best natural 

523 mortality covariates for further inference. Natural mortality of early sub-adults was positively 

524 associated with STB1+, which was highest in the 1990s, declined in the 2000s, and increased again 

525 in the 2010s. Natural mortality of late sub-adults and adults was negatively associated with Food, 

526 which generally declined over the study period, resulting in somewhat greater mortality during the 

527 spawning period. Most variation in late sub-adult and adult natural mortality, however, appeared 

528 to be lost in process noise, as demonstrated by wide and overlapping 95% credible intervals of the 

529 mortality estimates.

530

531 Diagnostics. Results from the cross validation exercise demonstrated random scatter around 0 for 

532 all abundance and entrainment residuals (missing observation – predicted missing value) (Fig. 5). 

533 Cross validation residuals were very small for entrainment observations, because high entrainment 

534 observation error resulted in high residual standard deviation. On the other hand, 15 of 140 

535 abundance cross validation residuals were greater than 2 or less than -2, indicating poor fit of 11% 

536 of model predictions to the missing abundance observations. Relative to entrainment, abundance 

537 observation errors were lower, resulting in lower residual standard deviation and larger 

538 standardized abundance residual values.   Fit to two abundance observations were particularly 

539 poor. The early post-larval observation in May 2005 and the early sub-adult observation in 1995 

540 were much lower than predicted by the life cycle model. Some joint posterior correlation was 

541 evident between the intercept and weight coefficients of the natural mortality model (Eq. 5; Fig. 

542 A5) and between the early sub-adult entrainment mortality intercept (Eq. 6) and sub-adult 

543 entrainment bias, but the next highest joint posterior correlation was low (R2 = 0.18). Posteriors of 

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

546 abundance and entrainment data.

547

548 Sensitivity analysis. The relative values of F and M were sensitive to assumptions about abundance 

549 and entrainment observations, but the evidence tests on posterior distributions of regression 

550 coefficients were not (Table 5). Assuming a negative bias in 20mm-derived abundance 

551 observations led to lower F/(F+M) for post-larval life stages, but assuming  negative bias in Spring 

552 Kodiak-derived abundance observations had little effect on F/(F+M) of any life stage. F/(F+M) 

553 for later life stages was sensitive to assumptions about the bias of the Summer Townet Survey. 

554 Assuming less bias in Summer Townet-derived abundance observations led to higher F/(F+M) for 

555 sub-adult and adult life stages. Model estimates of F were extremely sensitive to the entrainment 

556 bias adjustments. Assuming a value of 0.51 for sub-adults and adults, versus 0.05 estimated by the 

557 model, using a vague prior, resulted in approximately 90% lower F/(F+M). Recruitment rates ρ 

558 were most sensitive to the assumptions that 20mm-derived abundance observations were unbiased 

559 and that the externally derived Townet bias adjustment (  = 0.42) was correct.𝜓J

560

561 Population projection. In the ideal conditions scenario, represented by year 2011 Temp and 

562 Outflow, probabilities of population growth over three years were at least 0.81 (Table 6). A status 

563 quo scenario, with OMR set to -142m3s-1 and an environment varying with the 2007-2015 mean 

564 and standard deviation, resulted in a probability of 0.39 of population growth. The difference in 

565 probability of population growth between a status quo OMR and a relatively high OMR 

566 (socioeconomically infeasible) management scenario (OMR = 0) was 3.6%, and the difference 

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

569 probability of population growth.

570

571 Discussion

572 Management of delta smelt has operated under the hypotheses that entrainment mortality 

573 resulting from operation of the CVP and SWP in the South Sacramento-San Joaquin Delta is a 

574 function of the net flow in the Old and Middle rivers (OMR) and that this effect is greater when 

575 water clarity is low. In agreement with previous research (Grimaldo et al. 2009; Kimmerer 2011; 

576 Polansky et al. 2020), the model developed here supported these hypotheses. OMR and a measure 

577 of water clarity were each related to entrainment mortality at all affected life stages, supporting 

578 the management of entrainment risk using a combination of OMR thresholds and water clarity 

579 triggers. In agreement with Polansky et al. (2020), who found effects of OMR on recruitment, the 

580 effects of these covariates were supported in early life stages as well as later life stages. 

581 The final entrainment management hypothesis addressed by the model was that the 

582 management regime beginning in 2007 was associated with a decrease in entrainment mortality. 

583 Entrainment mortality appeared to vary by three time periods that were associated with different 

584 management of OMR flow. During 1995-1998, no management threshold was applied to OMR but 

585 several consecutive high rainfall, high OMR years occurred (Fig. 2). Highly variable OMR during 

586 this early period was associated with highly variable entrainment mortality. During 1999-2005, 

587 Delta water exports were managed to a low OMR (less than -142m3s-1), resulting in the highest 

588 entrainment mortality for all life stages. Finally, since 2007, water exports have been managed to 

589 an OMR threshold of no less than -142m3s-1, and entrainment mortality was lowest for all life 

590 stages after calendar year 2007.
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591 The time period 1995-2015 was characterized by several long-term trends in the upper San 

592 Francisco Estuary that were quantitatively linked to patterns in delta smelt recruitment and 

593 mortality. Important trends in late winter to early summer ecosystem conditions were increasing 

594 abundance of juvenile striped bass and declining prey density, associated with greater winter 

595 mortality, and declining outflow, associated with greater summer mortality. Though not increasing 

596 appreciably over 1995-2015, late spring water temperature was elevated for an extended duration 

597 during the historic 2013-2016 drought in California, and this was associated with poor recruitment 

598 success of late spawned delta smelt for several years in a row. A long term trend towards a drier 

599 (Reis et al. 2019), hotter Delta (Dettinger et al. 2015), dominated by exotic food items, predators, 

600 and competitors (Sommer et al. 2007; Brown et al. 2016) is a likely driver of ecosystem conditions 

601 that will increase delta smelt mortality and lower recruitment success.

602

603 Limitations of model and data

604 In addition to the effect of management, there may be additional causes of the long-term 

605 decline in estimated entrainment mortality that could not be modeled with currently available 

606 information. South Delta water clarity has increased over time, contributing to the long-term 

607 decline in entrainment mortality, but important variation in South Delta ecosystem dynamics could 

608 not be modeled. Changes to the South Delta habitat and predator field were ignored, because 

609 temporal variation in mortality during the transport of entrained fish was not explicitly modeled 

610 (Smith 2019; Smith et al. 2020). Decreasing delta smelt occupancy of the Lower San Joaquin River 

611 due to declining turbidity and a changing fish community may also contribute to the long-term 

612 decline in entrainment mortality. It is important to consider the biological meaning of the 

613 entrainment covariates that were modeled. Entrainment into the South Delta is an inherently spatial 
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614 process, because it occurs in a specific location in the Delta and is not continuously applied across 

615 the full spatial distribution of the delta smelt population. Fish only become vulnerable to 

616 entrainment when they happen to occupy the portion of the Delta where advective flows (OMR) 

617 may draw them into the South Delta, and this vulnerability is enhanced by low water clarity. Thus, 

618 the OMR covariate should be considered an index of the force acting on fish in a location 

619 somewhere in the San Joaquin River near its confluence with the Sacramento River. If fish are 

620 located elsewhere and do not occupy these areas, hydrodynamic modeling suggests water export 

621 should have less effect (Kimmerer and Nobriga 2008).

622 The power to detect water clarity effects and interactions may have been greater for earlier 

623 life stages because of the data used to develop post-larval entrainment observations. As post-larvae 

624 were assumed to be passively transported, hydrodynamic data, including the variables that 

625 determine OMR (San Joaquin River flow and water export volume), were used to estimate the 

626 transport of post-larvae through the South Delta. In effect, OMR was encoded in post-larval 

627 entrainment observations, leaving greater power for the life cycle model to detect other effects. If 

628 future data to model observed entrainment of later life stages includes the transport of fish, as a 

629 function of hydrodynamics and behavior, similar improvements to the power to detect interactive 

630 effects may be realized for sub-adult and adult life stages.

631 The modeling approach we employed relied on abundance and entrainment bias 

632 adjustments, i.e. data integration parameters, to scale survey-specific sets of observations to the 

633 true latent abundance of the population. Although the model was sensitive to each of these 

634 parameters, sensitivity analyses demonstrated that the model was extremely sensitive to the 

635 entrainment bias adjustments. The post-larval bias adjustment accounted for entrainment of fish 

636 below 20mm fork length that are too small to be enumerated at the fish facilities sampling entrained 
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637 fishes, and data were available to model this bias in the form of observed length frequencies. The 

638 adult entrainment bias adjustment accounted for transport through the Old and Middle rivers and 

639 the losses associated with this transport, which, unlike post-larvae, were not directly modeled in 

640 the observations. During transport through the Old and Middle rivers, delta smelt may be lost to 

641 predation or transported to regions where they become geographically isolated from the 

642 population. Observed post-larval entrainment accounted for transport and survival, because post-

643 larval transport could be modeled like a passive particle using a coupled hydrodynamic particle 

644 tracking model (Kimmerer 2011; Smith et al. 2020). Adults, however, are thought to exhibit 

645 behaviors that modulate their hydrodynamic transport through the Delta (Bennett and Burau 2015). 

646 As these behaviors have not been quantified at spatial scales relevant to the entrainment process, 

647 adult transport could not be modeled as a function of hydrodynamics, and no data currently exist 

648 to directly estimate predation rates or validate the indirect value we estimated (the sub-adult to 

649 adult entrainment bias adjustment Ω). Simulation testing revealed that this parameter could be 

650 estimated indirectly, as we did in the delta smelt life cycle model, but annual variation could not 

651 be accounted for. Future mark-recapture experiments in the Old and Middle rivers could provide 

652 data to directly estimate the survival of entrained delta smelt during transport and an adult 

653 entrainment bias adjustment.

654 Abundance observations derived from the 20mm and Spring Kodiak Trawl surveys were 

655 assumed to be unbiased, but these abundance observations could be biased to the extent that some 

656 fish are systematically unavailable to be sampled by survey gears or evade the approaching nets. 

657 In contrast to entrainment observations that are biased in known ways, the direction of abundance 

658 biases is unclear. For example, large trawl gears like those used by the 20mm and Spring Kodiak 

659 Trawl surveys are suited to sampling pelagic habitats but not littoral habitats, and delta smelt 
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660 residing in littoral habitats are unavailable to these surveys. Limited information suggests that delta 

661 smelt vertical and lateral distribution may be affected by tidal phase (Bennett et al. 2002; Bennett 

662 and Burau 2015; Feyrer et al. 2013; Polansky et al. 2018), generating additional potential sources 

663 of bias for the open-water trawl indices. Sensitivity analyses demonstrated that if 20mm- and 

664 Spring Kodiak Trawl Survey-derived abundances were biased and were systematically 

665 underestimated, then the relative contribution of entrainment to total mortality (F/[F+M]) could be 

666 over- or under-estimated, depending on the life stage.

667 Although the delta smelt life cycle model presented here addressed the management of 

668 delta smelt entrainment using the hydrodynamic covariate OMR, the active management of OMR 

669 occurs at a much finer temporal scale than we were able to model delta smelt population dynamics. 

670 While OMR is actively managed at a sub-weekly scale, it is necessary to aggregate delta smelt 

671 observations at the monthly or bi-monthly scale to avoid severe zero-inflation. Delta smelt became 

672 increasingly rare and difficult to detect over the time period modeled. The temporal mismatch 

673 between hydrodynamic management and population modeling means that the delta smelt life cycle 

674 model will have limited utility to guide day-to-day management of delta smelt entrainment. Rather, 

675 it can be used to guide long-term planning and management at a coarser, life-stage specific scale. 

676 Simulations of delta smelt hydrodynamic transport and behavior (Gross et al. 2017) in the South 

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

678

679 Management implications

680 Previous examples of life cycle models to estimate simultaneous rates of mortality were 

681 applied to harvested populations (Rochette et al. 2013; Massiot-Granier et al. 2014; Cadigan 2015; 

682 Miller et al. 2016). The goal of such models is commonly to calculate a target harvest mortality 
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683 rate that will lead to sustainable harvest, or the rate of harvest mortality that balances recruitment 

684 and natural mortality (Ricker 1975; Zhou et al. 2012). Current delta smelt entrainment 

685 management appears to have limited post-larval entrainment mortality to a small fraction of mean 

686 natural mortality (less than 8.6% estimated here). Though declining substantially during the initial 

687 years of the current management regime (2007-2008), the fraction of sub-adult to adult mortality 

688 attributable to entrainment increased in the later years of the time series (2014-2015), possibly to 

689 levels that are expected to harm the population (equaling or exceeding natural mortality in 

690 February and March of cohort 2015 [calendar year 2016]). Although entrainment management has 

691 attempted to reduce specific life stage mortalities, a primary management concern is that 

692 population growth rates have not increased under the current management regime. In a population 

693 in which recruitment success rates cannot sustain the population, no additional mortality is 

694 sustainable; there is no surplus production. Given average environmental conditions, no level of 

695 predicted delta smelt entrainment mortality, including that associated with zero net OMR, led to a 

696 high probability of population growth. No additional mortality can be sustained by the population, 

697 but that does not mean that entrainment mortality of 0 will result in its recovery. Entrainment 

698 mortality cannot be completely eliminated because water exports must continue; thus, the question 

699 of a target level of entrainment mortality becomes a subjective policy question. How much attrition 

700 are policy-makers willing to accept?

701 Although low mean delta smelt recruitment rates preclude the estimation of a traditional 

702 reference point (RFP), derived from sustainable fishing theory, alternative RFPs can be derived 

703 from estimates of natural mortality. We applied the lower mortality RFP estimated by Zhou et al 

704 (2012) (0.41*natural mortality) to retrospectively evaluate delta smelt entrainment mortality. As 

705 it is based on fishing theory and the assumption that the population could compensate for 
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706 entrainment losses, this RFP does not represent a recovery target for delta smelt. Rather, 

707 0.41*natural mortality represents a point beyond which we could be certain of harm to the 

708 population. We recommend that management for population recovery strive for a high probability 

709 of avoiding the RFP.

710 Entrainment mortality of delta smelt during the late 1990s and early 2000s was extremely 

711 high, exceeding the RFP, especially for sub-adult and adult life stages. Entrainment was the 

712 dominant factor in mortality for these later life stages during this period, and was likely a factor in 

713 declining abundance at that time. With the revised management of delta smelt entrainment 

714 beginning in 2007 (USFWS 2008), entrainment mortality appeared to decline for several years, 

715 before increasing and approaching the RFP again in the terminal year (January-March of calendar 

716 year 2016). These results suggest that changes in regulatory application in response to extreme 

717 drought and variation in environmental conditions (e.g., more predators and less food) in 2016 

718 reduced the effectiveness of OMR management.

719 The 2008 and 2019 USFWS Biological Opinions specified two classes of management 

720 actions. Actions to limit entrainment losses in the winter and spring, and an action to limit juvenile 

721 mortality was specified for the fall in 2008, and summer-fall in 2019. As previously stated, 

722 entrainment is managed by monitoring hydrodynamic and environmental conditions, and actively 

723 limiting advective flows into the South Delta. The delta smelt life cycle model indicated that 

724 entrainment actions were successful in reducing mortality, supporting status quo water operations, 

725 and results suggested that new or modified management actions may be necessary to improve the 

726 odds that the population will recover. Population projections using the fitted delta smelt life cycle 

727 model, however, suggested a low probability of population growth under any modeled scenario. 
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728 A pessimistic implication of this result is that the limited manipulation of the Delta ecosystem that 

729 is possible to support delta smelt will have a low probability of achieving growth in the population.

730 Although none of the scenarios we tested resulted in projected population growth, the 

731 conditions tested were admittedly not comprehensive, and many others are possible, i.e., some 

732 scenarios we did not consider could lead to greater probabilities of population growth. Results did, 

733 however, suggest that some management strategies could have greater potential for limiting 

734 mortality than others. Active management of entrainment appears to have been successful in 

735 reducing mortality, though entrainment management alone did not appear to be sufficient to 

736 recover the population. In addition to entrainment, other sources of mortality may be managed by 

737 augmenting seasonal ecosystem conditions, but the delta smelt population projections indicated 

738 that even combined actions may be insufficient. In recognition of the limits within which the San 

739 Francisco Estuary may be actively managed, recent management plans for delta smelt include 

740 supplementation of the wild population with hatchery-origin fish (USFWS 2019).

741 A prior management strategy for delta smelt (USFWS 2008) provided for limitation of 

742 juvenile mortality during certain years of high winter and spring outflow, when enhanced survival 

743 may sustain population growth until the next spawning season. Limitation of juvenile mortality 

744 may be accomplished by maintaining sufficient outflow to keep the Low Salinity Zone westward 

745 of the confluence of the Sacramento and San Joaquin rivers where turbidity is often higher and 

746 water temperatures are cooler. Such a positioning of the Low Salinity Zone is considered to 

747 maximize available delta smelt habitat during a demographic bottleneck – poor growth and high 

748 mortality. Although the results here demonstrate significant variation in juvenile (fall) mortality 

749 during the years 1995-2015, most variation appeared to occur prior to 2007. In subsequent years, 

750 juvenile mortality was less variable and was significantly less than mortality experienced earlier 
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751 in the year by post-larvae. This result suggests that ecosystem management to eliminate delta smelt 

752 demographic bottlenecks would be more effective earlier in the year.

753 An alternative conclusion is that substantial observation error associated with juvenile and 

754 early sub-adult delta smelt life stages precluded the finding of any significant variation in juvenile 

755 mortality during later years. Juvenile delta smelt were observed in the Townet Survey, and early 

756 sub-adults were observed in the Fall Midwater Trawl Survey. Neither gear nor survey design were 

757 devised to sample delta smelt, and their capacity to produce an index of the delta smelt population 

758 with adequate precision is questionable (Polansky et al. 2019). A recently-developed US Fish and 

759 Wildlife Service survey for delta smelt, the Enhanced Delta Smelt Monitoring Program, has had 

760 greater success capturing delta smelt during this seasonal period and may reveal more about 

761 mortality during the summer and fall.

762 We modeled late post-larval natural mortality as a function of mean June-August Outflow, 

763 which may be considered an index of many Delta ecosystem conditions, including the multivariate 

764 habitat suitability of the Low Salinity Zone (Bever et al. 2016), and prey availability (e.g., R2 = 

765 0.86 and 0.70, respectively, for June-August, 1995-2015). Model projections indicated that 

766 conditions at the limits of recent ranges in ecosystem conditions may be required for growth of the 

767 delta smelt population (e.g., the exceptional conditions of year 2011). Under warming climate 

768 conditions and greater demand for Central Valley water (Dettinger et al. 2015; Reis et al. 2019), 

769 such conditions are likely to manifest less frequently in the future. The effect mechanisms implied 

770 by the best supported covariates may need to be mitigated with focused conservation efforts, if it 

771 is possible to do so. It is possible that conditions for higher recruitment success and summer 

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

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

775

776 Conclusions

777 The framework of the state-space model was particularly useful for the delta smelt 

778 population, because it was necessary to separate a very noisy signal from very noisy observations. 

779 The state-space model explicitly separated process variation from observation error, accounting 

780 for more variation in observations than a process or observation error only model. In many 

781 instances observation errors manifested as disagreement from one survey to the next; abundance 

782 observations increased in later life stages. Latent abundances estimated by the life cycle model 

783 smoothed over these differences, improving vital rate-covariate inferences.

784 The noisy delta smelt signal was further compartmentalized into distinct sources of 

785 mortality, facilitating comparisons among categories of management actions. The model adds to 

786 the growing evidence that multiple, simultaneously acting mortality rates may be estimated when 

787 observations of the number of mortalities are combined with observations of abundance in a 

788 population model. A common approach to fitting population models, especially in fisheries stock 

789 assessments, is to assume that natural mortality cannot be estimated and set it to a constant, 

790 externally estimated value, but evidence from hierarchical modeling indicates that more 

791 information about natural mortality rates can be derived from harvest and abundance data than was 

792 previously recognized (Millar and Myer 2000; Miller and Hyun 2017). Using simulations, we 

793 demonstrated that it was possible to extract both entrainment and natural mortality rates, 

794 coefficients, and process variance (see Appendix). Consistent with the findings of Aanes et al. 

795 (2007), however, we found that natural mortality process variance was still a difficult parameter 
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796 to estimate, especially when the true value was relatively low. A useful approach would integrate 

797 additional data, such as mark-recapture data, to further inform the natural mortality model 

798 (Cadigan 2015), but to date this has not been possible for delta smelt due to their small size, rarity, 

799 and limited artificial production.

800 Hierarchical models, such as integrated models and state-space models, have the potential 

801 to disentangle complex biological relationships and provide quantitative guidance to conserve and 

802 manage populations. Partitioning parameter, process, and observation uncertainties facilitates 

803 probabilistic assessments of the risk associated with management actions. The delta smelt life 

804 cycle model presented here provided a basis to compare the relative effects of different actions 

805 focused on different life stages, and it will be used to evaluate the risk associated with a range of 

806 water export operations. Though it is common practice for fish populations, formulation of survival 

807 rates in terms of multiple sources of mortality is not common outside of fisheries science. We 

808 expect the model presented here will have greater utility in management of other populations where 

809 abundance and the number of mortalities due to a particular source can be estimated (Smallwood 

810 2017; Servanty et al. 2010).
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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 
source Modeled Rate(s) Covariates Covariate 

aggregate months Covariate data source

Adult abundance March --Recruitment Mean adult size March SMWT, SKT
Natural mortality None. --

Old and Middle River flow April-May USGS

Early post-larval (PL1); 
May 20-mm

Entrainment mortality South Delta turbidity April-May SMWT, SKT and 20-mm
Adult abundance April --
Mean adult size April SKTRecruitment
Temperature April-May SKT and 20-mm

Natural mortality Outflow June-August Dayflow
Old and Middle River flow June USGS

Late post-larval (PL2); 
June 20-mm

Entrainment mortality South Delta turbidity June 20-mm and TNS
Juvenile (J); 
Jul-Aug TNS Natural mortality Delta-wide turbidity September-November FMWT

Food December-January Neomysis/zooplankton surveysNatural mortality Age-1+ striped bass December FMWT
Old and Middle River flow December-January USGS

Early Sub-adult (SA1); 
Oct-Nov FMWT Entrainment mortality South Delta turbidity December-January FMWT, SMWT, SKT

Food February Neomysis/zooplankton surveysNatural mortality Age-1+ striped bass December FMWT
Old and Middle River flow February USGS

Late Sub-adult (SA2); 
Jan-Feb SMWT and SKT Entrainment mortality South Delta turbidity February SMWT and SKT

Food March Neomysis/zooplankton surveysNatural mortality Age-1+ striped bass December FMWT
Old and Middle River flow March USGS

Early Adult (A1); 
March SMWT and SKT Entrainment mortality South Delta turbidity March SMWT and SKT
Late Adult (A2);
April SKT (after 2001) -- -- -- --
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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 adult size millimeters
Mean fork length observed in February 1995-
2001 in the Spring Midwater Trawl Survey and 
2002-2015 in the Spring Kodiak Trawl Survey

Temperature Celsius
Mean water temperature measured by the 
20mm Survey during April to May population 
monitoring

Outflow meter3

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

Delta-wide turbidity centimeters
Mean Secchi depth measured by the Fall 
Midwater Trawl Survey during September to 
November

Food micrograms 
carbon/meter3

Mean carbon-weighted density of adult 
Calanoid copepods, Cyclopoid copepods, 
Cladocerans, and Mysid shrimp observed 
during February and March zooplankton 
surveys

Age-1+ striped bass total number

Index of striped bass abundance, observed in 
the Fall Midwater Trawl Survey during 
December, excluding young of the year, 
calculated , where ∑str = 15

1 𝐶𝑃𝑈𝐸str ∗ 𝑣𝑜𝑙𝑢𝑚𝑒str

catch per unit effort CPUE was the mean 
observed in each of 15 spatial strata str

Old and Middle River flow meters3/second Mean of the daily sum of tidally-filtered flows 
in the Old and Middle rivers

South Delta turbidity centimeters
Mean Secchi depth measured by fish surveys in 
the southern portion of the Sacramento-San 
Joaquin Delta

1101
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1102 Table 3. List of indices, parameters, and data used in the delta smelt life cycle model.

1103

Index Values Description

i i = 1, 2, 3 entrainment covariate

s s = PL1, PL2, J, SA1, SA2, A1, 
A2 life stage

c c = 1995, 1996, …2015 cohort year

Parameter Description Prior

𝑛ABsc abundance --
𝑛ETsc number entrained --
𝜌sc recruitment rate --
𝛼 recruitment rate regression parameter Normal(0,1)
𝜎2

R variance of recruitment rate Exponential(3.68)
𝜑sc survival --
𝑀sc instantaneous rate of natural mortality --

𝛽s natural mortality regression parameters
Normal(-1,1.2) [int.]
Normal(0,1.2) 
[slope]

𝜎2
M𝑠 variance of natural mortality Exponential(3.68)

𝐹sc instantaneous rate of entrainment mortality --

𝛾is entrainment mortality regression parameters
Normal(-1,1.2) [int.]
Normal(0,1.2) 
[slope]

𝜎2
F variance of entrainment mortality Exponential(3.68)

𝜓s bias adjustment for abundance estimate --

Ω mean sub-adult to adult bias adjustment for entrainment 
estimate Normal(0,0.31)

𝜔sc bias adjustment for entrainment estimate --
η regression parameter of entrainment bias adjustment model Normal(0,0.62)
𝜎2

B variance of entrainment bias adjustment random effect Exponential(4.6)

Data

𝑛ABsc observed abundance estimate
𝜎2

ABsc variance estimate of abundance estimate
𝑛ETsc observed entrainment estimate
𝜎2

ETsc variance estimate of observed entrainment
𝑋Rc,𝑋Msc, 𝑋Fi,sc covariates predicting recruitment (R) and mortality (F and M) rates
𝑚20mmsc adjusted number of lengths >20mm fork length in the 20mm Survey

1104
1105
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1106 Table 4. Posterior evidence (proportion of posterior distributions greater or less than 0) for all modeled covariate effects. Candidate 
1107 models are indicated by each column, and rows show different stages of model selection. Only evidence for interactions is presented 
1108 for sub-adult entrainment mortality in Stage 1. Water temperature, Old and Middle River flow, South Delta Secchi depth, Outflow, 
1109 and Food (see Tables 1-2) were each hypothesized to have negative effects on the corresponding vital rate, and all others were 
1110 hypothesized to have positive effects. Only one natural mortality effect was applied to each life stage (Stage 2), and only the model 
1111 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) Old and Middle River flow 
* South Delta Secchi depth 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 -- -- 0.704 0.634
Age-1+ striped bass -- 0.323 0.384 --Late sub-adult to adult natural mortality (February-March) Food 0.984 -- -- 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 -- -- --

1.000 -- -- --
1.000 -- -- --Post-larval entrainment mortality (April-June)

South Delta Secchi depth
Old and Middle River flow 
Old and Middle River flow 
* South Delta Secchi depth 0.914 -- -- --

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) Old 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 a single 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

1.5x 
20mm-
derived

1.5x 
Spring 

Kodiak-
derived

Summer 
Townet 

bias 
adjustment

Fall 
Midwater 
Trawl bias 
adjustment

Adult 
entrainment 

bias 
adjustment

𝐹PL1/(𝐹PL1 + 𝑀PL1) -0.298 -0.012 -0.046 -0.073 0.038
𝐹PL2/(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
𝐹SA2/(𝐹SA2 + 𝑀SA2) 0.015 -0.031 0.257 -0.087 -0.868
𝐹A1/(𝐹A1 + 𝑀A1) 0.017 -0.059 0.221 -0.126 -0.880
𝜌PL1 0.346 -0.170 -0.012 0.182 0.004
𝜌PL2 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 
(June-August) -0.001 0.003 -0.008 0.002 0.004

Turbidity 
(September-November) -0.005 0.111 -0.064 0.191 0.015

Age 1+ striped bass 
(December-January) 0.000 -0.022 -0.016 -0.016 0.015

Food 
(February-March) 0.002 0.003 0.012 0.000 0.050

OMR*Turbidity 
(April-June) -0.002 -0.001 -0.006 0.002 -0.002

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

Probability of population growthOld and 
Middle 
River flow 
(m3s-1)

Random 
summer 
outflow

Avoid lowest 
outflow after a 

cold spring

Best year of 
recent temps and 
outflow (2011)

-212 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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1124 FIGURE LEGENDS

1125

1126 Fig. 1. Map of the study area, created using ArcGIS ArcMap 10.6.1 and data provided by the US 

1127 Geological Survey.

1128

1129 Fig. 2. Time series of the proportion of deaths due to entrainment (entrainment mortality/total 

1130 mortality) and associated covariates. Boxplots depict the posterior distributions of estimates, and 

1131 the red lines indicate the reference point 0.41*natural mortality, or 0.29*total mortality (Zhou et 

1132 al. 2012). Early post-larvae were observed in April-May, and late post-larvae were observed in 

1133 June. Early sub-adults were observed in December-January, and late sub-adults were observed in 

1134 February. Finally, early adults were observed in March. Mean entrainment covariates measured 

1135 for each life-stage-cohort combination are shown in the bottom two panels (see Tables 1-2).

1136

1137 Fig. 3. Posterior distributions of predicted entrainment mortality at two levels of water clarity 

1138 (2007-2015 interquartile range) and a range of Old and Middle River flows. The dark shaded 

1139 regions indicate the interquartile range of posterior predictions, and the light shaded regions 

1140 indicate the 95% credible intervals. The red lines indicate the reference point 0.41*natural 

1141 mortality, or 0.29*total mortality (Zhou et al. 2012). 

1142

1143 Fig. 4. Time series of recruitment success, estimates of natural mortality, and associated 

1144 covariates. Boxplots depict the posterior distributions of recruitment and mortality estimates, and 

1145 red lines show the corresponding covariates. The late post-larval recruitment covariate was 

1146 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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Figure 1. Map of the study area.
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1165   
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1168  
1169 Figure 4.
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1 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. A1). 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. 
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23 A4-A5). Entrainment of juvenile through adult life stages occurred, so transitions to early sub-

24 adult and adult life stages were functions of entrainment and natural mortality. Recruitment 

25 success, natural mortality, and entrainment mortality were modeled as functions of covariates , 𝑋Rsc

26 , and , respectively (Eq. A3, A5-A6), each of which was generated from a Normal(0,1) 𝑋Msc 𝑋Fsc

27 distribution. A single natural mortality process noise variance parameter and a single entrainment 

28 mortality process noise variance parameter was shared across all life stages. Entrainment 

29 predictions were calculated using the Baranov catch equation (Eq. A7).

30  (A1) 𝑛ABsc = [ 𝑛PLc
𝑛Jc

𝑛SA1c
𝑛SA2c
𝑛Ac

]
31 (A2) 𝑛ABsc = { 𝑛A(c ― 1) ∗ 𝜌𝑐 for s = PL

𝑛(s ― 1)c ∗ 𝜑(s ― 1)c for s = J, SA1, SA2, and  A

32 (A3) 𝜌sc~Lognormal(𝛼0 + 𝛼1 ∗ 𝑋Rsc,𝜎
2
R)

33 (A4) 𝜑sc = { 𝑒 ― (𝑀sc) for s = PL
𝑒 ― (𝐹sc + 𝑀sc) for s = J, SA1, and SA2

34 (A5) 𝑀sc~Lognormal(𝛽0 + 𝛽s ∗ 𝑋Msc,𝜎
2
M)

35 (A6)  𝐹sc~Lognormal(𝛾0 + 𝛾1 ∗ 𝑋Fsc,𝜎
2
F)    for s = J, SA1, SA2, and A

36 (A7) 𝑛ETsc = 𝑛ABsc ∗
𝐹sc ∗ (1 ― 𝜑sc)

(𝐹sc + 𝑀sc)

37

38 Entrainment bias model

39 Entrainment biases were estimated from simulated length frequencies  for juvenile and 𝑚sc

40 early sub-adult life stages (Eq. A8-A10) and from a simulated variable q representing the survival 
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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) 𝑚sc~Binomial(𝜔sc,𝑁)

45 (A9)  for , and  for logit(𝜔sc) = 𝜂0 + 𝜃c s = J logit(𝜔sc) = 𝜂0 + 𝑛1 + 𝜃c s = SA1

46 (A10) 𝜃c~Normal(0,𝜎2
B1)

47 (A11) , where  for 𝑞j~Normal(𝛺,𝜎2
B2) 𝜔s,c = 1 (1 + 𝑒 ―𝛺) s = SA2 and A

48

49 Observation model

50 From simulated values of abundance and entrainment, observations  and  were 𝑛ABsc 𝑛ETsc

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 ω which scaled the true entrainment down to the 

55 observed value needed for data integration,

56 (A12)      𝑛ABsc~Lognormal(log(𝑛ABsc
) ―

𝜎2
ABsc

 

2 ,𝜎2
ABsc)

57 (A13) .𝑛ETsc~Lognormal(log(𝑛ETsc ∗ 𝜔s) ―
𝜎2

ETsc

2 , 𝜎2
ETsc)

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 
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63 parameters (α, β, and γ) were assigned vague priors, and all process noise variance parameters (

64 , , , and ) were assigned penalized complexity priors, assuming a 0.01 probability that 𝜎2
R 𝜎2

M 𝜎2
F 𝜎2

B

65 error exceeded a value of 1.25 (Simpson et al. 2017).

66 For each iteration of the simulation, a set of true values was drawn and a set of stochastic 

67 observations of abundance and entrainment were simulated. Four variations of the observation 

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

69 The first observation model (OM 1) did not use  observations and did not attempt to separate 𝑛ETsc

70 F and M. In this case, entrainment effects  were included with the model of M (Eq. A5). 𝛾1 ∗ 𝑋Fsc

71 The second observation model (OM 2) did separate F and M, but did not include simulated data 

72  or  when estimating entrainment bias adjustment terms (Eq. A8-A11). A mean value, with a 𝑚sc 𝑞j

73 Uniform(0,1) prior distribution, was estimated for juvenile to early sub-adult life stages, and a 

74 second mean value was estimated for late sub-adults and adults. The third observation model (OM 

75 3) was based on the full model described above but did not include an entrainment bias adjustment 

76 parameter ω, i.e. ω was fixed at 1. The fourth observation model (OM 4) represented the full model 

77 described above, including estimation of F and, critically, estimation of ω by integrating additional 

78 simulated information.

79 All simulations and model fitting were performed using JAGS (Plummer 2003) and R 

80 statistical package R2jags (Su and Yajima 2015). To sample posterior distributions from the fitted 

81 model, a burn-in period of 5,000 was followed by 25,000 samples of posterior distributions. The 

82 posterior distributions of all state transition parameters and process variance parameters were 

83 compared to the true simulated values using the z-score ([posterior mean-true value]/posterior 

84 standard deviation) and 95% credible interval coverage of the true value. Z-scores and coverages 

85 explored potential biases in posteriors; the dispersion of posterior distributions was evaluated by 
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86 comparing posterior standard deviations to prior standard deviations with the posterior shrinkage 

87 statistic (1-posterior standard deviation/prior standard deviation). Posterior shrinkage near 1 

88 indicated that observations strongly informed model parameters, while posterior shrinkage near 0 

89 indicated that data poorly informed parameters (Betancourt 2018). Bias was also evaluated 

90 graphically by plotting posterior means versus true values.

91

92 Results and Discussion

93 With the full observation model (OM type 4) that included entrainment bias adjustment 

94 parameters, entrainment bias observations, and entrainment observations, all vital rate and process 

95 noise variance parameters appeared to be estimable (Table A1, Figs. A1-A2). This was true across 

96 a range of potential true states and parameter values and using the priors used to fit the life cycle 

97 model to delta smelt. Posterior 95% coverage of the true value was greater than 0.9 for all 

98 parameters and the true value was almost always contained within 95% credible intervals of the 

99 posterior (Table A1). Posterior means were evenly distributed around true values with no apparent 

100 biases (Figs. A1-A2). 

101 When entrainment observations were ignored (OM 1), however, posterior 95% coverage 

102 of mortality and process variance parameters declined (Table A1), entrainment mortality slope 

103 parameters were biased towards 0 (Fig. A2), natural mortality process variation was not well-

104 estimated (Fig. A1), and entrainment process variation was not separately estimable. Posterior 

105 95% coverage of most parameters was also lower when the model was fit using entrainment 

106 observations but the entrainment bias was ignored (OM 3), and ignoring entrainment bias resulted 

107 in negative bias in posterior means of the entrainment mortality intercept parameter. Surprisingly, 

108 a mean entrainment bias adjustment was estimable even when entrainment bias observations were 
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109 ignored (OM 2), though annual variation was not accounted for, leading to greater error in 

110 entrainment mortality variance.

111 Relationships between posterior shrinkage and bias (z-score) were consistent across the 

112 four modeling scenarios explored (Figs. A3-A4). Posteriors for reproduction parameters  and 𝛼0

113 , natural mortality regression parameters - , and reproduction and entrainment process 𝛼1 𝛽0 𝛽4

114 variances   and  were highly informed by observations. Some posteriors for starting abundance 𝜎R 𝜎F

115 and natural mortality process variance  had low shrinkage values, indicating greater similarity 𝜎M

116 between prior and posterior parameter distributions. These parameters may become dominated by 

117 their priors under some conditions; therefore, we checked prior versus posterior plots carefully in 

118 the life cycle model fit to delta smelt to identify this problem if it manifested.

119
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134 Table A1. 95% credible interval coverage of all model parameters, among models fit to 180 

135 simulated datasets.

Parameter

Ignore 
entrainment 
observations 
(OM type 1)

Ignore bias 
adjustment 

data
(OM type 2)

Ignore 
entrainment 

bias adjustment
(OM type 3)

Full model 
(OM type 4)

Starting 𝑛AB 0.95 0.95 0.93 0.96
𝛼0 0.95 0.95 0.95 0.96Reproduction 𝛼1 0.98 0.96 0.97 0.96
𝛽0 0.53 0.95 0.70 0.91
𝛽1 0.86 0.96 0.89 0.96
𝛽2 0.78 0.96 0.86 0.96

Natural 
mortality

𝛽3 0.73 0.97 0.86 0.97
η0 -- -- -- 0.92
η1 -- -- -- 0.94
η2 -- -- -- 0.95
mean ω1 -- 0.96 -- --
mean ω2 -- 0.99 -- --
mean ω3 -- 0.97 -- --
𝛾0 -- 0.97 0.03 0.96

Entrainment 
mortality

𝛾1 0.41 0.95 0.88 0.96
𝜎F -- 0.92 0.60 0.96
𝜎M 0.82 0.98 0.92 0.97
𝜎R 0.95 0.96 0.95 0.93
𝜎B1 -- -- -- 0.97

Process 
variation

𝜎B2 -- -- -- 0.96
136
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137  

138
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139 Fig. A1. Posterior mean versus true simulated values for reproductive (alpha), and process noise 

140 variance (sigma) parameters, and starting abundance parameters. The dotted reference line 

141 indicates a one-to-one relationship.
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142  

143
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144 Fig. A2. Simulation model results. Posterior mean versus true simulated values for natural 

145 mortality (beta), entrainment bias adjustment (eta [model with random effects] or omega [model 

146 with no random effect]), and entrainment mortality (gamma). The dotted reference line indicates 

147 a one-to-one relationship.
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148
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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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154 Fig. A4. Results from simulation test depicting central tendency versus dispersion of posterior 

155 distributions for natural mortality (beta), entrainment bias adjustment (eta [model with random 

156 effects] or omega [model with no random effect]), and entrainment mortality (gamma). Central 

157 tendency is represented by bias (z-score), and dispersion is represented by the contraction of 

158 posteriors from prior distributions (posterior shrinkage).

159
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160 Additional figures

161
162 Fig. A5. The greatest two joint posterior correlations between delta smelt life cycle model 
163 parameters (R2 = 0.37 [top panel] and 0.59 [bottom panel]). F is entrainment mortality, and M is 
164 all other mortality. 
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166

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.

170
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171

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 
174 slopes (beta), entrainment mortality (gamma), and process errors (sig).
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