
Reviewers' comments:  

 

Reviewer #1 (Remarks to the Author):  

 

This manuscript describes an effort to use a state-of-the-art life-cycle model to quantify the risks of 

extinction for 8 populations of Chinook salmon in the Pacific Northwest of the USA. The model relies 

heavily on an extraordinary dataset of individually tagged fish to estimate various functional 

relationships that describe the processes that affect survival throughout the life-cycle of this species. 

The model is used to simulate the potential effects of climate change on the viability of these 8 

populations. The primary conclusion reached by these efforts is that climate warming is likely to 

doom this group of populations and that the primary survival bottleneck is during the fish’s first year 

of life in the sea. While the model development is commendable and the data used are impressive, 

the conclusions that are drawn are not particularly new and have been appreciated for some time. 

Thus, it is not really clear what the main contribution from this paper actually is.  

 

My concerns for the current manuscript are given below.  

 

1) The manuscript attempts to grasp at jargon to increase its general appeal, but these attempts are 

often a bit off-target. For example, there has been a lot of interest in ‘non-stationarity’ in ecology 

and in fisheries science recently and this manuscript attempts to link in to these interests. However, 

while this term does refer to a changing variable (in the strictest statistical sense), use of this term in 

ecology typically is referring to changes in a relationship between variables (i.e. the relationship or 

correlation among variables is non-stationary). Thus, why call climate change ‘stationary’ or ‘non-

stationary’? We have known for decades that climate is non-stationary; what is interesting is that 

the relationships between climate conditions and ecological processes are non-stationary. Thus, use 

of non-stationary/stationary in this manuscript is somewhat distracting. While this is just a semantic 

issue, I don’t think the paper benefits from the current use of these terms.  

 

2) Similarly, the manuscript refers to ‘aggressive’ warming scenarios. This also seems misplaced. 

Typically we refer to aggressive scenarios of curtailing carbon emissions (i.e. it’s not the climate that 

is aggressive, it’s the policy actions to reduce emissions that are aggressive).  

 

3) The key results are expressed as the time to quasi-extinction for each of these populations. In 

general, I do not think this is the best way to present the key results. When a modeled population 

goes extinct in these simulations is based on arbitrary population thresholds that probably don’t 

apply well when populations are reduced to very low numbers where stochastic processes are more 

likely to ultimately determine whether they go extinct or not. Thus, the primary results of these 

simulations would be more useful if the population growth rate was the response variable used to 

explore the consequences of different climate scenarios (i.e. the posterior distribution of lambda). 

The result could then be focused on how much of the posterior distribution was <1, thereby leading 

to population decline, etc. Time to extinction is too arbitrary and too ‘loaded’ a variable that is easily 

misinterpreted that it shouldn’t be used in these types of analyses.  

 

4) Line 24, ‘species’ should be ‘populations’  

 

5) ~ Line 121, it is not clear what the goals of the paper are. Is it to construct this model? The paper 

would benefit from some clear statements about what the primary objectives of this exercise are.  

 



6) It is surprising that the model suggests that the populations are essentially at no risk of going 

extinct given the ‘stationary’ climate scenario. This does not seem realistic given the current status 

of these populations.  

 

7) I think the ‘Caveats’ section should be part of the Discussion of the paper.  

 

8) The Discussion highlights the weakness of the paper. Here the text basically runs through what is 

known about different processes or conditions that affect salmon survival. Nothing is particularly 

novel in this summary, nor does it highlight the main contributions of this specific modeling effort. 

Thus, it reinforces the lack of clarity about what this specific research activity contributes to our 

general understanding of Chinook salmon ecology and conservation.  

 

 

 

 

 

Reviewer #2 (Remarks to the Author):  

 

I found this paper to be exceptionally well written and the topic to be of broad international interest 

as a study of the impact of climate on a commercially valued species that is now at risk. This work 

explores the population dynamic of 8 populations of Chinook salmon in the Snake River watershed. 

This paper uses a life cycle model and two climate change scenarios to model the potential 

population trajectories of these populations. It effectively tells the risks of changing climate, 

particularly at sea, to all these populations but especially the smaller ones. It is sobering in its 

assessment of the viability of these populations- not a happy story. However, it effectively looks at 

the fact that these fish persist in highly altered systems and actions in freshwater might mitigate or 

at least slow population declines and localized extinction. These findings are novel for the 

populations of interest and findings (and solutions) will they be of interest to not only the fisheries 

biology community but ecologists and also to the public. This work is a tangible story of the impact 

of change upon a species that captures the imagination of a broad spectrum of society. The species 

also has rich cultural importance to first nations in this watershed. These conclusions are supported 

by appropriate modeling and add to not only Pacific salmon literature but will be of great interest to 

Atlantic salmon conservationists. The sea-run nature of this species also will inform understanding of 

challenges in freshwater and marine systems. I found this paper to be extremely convincing and the 

conclusions are strengthened by a rice use of citations and the addition of allied related manuscripts 

on the stream temperature model and wild/hatchery marine survival. This work is cutting edge and 

current. I firmly believe that this paper will influence thinking in the field due to its clarity of message 

and exceptional graphical presentation of results. I am generally familiar with salmon life cycle 

models and the overall use was both appropriate and added novel methods. I noted in one part of 

the paper where I am less familiar with one of the statistical analyses used. I would defer to you and 

others there. The open nature of the models, data and coding would allow not only the researchers 

to reproduce the work but add on to a toolkit of models that could be used for other species and 

habitats.  

 

I have included comments in the margin of the manuscript as well as made some direct in-text 

suggestions to improve clarity. This was a pleasure to read.  

 

John F. Kocik  



 

 

 

Reviewer #3 (Remarks to the Author):  

 

In this paper the authors apply a stage-based life history model to 8 populations of Chinook salmon 

in the Columbia River/Snake River basins and show strong associations between warming 

(particularly warming SST) during the marine stage of the life history and probability of population 

extinction/extirpation. I accepted the review with considerable excitement of seeing something truly 

new, insightful, or transformative. Unfortunately I was underwhelmed, not by the statistical rigour, 

but rather with the interpretation of the results. The claim is essentially that warming is bad and that 

smolts need to survive the ocean better for populations to avoid extinction. The authors all but said, 

and perhaps should have, that this analysis provides strong evidence that these populations are 

doomed and that restoration/conservation is a fools-errand (that would indeed have been 

provocative at least).  

 

What I was hoping to see more of was a more holistic linkage between different stages of the life 

history and a quantitative appreciation that what happens in freshwater may lead individuals down 

trajectories that result in the ocean life history being the proximate stage of mortality. I was hoping 

and expecting to see discussion that warming SSTs may be detrimental to southern Chinook 

populations, but Alaska populations may fare better during warming temperatures (and indeed the 

authors did not cite the obvious paper to suggest so).  

 

So in the end I am left wanting the authors to make a better case for novelty and insights that can be 

gleaned by this very complex modelling exercise that goes beyond what is already firmly established.  

 

Although the reference section is extensive, I do suggest the authors incorporate information from 

populations beyond their focal range to broaden the discussion of SSTs and to also contrast their 

work to other very similar approaches.  

 

Cunningham, Curry J., Peter AH Westley, and Milo D. Adkison. "Signals of large scale climate drivers, 

hatchery enhancement, and marine factors in Yukon River Chinook salmon survival revealed with a 

Bayesian life history model." Global change biology 24.9 (2018): 4399-4416.  

 

And a new paper just out led by Leslie Jones (open access)  

https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.15155 
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Abstract: 23 

Widespread declines in salmon have tracked recent climate changes. But managers still 24 

lack quantitative projections of population viability in response to future climate change. We 25 

addressed this gap by assembling a vast database of survival and other data for eight wild 26 

populations of threatened Chinook salmon. We evaluated climate impacts at all life stages, and 27 

modeled future population trajectories forced by global climate model projections. Populations 28 

rapidly declined in response to increasing sea surface temperatures and other factors across a 29 

wide range of model assumptions and climate scenarios. Strong density dependence in 30 

freshwater habitat limits the number of salmon that survive early life stages, suggesting a 31 

potential target for conservation effort. Other potential solutions require a better understanding of 32 

the factors that limit survival at sea. We conclude that dramatic increases in the number or 33 

survival of smolts are needed to overcome the negative impacts of climate change for this 34 

threatened species.  35 
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Introduction 36 

The worldwide decline of wild salmon 1-3 has negatively affected fisheries, cultural 37 

heritage for indigenous tribes 4, and other marine species, including endangered Southern 38 

Resident Killer Whales 5. Currently the majority of Atlantic and Pacific salmon and steelhead in 39 

the conterminous U.S. are threatened with extinction 6.  Overfishing, migration barriers, water 40 

diversions, habitat loss, salmon farms and hatcheries drove much of the decline, as well as 41 

previous regime shifts in marine ecosystems 7. Climate change has increasingly become an 42 

additional threat, as remnant small populations in overly simplified habitats may lack the 43 

adaptive capacity necessary to cope with it 8,9. Quantifying the impacts of climate change is a 44 

high priority for salmon management, driven by legal requirements 10 and national guidelines on 45 

science strategy 11.   Despite these needs and despite the vulnerability of Atlantic and Pacific 46 

salmon to climate change through freshwater and marine forces 12,13, quantifying these threats 47 

throughout their life cycles with future climate projections has been problematic. 48 

Previous population models that have used global climate model (GCM) projections have 49 

focused on freshwater life stages only (e.g., stream temperature, winter flooding, and drought) 14-50 

16. GCM projections related to marine survival, on the other hand, have primarily been used to 51 

inform niche-based models that forecast future habitat for salmon generally rather than for 52 

specific populations 17,18. Although marine climate indices have been tightly linked to survival 53 

(e.g., Pacific Decadal Oscillation (PDO),  19Atlantic  Multidecadal  Oscillation (AMO) ), many 54 

cannot readily be used in projections of future climate because GCMs have low confidence for 55 

these metrics 20. Moreover, ocean stratification may change their characteristics, leaving 56 

biological impacts uncertain 21.  Our analysis was focused on climate drivers with more reliable 57 
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GCM performance that are also closely correlated with fish survival to produce a more robust 58 

analysis of the impacts of climate change.  59 

A second limitation of previous models is that they often did not account for large-scale 60 

climate forcing that affects multiple life stages and food webs simultaneously, and thus could 61 

have compounding effects across developmental stages. Accounting for the correlation structure 62 

of climate effects over the full life cycle is especially important for migratory species with 63 

complex life histories 22,23. For example, freshwater processes affect salmon arrival timing to the 64 

estuary, which in turn affects marine survival. We acknowledge that relationships between 65 

survival and climate are often non-stationary 24, so we made the correlation structure of the 66 

environmental drivers explicit, and in principle, flexible enough to incorporate future changes.  67 

We used a stochastic age-structured life-cycle model 25,26 with both density-dependent 68 

and density-independent climate effects. Salmon survival was forced by environmental drivers 69 

where future climate trends were based on ensemble projections from GCMs (Fig. 1). We used a 70 

simulation framework to explore model assumptions and quantify different aspects of model 71 

uncertainty, including the functional form of the model, covariate selection, and life stage-72 

specific sensitivity.   73 
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 74 

Fig. 1. Life cycle model diagram showing the life stages and climate drivers that 75 

influenced each stage. The freshwater stages include upstream migration and holding, spawning, 76 

rearing in tributaries, and migrating downstream. The migration passes through the Columbia 77 

River hydrosystem, bracketed by Lower Granite Dam (LGR) and Bonneville Dam (BON). The 78 

freshwater stages were influenced by stream flows (Flow) and temperatures (Temp). The marine 79 

stage, which has variable duration represented by multiple arrows, was influenced by ocean 80 

temperatures across the northeastern Pacific (SSTarc) and along the Washington coast (SSTwa). 81 

Other influences on ocean productivity are represented by Upwelling. Figure courtesy of Su Kim 82 

(NOAA Fisheries) and illustrations by Blane Bellerud (NOAA Fisheries). 83 

 84 
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 86 

We applied the model to eight populations within the Snake River spring/summer 87 

Chinook salmon Evolutionarily Significant Unit (ESU), which migrate downstream from their 88 

headwater habitat in central Idaho, past eight major hydroelectric projects in the Snake and 89 

Columbia rivers, to grow and mature in the northeastern Pacific Ocean (Fig. 2). They return to 90 

freshwater 1-4 years later and migrate upstream for a single spawning opportunity. We simulated 91 

population time series for eight exclusively wild populations within this ESU. The model 92 

reconstructs historical population dynamics closely for most populations (based on Komogorov-93 

Smirnov diagnostics) and has been relatively stable when confronted with new data over the last 94 

10 years, a period during which it has been used operationally by the National Oceanic and 95 

Atmospheric Administration (NOAA Fisheries). This updated version of the model is similar in 96 

general characteristics to Crozier et al. 25 but imposes climate influences in more life stages and 97 

has stronger validation based on data from over a million individually tagged fish 98 

(Supplementary Table S1). 99 
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 100 

Fig. 2. Map of the Columbia River Basin (top), showing the location of the Salmon River 101 

Basin (in red), Bonneville Dam (BON) and Lower Granite Dam (LGR). Modeled populations in 102 

the salmon river basin (lower map) are shown by green boxes in the lower map and populations 103 

are named after their natal stream.  104 

 105 

 106 

In our results, climate change in the ocean was particularly catastrophic. We compared 107 

multiple alternative covariates in survival models, acknowledging that the best predictor might 108 

change over time and thus track different temporal trajectories 24. Notably, sea surface 109 
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temperature (SST) is an important component of most relevant indices 27, as it reflects complex 110 

interactions between atmospheric forcing, wind strength, upwelling, and mixing of ocean layers, 111 

all of which affect productivity throughout the California Current Ecosystem28. Although the 112 

response of these processes to greenhouse gas forcing will vary, SST will likely continue to be 113 

an important indicator, and SST will increase with climate change 29,30.  114 

 115 

Results 116 

Quasi-extinction thresholds surpassed in warming climate 117 

We assessed the first year (if any) in which a population in a given simulation fell below 118 

a quasi-extinction threshold of adult abundance (QET50). The QET50 is passed when the 119 

running mean of spawners, measured at the spawning stream, drops below 50 individuals in any 120 

4-year period 31. Although small populations drop below this threshold periodically even in a 121 

stationary climate, larger populations do not. The proportion of all simulations in which a 122 

population dropped below the quasi-extinction threshold (QET50) increased dramatically under a 123 

warming climate compared with a detrended (stationary) climate (Fig. 3). Under the 124 

representative concentration pathway (RCP 8.5) ensemble mean projection, even the largest 125 

populations (Bear Valley Creek and Secesh River) fell below QET50 in over 75% of simulations 126 

by 2060. In RCP 4.5, the same milestone was passed a decade later. 127 
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 128 

Fig. 3. The percent of simulations in which individual populations reached the quasi-129 

extinction threshold (QET50) by a given year under scenarios assuming extensive interannual 130 

and decadal variability but no consistent trends across simulations (a stationary climate) vs. 131 

scenarios where trends were superimposed on this natural variability. Trends reflect the median 132 

GCM projection (solid lines) and the interquartile range of GCM projections for a given 133 

emissions scenario (shading). 134 

 135 

 136 

Extinction rates increased under the climate change scenarios because population 137 

abundances diverged quickly in the climate scenarios compared with the baseline conditions 138 

represented by a stable climate (Fig. 4).  139 
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 141 

Fig. 4. Population abundance over time. Median (lines) and interquartile range (shading) 142 

of population abundance for the ensemble mean GCM projection per RCP in relation to QET50 143 

(dashed horizontal line). Note the different y-axes for small (top row) and large (bottom row) 144 

populations. 145 

 146 

 147 

 148 
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Similar results with alternative model covariates  149 

We conducted sensitivity analyses to characterize the how population outcomes 150 

(extinction risk) varied depending on the covariates that were included in the model, and the 151 

extent to which impacts in different life stages predicted population-level responses.  152 

Alternative marine and freshwater covariate models had relatively little effect on overall 153 

patterns (Fig. 5). Resulting from the high importance of SST in model comparisons, all three 154 

models included combinations of basin-wide and coastal SST indices, which drives much of the 155 

overall effect on survival 27. The freshwater models differed in whether fall (Models 1 and 3) or 156 

summer flows (Model 2) limited smolt productivity. We considered both because the data were 157 

consistent with both models (Supplementary Table S3). Populations fared slightly worse in the 158 

summer-flow models because of projected decreases in summer precipitation, increases in 159 

evaporation, and reduced groundwater storage; while fall precipitation (and hence fall flow) is 160 

projected to either stay the same or increase (Fig. S2). The models that included upwelling (blue) 161 

were more optimistic in more aggressive warming scenarios (GCM75) because some GCMs 162 

project a positive trend in spring upwelling later this century in the northern California Current 163 

Ecosystem (Fig. S2). Nonetheless, negative effects from SST still drove most populations extinct 164 

within the century (Fig. 5).  165 
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Fig. 5. Year that each population fell below QET50 for three models. Different models 168 

are shown in different colors (Model 1 (red): covariates include SST and summer flow; Model 2 169 

(yellow): covariates include SST, summer temperature and fall flow; Model 3 (blue): covariates 170 

include SST, upwelling, summer temperature and fall flow). Extinction happens earlier in 171 

scenarios with more warming (GCM75) in models without upwelling (yellow and red) but later 172 

when more intense upwelling ameliorates SST effects (blue). However, in all models extinction 173 

happens earlier in the RCP 8.5 scenarios compared with a stationary climate. Note that larger 174 

populations (bottom row) often never dropped below QET50 in the stationary climate, indicated 175 

with ~.  176 

 177 

 178 

Marine life stage most vulnerable to warming 179 

 180 

The impact of climate change on freshwater life stages was not always negative, but 181 

rather depended on population-specific and model-specific sensitivity. In the headwaters, the 182 

model with fall flow produced a net benefit to parr to smolt survival, whereas the summer flow 183 

model lowered survival (red and blue boxes vs. yellow in juvenile rearing stage in Fig. 6), but 184 

produced no difference in effects at other life stages. Thus if climate change affected only the 185 

early rearing period and no other stage, there could be a mix of responses across populations 186 

depending on local limiting factors such as summer vs. fall flow, similar to the conclusions of 187 

Crozier et al. 25.  188 
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 190 

Fig. 6. A three by four factorial experimental design examining the relative loss in 191 

spawner abundance from 2020 to 2060 due to the effects climate change. Net trends in 192 

population size are shown using the ratio of late abundance (2060-2069) compared with early 193 

abundance (2020-2029) when RCP 8.5 ensemble mean climate trends are imposed during a 194 

single life stage only, with other life stages under a stationary climate. The horizontal line (Y=1) 195 

indicates no change in spawner abundance. Boxes show the interquartile range across 196 

simulations, while the whiskers extend to the most extreme values of individual simulations. 197 

Model 1 covariates include SST and summer flow; Model 2 covariates include SST, summer 198 

temperature and fall flow; Model 3 covariates include SST, upwelling, summer temperature and 199 

fall flow. 200 

 201 

 202 
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 203 

During the spawning migration, summer-run populations (i.e., populations that returned 204 

to their spawning areas in summer, Secesh River and Valley Creek) were more affected by 205 

temperature than spring-run populations, with net declines of up to -17% by the 2060s. However, 206 

temperature effects on the juvenile, downstream migration reduced populations by about -18% 207 

from the 2020s to the 2060s, on average, while climate change effects in the marine stage 208 

reduced survival by -83% to -90% (Fig. 6). 209 

It is important to note that the freshwater climate impacts in this study were conservative 210 

in some respects. Specifically, we have assumed linear responses to environmental variables, but 211 

physiological and ecological thresholds can create non-linear responses, by which future 212 

temperatures or flows could have more severe effects. Furthermore, the primary covariate for 213 

juvenile survival in two of our models was fall flow, which is the covariate that is least sensitive 214 

to climate change 32. Summer flows could also be limiting (Model 2), which would cause a more 215 

negative response. More generally, the high elevation, mostly-wilderness habitat of these 216 

populations is unusual for salmon in the region, and partially explains the relatively small effects 217 

of climate change on their freshwater life stages. Other populations face more immediate impacts 218 

on freshwater productivity 14,33.  219 

Survival through the migration corridor declined for all juvenile migrants and adult 220 

summer-run migrants due to rising temperatures. Still, the declines we found were relatively 221 

small because of their early run timing compared with other salmon that migrate during peak 222 

temperatures. In particular, endangered Snake River sockeye adults experience much higher 223 

mortality from heat stress 34,35. In our analysis, we found relative resilience in freshwater stages 224 
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and the dominant driver towards extinction was the ~90% decline in survival due to rising SST 225 

in the marine life stage.  Therefore, closely monitoring ocean survival and directing research into 226 

these populations potential response to novel conditions is clearly needed.  227 

Caveats 228 

There are two main caveats to these projections. First, the northeast Pacific might not 229 

warm at the rate modeled, despite rising levels of CO2 in the atmosphere. Over the past century, 230 

internal variability in the climate system represented by variation in sea level pressure and 231 

natural variability in ocean circulation has been a stronger determinant of coastal SST than 232 

global mean temperature 36. How long this situation will continue is difficult to predict. Warming 233 

might occur slower than modeled, which would reduce the rate of population declines. 234 

Nonetheless, with the entire ocean warming at all depths 30, at some point this signal will 235 

inevitably reach coastal waters.  236 

The second possibility is that the northeast Pacific does warm, but some sort of 237 

ecological surprise 37 will reverse the historical relationship between SST and salmon survival. 238 

Ocean temperature does not affect salmon primarily through a physiological response, but rather 239 

through a combination of bottom up and top down ecological processes that jointly regulate 240 

salmon growth and survival 38-40, which explains the non-stationarity of statistical correlations 24. 241 

Warm conditions have been associated with poorer-quality prey and more warm-water predators, 242 

likely generating the correlation we have observed. However, it is possible that novel 243 

communities will arise with different responses to temperature, or that salmon will adapt to an 244 

altered food web in a positive manner. We do see consumption rates increase and unexpected 245 

species appear in the California Current Ecosystem when new conditions arise, such as during 246 



Iconic species in peril 
 

17 
 
 

the marine heatwave of 2013-2015 41.  For example, anchovy (Engraulis mordax), sardine 247 

(Sardinops sagax) and hake (Merluccius productus) showed unusually early and northern 248 

spawning behavior, which increased concentrations of larvae in the northern California Current 249 

Ecosystem in the winter 2015 and 2016, a shift that could benefit salmon 42.  250 

Nonetheless, the correlation strength with SST has been increasing rather than decreasing 251 

43, and in fact salmon fared poorly 44 during the recent marine heatwave, with a decadal-low 252 

number of adult Chinook returning in many ESUs 45 and the closure of multiple fisheries in 253 

2020. Thus, although the various processes that historically generated the PDO 20 may interact 254 

differently in the future, it seems likely that SST will continue to be a negative indicator of 255 

salmon survival. Further exploration using our model with a changing correlation structure over 256 

time could clarify possible trajectories and when they could be detected. 257 

Other ecological surprises should also be considered, such as increases in competitors 258 

such as jellyfish 40 and Humboldt or market squid 46, which could reduce salmon survival in an 259 

altered ocean. Predators, such as seabirds that currently concentrate on alternative prey, change 260 

behavior when their preferred prey dwindle or alter their distribution, which can increase or 261 

decrease predation on salmon 47. We recommend closely monitoring trophic interactions and 262 

salmon growth rates to detect such a possibility. 263 

Finally, our model is conservative in that we have not accounted for any negative effects 264 

of ocean acidification. Declines of sensitive species such as crabs and calcariferous zooplankton 265 

could have a negative effect on salmon, especially salmon populations that prey extensively on 266 

sensitive species 48. We have assumed that ocean-stage salmon are relatively insensitive to pH, 267 

but if there are effects, they will likely be negative 49,50.  268 
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Discussion 269 

Our results indicate that rising SST as one symptom of a changing ocean puts all of these 270 

populations at high risk of extinction. Small populations have minimal buffer against declining 271 

marine survival rates, and are at immediate risk (Fig. 1). The threat to larger populations causes 272 

even greater concern because they are the remaining salmon strongholds, which provide genetic 273 

and demographic resilience for the ESU as a whole 51. Moreover, although we have focused on 274 

the details for certain populations, strong synchrony across all populations within the ESU 52 and 275 

more broadly 53,54 suggests these responses could represent a widespread phenomenon. Salmon 276 

populations show coherence at many spatial scales, and synchrony has increased over time in 277 

both Pacific and Atlantic populations and climate indicators 3,55,56. To the extent that negative 278 

responses to SST continue as a shared theme in these patterns 57,58, climate change overlaid on 279 

other anthropogenic forces 59 could drive salmon declines at a large scale.  280 

There is no easy way to mitigate for increasing SST that produce declines in marine 281 

survival of this magnitude. Ecosystem-based fisheries management attempts to consider the 282 

complex web of drivers with both direct and indirect links to anthropogenic actions, and track 283 

indicators in all sectors 45,60. Conceptual models of factors that affect salmon marine survival 284 

show a large number of interacting processes 61,62. Importantly, solutions involving management 285 

actions could occur in either marine or freshwater realms. 286 

In the marine realm, human activities affect salmon survival through targeted fishing on 287 

salmon, their prey (sardine, anchovy, krill, juvenile rockfish, juvenile crab), predators (e.g., 288 

marine mammals) and competitors (e.g., hake, Pacific halibut, arrowtooth flounder). Changes in 289 

fisheries can have positive or negative effects on salmon. Curtailed salmon harvest since the 290 
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1960s reduced one major source of direct mortality. Reduced harvest on top predators, however, 291 

led to rebounding marine mammal populations that now consume large amounts of salmon 39,63.  292 

Competition with hatchery fish has complex interactions with climate effects on wild salmon 59, 293 

and is an area of active research. Sea level rise combined with coastal development threatens 294 

complete loss of intertidal marshes in California and Oregon, and the majority of estuary habitat 295 

in Washington 64, which will affect some salmon and their prey. 296 

Other indirect anthropogenic effects on marine habitats are not well quantified, and 297 

warrant more research. Increased awareness of the importance of forage fish for the entire food 298 

chain 65 led to a ban on the development of fisheries to exploit forage fish, demonstrating a 299 

proactive approach that should support salmon. But in sum, we lack key information on the full 300 

mechanistic basis of salmon marine survival, which limits the strength of end-to-end models for 301 

guiding management 66. 302 

Efforts to mitigate carryover effects from freshwater that could affect marine survival in 303 

these populations have primarily focused on dams. Survival through Columbia and Snake River 304 

dams generally now meets recovery targets (>96%) 67, and cumulative mortality over 500 km of 305 

in-river migrating fish (~50%) is similar to that estimated for unregulated rivers of similar length 306 

(i.e., Fraser River 68). However, slow travel time through reservoirs combined with temperatures 307 

that have been elevated by dams69 can potentially result in lower marine survival 70. Mitigation 308 

efforts to increase smolt body size and advance migration timing could increase marine survival 309 

71,72.  Restoration efforts in freshwater habitat, such as restoring floodplains, riparian planting to 310 

reduce stream temperature, reconnecting side-channel habitat 73 or adding nutrients to juvenile 311 

salmon rearing areas could also enhance/restore freshwater salmon production. 312 
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Our models estimated strong density dependence at the parr to smolt stage, although it is 313 

not clear whether summer or winter habitat is constrained. The headwaters have minimum 314 

anthropogenic impacts, but the mainstem Salmon River has experienced structural simplification 315 

and loss of wood, which could limit both rearing and overwintering capacity. Our results suggest 316 

that smolt carrying capacities are currently limited by flow rather than temperature. Higher flows 317 

may create more habitat, improve connectivity, or decrease contact with predators. The predator 318 

community has also been affected by human impacts, from introduced sport fish (smallmouth 319 

bass, Micropterus dolomieu and brook trout Salvelinus fontinalis) to creation of reservoir habitat 320 

more favorable for invasive fish (e.g., American shad, Alosa sapidissima).  321 

Throughout salmon watersheds, improving and expanding access to rearing habitat 322 

should increase smolt abundance and body condition resulting in improved salmon viability 74. 323 

Intrinsic habitat potential is negatively correlated with current levels of disturbance, so restoring 324 

habitat could yield substantial benefits. Specifically, habitat at lower elevation that was 325 

historically highly productive has been preferentially lost. Improving individual fish growth by 326 

reducing contaminant loads 75, increasing floodplain habitat 74 and habitat complexity in general 327 

could boost population productivity 76.  328 

Prospects for saving this iconic keystone species in the conterminous U.S. are 329 

diminishing. Resilience to climate change depends on genetic and ecological diversity to adapt to 330 

environmental change. Many options have been considered over decades of dedication to salmon 331 

recovery, and improvements have been made. However, the urgency is greater than ever to 332 

identify successful solutions at a large scale and implement known methods for improving 333 
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survival. Management actions that open new habitat, improve productivity within existing 334 

habitat, or reduce mortality through direct or indirect effects in the ocean are desperately needed. 335 
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Methods  336 

Data informing survival estimates 337 

Spawner age and abundance estimates were compiled through large-scale collaborative 338 

efforts between states, tribes, and coordinating bodies 77-79. Stage-specific survival estimates 339 

were obtained from multiple sources 27,80-84, originating from tagging and detection records 340 

downloaded from PTAGIS.org (Supplementary Table S1). We only used detection records for 341 

fish identified as wild from known population sources. Environmental covariates used in the 342 

model include air temperature, stream flow and temperature, SST, and coastal upwelling 343 

(Supplementary Table S2).  344 

Life cycle model structure  345 

We employed a stochastic, age-structured model modified from 25,26,85. The model as 346 

depicted in Fig. 7 has five annual time steps, based on the five-year generation time of Snake 347 

River spring/summer Chinook salmon, which correspond approximately to life-stage transitions. 348 

The first time step (“spawner to parr” stage) spans fall spawning(months), incubation and early 349 

parr rearing. Survival through the second time step (S2) includes both tributary rearing (Stributary) 350 

from summer (July or August) to the following spring (months)when they pass Lower Granite 351 

Dam, and migration (Smainstem) through the Snake and Columbia River hydrosystem. The third 352 

time step includes ocean entry and the first winter and spring in the ocean. Some Chinook 353 

salmon return to spawn in their third year (jacks), but most females and “adult” males stay in the 354 

ocean for one or two more years, during which ocean survival is represented as So. The number 355 

of fish in the ocean each year is a latent variable, fit by detections of survivors when they re-356 

enter freshwater (“smolt to adult return”, Ssar). Upstream migration survival through the 357 
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hydrosystem (Supstream) and from Lower Granite Dam to spawning (Sprespawn) are captured in the 358 

fourth or fifth time step. Older females tend to lay more eggs, which is reflected in the fecundity 359 

parameter, F5. To calculate “effective spawners”, we combined different age classes that 360 

returned to spawn in the same year as the weighted sum of 3-y-old (weight=0), 4-y-old 361 

(weight=1), and 5-y-old (weight= F5) fish, which is estimated by an expansion of the number of 362 

redds (nests) counted during spawning surveys 31. 363 

 364 

Figure 7. Diagram of life cycle model. Environmental covariate survival models that 365 

were fit directly to PIT-tagged data are shown in blue (Stributary, Smainstem, SSAR,Supstream). Life stages 366 

and fitted transition parameters are in black, with associated equations for reference in the 367 

supplementary material. 368 

 369 

 370 

 371 

 372 

 373 
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Model fitting 374 

We fit the life cycle model in two steps. We first fit individual life stage relationships 375 

with covariates using a variety of methods in different life stages, generating a posterior 376 

distribution for stage-specific parameter estimates. In addition to these parameters, the life cycle 377 

model introduces some additional parameters that could not be directly fit to data. We therefore 378 

conducted a second step to calibrate the life cycle model using a modified Approximate Bayesian 379 

Computing approach 86,87. In the calibration step, we simulated population time series under 380 

recent climatic conditions using the life cycle model, and compared the resulting spawner and 381 

smolt time series to those observed, and ranked parameter sets by the deviance from a 382 

Kolmogorov-Smirnov test. We selected the top 0.2% of 500,000 sets of parameter combinations. 383 

All of the resulting parameter sets met the criterion of producing a spawner distribution that was 384 

not statistically different from the observation dataset (p-value>0.05 from the Kolmogorov-385 

Smirnov test). This process maintains the appropriate correlation structure within each parameter 386 

set.  387 

Spawner to parr (S1) and parr to smolt (Stributary) stages: We fit adult recruits per 388 

spawner for eight populations in a hierarchical Bayesian framework using multiple likelihood 389 

equations that reflected stages that could be compared directly with data. Briefly, we fit a 2-stage 390 

Gompertz function 88, see Supplementary Methods to solve the two stages simultaneously, combined with 391 

independently-estimated survivals for later stages. Individual population coefficients 392 

(productivity and capacity parameters for both stages as well as coefficients for temperature and 393 

flow) were assumed to be random samples from an underlying normal distribution 89. To 394 

determine the best environmental covariates, we compared the estimated predictive error of 395 

alternative models in a leave-one-out cross-validation method for Bayesian models using the 396 
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LOO package 90. Because of correlations among the climate variables tested, multiple models 397 

had similar support from the data. Our primary objective was to identify divergent potential 398 

responses to climate change. Therefore, we selected two models with covariates that show 399 

different trajectories with climate change (Fig. S2). Model 1 included summer air temperature 400 

and fall stream flow, while model 2 included summer stream flow only.  401 

Juvenile survival through the Columbia River hydrosytem (Smainstem): We estimated 402 

juvenile survival from Lower Granite Dam to Bonneville Dam and arrival day at Bonneville 403 

Dam using the COMPASS model 91. In the COMPASS model, each dam and riverine reach has 404 

equations that use hourly flow, temperature, and spill to predict fish survival, migration rate, and 405 

the proportion of fish that use the spillway, turbine or bypass passage route at dams.  The 406 

COMPASS model also tracks the proportion of fish that were loaded into barges to bypass 407 

migration through the hydropower system. 408 

Smolt to adult return (Ssar): We used a mixed-effects logistic regression model 27 to 409 

determine the effect of the date of ocean entry and environmental covariates on the probability 410 

that an individual fish would return as an adult to Bonneville Dam. The model includes random 411 

effects of day and a day by year interaction, which follow an auto-regressive process. Using 412 

Akaike Information Criterion, we selected variables with high importance based on model 413 

weights, which included a large-scale measure of SST (SSTarc) and a more local, coastal 414 

measure of SST (SSTwa), as well as spring upwelling. We applied separate models for fish that 415 

had migrated through the mainstem in the river and for fish that had been transported 416 

downstream (Supplementary Table S4).  417 
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Adult upstream survival (Supstream): For the adult upstream survival model, we used 418 

generalized additive mixed models (GAMMs) to evaluate the effects of both anthropogenic and 419 

environmental covariates on spring/summer Chinook salmon survival 92. To run the model in 420 

simulation mode, all the non-environmental covariates (fisheries catch, the proportion of fish that 421 

had been transported in barges as juveniles) had similar distributions to the baseline period 2004-422 

2016. We held survival from the hydrosystem to spawning (Sprespawn) constant due to the lack of 423 

appropriate data for most populations with which to fit a relationship.  424 

Calibration step: The model includes a set of maturation parameters that could not be 425 

estimated directly from the data, so we treated them as tuning parameters for the life cycle model 426 

as a whole. These parameters partition total smolt-to-adult survival (SAR) to age-specific 427 

survivals (S3) for the first year, then S0 for the 2nd and 3rd year), combined with a propensity to 428 

return at a given age (jacks: b3, 4y olds: b4, 5 y olds: 1-b4) as follows: 429 

 430 

ௌܵோ = య∗	ேయା	ర∗	ேరశ	ାேఱேమ     [S11] 431 

Where 	 ଷܰ = ܵଷ ∗ 	 ଶܰ 432 

ସܰ = (1 − ܾଷ) ∗ ଷܰ ∗ ܵ 

ହܰ = (1 − ܾସ) ∗ ସܰ ∗ ܵ 

 433 

Fish that stay in the ocean longer have additional mortality (S0). There is still an 434 

advantage to spawning as an older fish because of higher fecundity (F5). In the model, the 435 

effective number of spawners reflects the age distribution of female spawners, which return as 436 

either 4 or 5 y olds, and the 5 y olds have the fecundity advantage.  A very small percentage of 437 

fish return as 6 y olds; these fish were added to 5 y olds. 438 
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We fit the tuning parameters (S0, b3, b4, and F5) using a modified Approximate Bayesian 439 

Computing approach 86,87. We applied this method by first generating a prior distribution for 440 

each parameter. The priors for parameters that range between 0 and 1 (S0, b3, b4,) had a beta 441 

distribution centered on the mean and including the full range used by Zabel et al. 26, Table 1. F5 442 

had a normal distribution with mean from Kareiva et al. 85 and sd=0.1. These values were 443 

randomly combined with the freshwater parameter sets from the posterior distribution from the 444 

Bayesian analysis to create 500,000 combinations of all 10 parameters.  445 

We ran the life cycle model using each of these parameter sets in a different simulation 446 

(500,000 iterations per population). The life cycle model was forced by historical meteorological 447 

conditions from 2000 to 2015 (Table S2). For juvenile mainstem survival, we used COMPASS 448 

reconstructions of juvenile migration that incorporated actual river management. Note that 449 

historical river management was extremely variable over this time period and not comparable to 450 

the conditions we projected in the climate simulations (in particular, transportation rates were 451 

higher, spill was lower, and dam passage survival was lower than in the action proposed in the 452 

Environmental Impact Statement ACOE 93). We ran the SAR model in retrospective mode, 453 

which uses the fitted estimates of historical random effects and observation error. We simulated 454 

other life stages in the calibration as we would in future projections. 455 

The parameter values from top 0.2% of these parameter sets compared with their prior 456 

distributions are shown in Fig. S1. The resulting models produced Kolmogorov-Smirov p-values 457 

from 0.16 to 0.76, which all rejected the null hypothesis that the modeled and observed time 458 

series came from different distributions (p<0.05).  459 

 460 
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Climate scenarios 461 

Stationary climate simulations 462 

When creating future climate scenarios, our aim was to maintain the statistical properties 463 

of the environmental data driving survival in the various life stages. Large-scale oceanic and 464 

atmospheric drivers affect the marine environment and the freshwater environment 465 

simultaneously. To account for this, we estimated an unstructured covariance matrix for all the 466 

freshwater and marine environmental covariates (Supplementary Table S5) using the TMB 467 

libraries for R 94. We used a multivariate state space model  468 

௧ܠ ∼ MVN(ߩ௫ܠ௧ିଵ,  469 [3]     (ۿ

,௧ܠ)௧~Nܡ 0.001)      [4] 470 

where ܜܠ t is a vector of the environmental processes at time t, ߩ௫ is the correlation between the 471 

vectors from successive time steps, and Q is an unstructured covariance matrix. For n covariates, 472 

the number of estimated correlation coefficients in the unstructured covariance matrix is equal to 473 0.5 ∗ ݊ ∗ (݊ − 1). The observation error for the observation model was fixed to 0.001, implying 474 

the covariate data were measured essentially without error. 475 

Climate change scenarios 476 

Our objective was to explore specifically how the relationships among various climate 477 

drivers interacted with population dynamics to shape population trajectories. To do this, we first 478 

simulated 1,000 time series of 75 years of stationary environmental conditions that followed the 479 

observed covariance relationships in the historical record. Second, we added offsets to these 480 

stationary simulations according to GCM projections. Each offset (trend) consisted of a single 481 
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time series added to all 1,000 stationary simulations. We then input the resulting combinations of 482 

stationary-plus-offset environmental conditions for each climate scenario into the life cycle 483 

model as forcing factors. 484 

For each model/population/climate scenario, we ran 1,000 iterations.  Climate trends 485 

were created from the median (GCM50) and interquartile range across 10 to 80 GCM projections, 486 

depending on the covariate (Supplementary Table S6). We tracked the geometric mean of 487 

population abundance in 10-year intervals. We also assessed the first year (if any) in which a 488 

population in a given simulation fell below a quasi-extinction threshold of adult abundance 489 

(QET50). The QET50 is passed when the running mean of spawners, measured at the spawning 490 

stream, drops below 50 individuals in any 4-year period 31. 491 

We explored projected climate trends from two carbon emissions scenarios, 492 

representation concentration pathway (RCP) 4.5 and 8.5 95,96. We used time series output from 493 

GCMs directly for the marine variables, and output that had been statistically downscaled then 494 

processed through hydrological and stream temperature models for the freshwater variables 495 

32,97,98. For each variable, 10 to 80 time series per emissions scenario were available 496 

(Supplementary Table S6). We smoothed each of these individual time series using a 20-y 497 

running mean to reduce interannual variation that was already accounted for by the TMB model. 498 

From these resulting time series, we calculated the 25th, 50th, and 75th quantiles each year 499 

to generate three trends for each covariate in each climate scenario. These trends represent the 500 

spread across climate models of low, medium, and high rates of change in each covariate. Thus 501 

in summary, we added each climate trend to the raw simulation of a stationary climate produced 502 
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by the covariance model. The new time series retained the autocorrelation, variance and 503 

covariance of the historical environment with forcing from greenhouse gas emissions added.  504 

Life cycle model simulations  505 

Running the model in simulation mode was relatively straightforward for the stages that 506 

were fit on an annual time step (S1 and Stributary) because they only required an annual input of 507 

environmental conditions. However, submodels for upstream and downstream survival required 508 

daily environmental inputs. We therefore ran a separate step to reproduce numerous 509 

representations of daily time series, which were then grouped by their annual spring mean 510 

temperatures and flows. For each annual time step, we sampled randomly from the appropriate 511 

disaggregated submodel output (Supplementary Methods S2).  512 

We ran the life cycle model from 2015 to 2089, applying climate trends to the stationary 513 

climate for each environmental covariate on an annual time step. We repeated 1,000 iterations 514 

per population per model per climate scenario. Our first results stem from a single combination 515 

of freshwater and marine covariates (Model 1: summer temperature + fall flow for freshwater, 516 

SSTarc in winter for transported fish, and SSTarc in winter + SSTwa in summer for in-river fish) 517 

to show the full time series of population response to the climate scenarios (Fig. 1-2).  518 

Sensitivity analyses 519 

In our first sensitivity analysis, we compared population outcomes from Model 1 with a 520 

different freshwater covariate model (Model 2: summer flow + Model 1 marine covariates). 521 

Finally, we exchanged the marine covariates in Model 3: summer temperature + fall flow for 522 

freshwater, SSTwa in summer for transported fish, and SSTarc in spring + spring upwelling for 523 
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in-river fish (Fig 3). Thus, we explored all combinations of the top two models for freshwater 524 

and marine stages, respectively. 525 

In our second sensitivity analysis, we applied the climate trends for the ensemble mean of 526 

RCP 8.5 to one life stage while the other life stages experienced a stationary climate (Fig. 6). We 527 

cycled through parr to smolt, downstream migration, smolt to adult return, and upstream 528 

migration. In each case, we reported the extent of population decline as the ratio of geometric 529 

mean population size in 2080-2089 divided by mean abundance in 2020-2029. We ran 1,000 530 

simulations per life stage, and calculated the mean change in abundance for each population.531 
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Reviewer #1 (conservation ecology and climate change): 
 
This manuscript describes an effort to use a state-of-the-art life-cycle model to quantify the risks 
of extinction for 8 populations of Chinook salmon in the Pacific Northwest of the USA. The 
model relies heavily on an extraordinary dataset of individually tagged fish to estimate various 
functional relationships that describe the processes that affect survival throughout the life-cycle 
of this species. The model is used to simulate the potential effects of climate change on the 
viability of these 8 populations. The primary conclusion reached by these efforts is that climate 
warming is likely to doom this group of populations and that the primary survival bottleneck is 
during the fish’s first year of life in the sea. While the model development is commendable and 
the data used are impressive, the conclusions that are drawn are not particularly new and have 
been appreciated for some time. Thus, it is not really clear what the main contribution from this 
paper actually is. 
 

We revised the introduction to clarify three specific contributions of this model on LN50-126 as 
follows: 
 

Retrospective analyses also show strong relationships between climate indices and salmon performance 
(e.g., 8). Looking toward the future, indirect and qualitative assessments point to anthropogenic climate 
change as an additional overriding threat for salmon in the North Atlantic and California Current (e.g., 9, 
10-12). How to mitigate for this threat is therefore a primary concern among conservation organizations 
and management agencies.  

… This is a novel approach to downscaling climate projections in multiple environments.  

Thus, there are three reasons why existing approaches for modeling the biological impacts of climate 
change are inadequate for evaluating potential management actions for salmon. Similar limitations apply 
to other species that are migratory or have complex life histories.  First, proposed management actions are 
usually focused on conditions in freshwater, so accounting for “carry over” effects from freshwater to 
marine life stages is essential for their evaluation. Carryover effects occur when an individual’s previous 
history affects its performance in a subsequent life stage (24). For example, the timing of migration from 
freshwater to the ocean and back again is a key determinant of salmon survival in every life stage, and 
one of the most sensitive traits in relation to climate (25-28). Timing is also a key element in multiple 
management actions, especially those involving the hydrosystem (29) and fisheries (30). Quantification of 
carryover effects that will be affected by climate change is therefore essential for evaluating the net 
benefits of proposed actions to protect endangered species. 

Second, current models of survival in the salmon marine stage rely on climate indices that cannot be 
linked directly to global climate model (GCM) projections, so it is impossible to conduct formal analyses 
of how alternative carbon emission scenarios or other anthropogenic actions to mitigate climate change 
might affect the timing of declines in marine survival. Nor is it possible to quantify uncertainty in 
modelled projections across GCMs and thus take full advantage of the Coupled Model Intercomparison 
Project, which represents the major advances of global climate modeling in recent decades (31, 32). 

Third, approaches that are currently available for accounting for climate impacts on freshwater and 
marine life stages use independent downscaling methods for the two environments. Terrestrial 
downscaling methods usually employ statistical or dynamical downscaling of temperature and 



precipitation that feed into hydrological models. Statistical downscaling is an efficient way to explore 
many alternative climate projections and characterize model uncertainty at many steps in the modeling 
chain (33). A common approach to marine downscaling, on the other hand, is to integrate GCM output 
into Regional Ocean Models, which in practice are only available for very few GCM projections (32). As 
a result, these methods often rely on projections from different GCMs and are not consistent in 
characterizing potential model biases, and thus uncertainty in climate projections. Moreover, they are not 
temporally linked, which prevents complete accounting for carryover effects from one life stage to the 
next.   

We address each of these difficulties by developing a novel modeling approach with a flexible and 
explicit mechanism for accounting for the correlation structure among all climate drivers. We also use a 
multi-model approach to indirectly account for a change in the relationship between climate drivers and 
ecological responses. Finally, we allowed the timing of the initiation of juvenile migration to vary with 
environmental conditions, which subsequently affected both smolt migration survival and the probability 
that fish would be transported in a barge through the hydrosystem (a mitigation action that has fixed start 
and stop dates). Three factors -- timing, hydrosystem operations and transportation -- subsequently 
affected arrival timing at the Columbia River estuary, ocean survival, and upstream migration timing and 
survival. Although the details of the migration models are unique to this system, the need to account for 
carryover effects and the correlation structure of climate drivers in multiple environments is shared by 
many migratory species. 

 

 

 

My concerns for the current manuscript are given below. 
 
1) The manuscript attempts to grasp at jargon to increase its general appeal, but these attempts 
are often a bit off-target. For example, there has been a lot of interest in ‘non-stationarity’ in 
ecology and in fisheries science recently and this manuscript attempts to link in to these interests. 
However, while this term does refer to a changing variable (in the strictest statistical sense), use 
of this term in ecology typically is referring to changes in a relationship between variables (i.e. 
the relationship or correlation among variables is non-stationary). Thus, why call climate change 
‘stationary’ or ‘non-stationary’? We have known for decades that climate is non-stationary; what 
is interesting is that the relationships between climate conditions and ecological processes are 
non-stationary. Thus, use of non-stationary/stationary in this manuscript is somewhat distracting. 
While this is just a semantic issue, I don’t think the 
paper benefits from the current use of these terms. 
 
We acknowledge that we unfortunately used the term ‘stationarity’ in both of the meanings 
mentioned (“strictest statistical sense” and “typical ecology” sense). We replaced the former use 
of the word with the term “detrended” throughout. We also used more specific language for the 
latter use.  
 
 
2) Similarly, the manuscript refers to ‘aggressive’ warming scenarios. This also seems 



misplaced. Typically we refer to aggressive scenarios of curtailing carbon emissions (i.e. it’s not 
the climate that is aggressive, it’s the policy actions to reduce emissions that are aggressive). 
 
LN 300 We have changed “more aggressive warming scenarios” to “the upper quartile of GCM 
projections, in which warming occurred at a faster rate” 
  
3) The key results are expressed as the time to quasi-extinction for each of these populations. In 
general, I do not think this is the best way to present the key results. When a modeled population 
goes extinct in these simulations is based on arbitrary population thresholds that probably don’t 
apply well when populations are reduced to very low numbers where stochastic processes are 
more likely to ultimately determine whether they go extinct or not. Thus, the primary results of 
these simulations would be more useful if the population growth rate was the response variable 
used to explore the consequences of different climate scenarios (i.e. the posterior distribution of 
lambda). The result could then be focused on how much of the posterior distribution was <1, 
thereby leading to population decline, etc. Time to extinction is too arbitrary and too ‘loaded’ a 
variable that is easily misinterpreted that it shouldn’t be used in these types of analyses. 
 
We respectfully disagree with the reviewer’s claim that lambda is an appropriate description of 
the dynamics in populations that are density dependent, such as these. Lambda changes 
systematically as density dependence is reduced, which results in changes in lambda being an 
underestimate and hence misleading representation of deterministic population declines. It also 
can increase when populations stabilize, but if the new level of abundance is extremely low, then 
this too is misleading.  
 
So although it is the case that lamda was more negative, and a larger proportion of the posterior 
distribution was below 1 in the climate change scenarios, we feel this is a trivial point that is 
much better made with the figure showing changes in abundance. 
 
Extinction is a process that is more closely related to the number of fish in the stream than the 
rate of a prolonged decline. It is exactly because stochastic processes are so important for small 
populations (unlike lambda), that we use this quasi-extinction threshold. Although the actual 
threshold is indeed arbitrary, it is based on evolutionary theory, and in particular the relationship 
between effective population size and raw abundance in salmon. It was developed specifically in 
response to the concerns mentioned by the reviewer.  
 
We are not concerned that it is “loaded” because it is one metric that is used in formal 
management decisions (NMFS 2020). It is related to recovery targets and a large body of work 
on population viability. 
 
To address the reviewers concerns, we re-ordered the results section to emphasize changes in 
abundance before introducing the concept of the QET, and modified the presentation of QET as 
follows: 
 
LN 51 “With a warming climate, deterministic declines inevitably lead to extinction unless some 
ecological, evolutionary, or climatic rescue effect occurs (38). Climate trajectories did level off in the 
RCP 4.5 scenarios in the second half of the 21st century, which reduced the rate of population declines in 



that scenario. However, for the most part populations had already reached very low abundances at that 
point.  

For practical purposes in salmon management, populations that have fewer than 50 spawners on average 
for 4 years in a row are considered to be at extremely high risk of extinction from chance fluctuations in 
abundance, depensatory processes, and long-term consequences from loss of genetic variability (39, 40). 
The evolutionary theory behind this threshold applies to isolated populations, and these populations are 
not truly isolated. So some small populations may be sustainable within a larger salmon metapopulation. 
Nonetheless, when the majority of populations within the ESU pass this threshold, the ESU itself is at 
high risk. This ESU is already threatened with extinction because of historical declines (41), so although 
this exact threshold is somewhat arbitrary, it is a useful metric for demonstrating the severity of the 
declines across all of our simulations. We assessed the first year (if any) in which a population in a given 
simulation fell below a quasi-extinction threshold of adult abundance (QET50). The QET50 is passed 
when the running mean of spawners, measured at the spawning stream, drops below 50 individuals over 
any 4-year period (42).” 
 
 
4) Line 24, ‘species’ should be ‘populations’ 
 
LN 23 We replaced “multiple species of Chinook salmon” to “multiple species of salmon”  
 

5) ~ Line 121, it is not clear what the goals of the paper are. Is it to construct this model? The 
paper would benefit from some clear statements about what the primary objectives of this 
exercise are. 
 
See the above changes to the introduction 
 
 
 
 
6) It is surprising that the model suggests that the populations are essentially at no risk of going 
extinct given the ‘stationary’ climate scenario. This does not seem realistic given the current 
status of these populations. 
 
Text added: 
LN 261 Some small populations may be sustainable within a larger salmon metapopulation. Nonetheless, 
when the majority of populations within the ESU pass this threshold [QET50], the ESU itself is at high 
risk. This ESU is already threatened with extinction because of historical declines (41), so although this 
exact threshold  is somewhat arbitrary, it is a useful metric for demonstrating the severity of the declines 
across all of our simulations. 
 
7) I think the ‘Caveats’ section should be part of the Discussion of the paper. 
 
That section was moved to the Discussion, LN 426. 
 
 
 



Discussion 
8) The Discussion highlights the weakness of the paper. Here the text basically runs through 
what is known about different processes or conditions that affect salmon survival. Nothing is 
particularly novel in this summary, nor does it highlight the main contributions of this specific 
modeling effort. Thus, it reinforces the lack of clarity about what this specific research activity 
contributes to our general understanding of Chinook salmon ecology and conservation. 
 
We modified the discussion to note the specific benefit of quantifying climate impacts in this 
study: 
 
LN 399 Our analysis showed relative resilience in freshwater stages, with the dominant driver towards 
extinction being rising SST, which tracked a ~90% decline in survival in the marine life stage. This 
occurred despite an advance in smolt migration timing and other changes in hydrosystem management. 
The modeled carryover effects of changes in timing are likely to be adaptive, but inadequate as 
compensation for large declines in marine survival.  

 
And 
 
LN 454 The results of our model 3, in which marine survival was driven by upwelling indicated that 
improved productivity in a warmer ocean could benefit salmon. Nonetheless, the benefit in that case was 
relatively small compared with overall negative effects. 
 
And 
 
LN 620 Our modeling approach, which accounts for carryover effects across the life cycle, allows 
systematic exploration of alternative correlation structures among climate drivers and between climate 
drivers and ecological responses, and a thorough accounting for uncertainty in climate projections lays a 
path forward for evaluating benefits of proposed actions to protect our critical resources. 
  



Reviewer #3 (Remarks to the Author): 
 
In this paper the authors apply a stage-based life history model to 8 populations of Chinook 
salmon in the Columbia River/Snake River basins and show strong associations between 
warming (particularly warming SST) during the marine stage of the life history and probability 
of population extinction/extirpation. I accepted the review with considerable excitement of 
seeing something truly new, insightful, or transformative. Unfortunately I was underwhelmed, 
not by the statistical rigour, but rather with the interpretation of the results. The claim is 
essentially that warming is bad and that smolts need to survive the ocean better for populations to 
avoid extinction. The authors all but said, and perhaps should have, that this analysis provides 
strong evidence that these populations are doomed and that restoration/conservation is a fools-
errand (that would indeed have been provocative at least). 
 
What I was hoping to see more of was a more holistic linkage between different stages of the life 
history and a quantitative appreciation that what happens in freshwater may lead individuals 
down trajectories that result in the ocean life history being the proximate stage of mortality.  
 
We added more specific details about the changes in timing. 
 
LN 363 Our model predicted that smolts would shift their migration timing about 4.5 days earlier arrival 
at Lower Granite Dam, which does reduce temperature exposure. Nonetheless, temperature effects on the 
juvenile migration still grew over time, and reduced populations by about -18% on average from the 
2020s to the 2060s.  

Climate impacts were most dramatic in the marine stage, where survival was reduced by -83 to -90% 
(Fig. 6). This occurred despite the fact that smolts arrived at Bonneville Dam, initiating the marine stage, 
about 6.5 days earlier, which generally improves marine survival (26). 

Adult Chinook were predicted to shift their migration ~4 days earlier in response to warmer mainstem 
conditions with lower flows (43). But again, this was not enough to prevent mortality from increased heat 
exposure. During the adult migration, populations that returned to their spawning areas in summer 
(Secesh River and Valley Creek) were more affected by temperature than spring-run populations, with net 
declines of up to -17% by the 2060s. Still, the declines we found in the mainstem were relatively small 
because of the early adult run timing of Snake River spring/summer Chinook compared with other run 
types or species that migrate during peak temperatures.  

And in the discussion: 
LN 404 The modeled carryover effects of changes in timing are likely to be adaptive, but inadequate as 
compensation for large declines in marine survival, regardless of entry timing 
 
I was hoping and expecting to see discussion that warming SSTs may be detrimental to southern 
Chinook populations, but Alaska populations may fare better during warming temperatures (and 
indeed the authors did not cite the obvious paper to suggest so). 
 
Text added: 



LN 419 Some Alaskan populations may fare better in response to ocean warming, but negative responses 
to warming in freshwater have been observed in other Alaskan populations, highlighting the benefits of an 
examination of the full life cycle  (Cunningham et al. 2018; Jones et al. 2020; Ohlberger et al. 2016). 
And 
LN 561 Reducing hatchery production could have positive benefits, especially for wild Alaskan salmon 
which might benefit from warmer conditions in some localities (Cunningham et al. 2018; Jones et al. 
2020).   
 
 
So in the end I am left wanting the authors to make a better case for novelty and insights that can 
be gleaned by this very complex modelling exercise that goes beyond what is already firmly 
established. 
 
Text added: 
LN 422 Quantitative comparisons of combined climatic and anthropogenic influences and more 
exploration of changing relationships among drivers are needed to unravel the multiple pressures these 
populations face 
 
AND 
 
LN 514 Additional changes to the juvenile transportation schedule or faster transit through the mainstem 
can still be explored, but additional improvements to survival through other mechanisms are needed. 
 
AND 
 
LN 620 Our modeling approach, which accounts for carryover effects across the life cycle, allows 
systematic exploration of alternative correlation structures among climate drivers and between climate 
drivers and ecological responses, and a thorough accounting for uncertainty in climate projections lays a 
path forward for evaluating benefits of proposed actions to protect our critical resources. 
 
Although the reference section is extensive, I do suggest the authors incorporate information 
from populations beyond their focal range to broaden the discussion of SSTs and to also contrast 
their work to other very similar approaches. 
 
Cunningham, Curry J., Peter AH Westley, and Milo D. Adkison. "Signals of large scale climate 
drivers, hatchery enhancement, and marine factors in Yukon River Chinook salmon survival 
revealed with a Bayesian life history model." Global change biology 24.9 (2018): 4399-4416. 
 
And a new paper just out led by Leslie Jones (open access) 
https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.15155 
 
References added 
 
 
 
 
 



 
 
Reviewer #2 (Remarks to the Author): 
 
I found this paper to be exceptionally well written and the topic to be of broad international 
interest as a study of the impact of climate on a commercially valued species that is now at risk. 
This work explores the population dynamic of 8 populations of Chinook salmon in the Snake 
River watershed. This paper uses a life cycle model and two climate change scenarios to model 
the potential population trajectories of these populations. It effectively tells the risks of changing 
climate, particularly at sea, to all these populations but especially the smaller ones. It is sobering 
in its assessment of the viability of these populations- not a happy story. However, it effectively 
looks at the fact that these fish persist in highly altered systems and actions in freshwater might 
mitigate or at least slow population declines and localized extinction. These findings are novel 
for the populations of interest and findings (and solutions) will they be of interest to not only the 
fisheries 
biology community but ecologists and also to the public. This work is a tangible story of the 
impact of change upon a species that captures the imagination of a broad spectrum of society. 
The species also has rich cultural importance to first nations in this watershed. These conclusions 
are supported by appropriate modeling and add to not only Pacific salmon literature but will be 
of great interest to Atlantic salmon conservationists. The sea-run nature of this species also will 
inform understanding of challenges in freshwater and marine systems. I found this paper to be 
extremely convincing and the conclusions are strengthened by a rice use of citations and the 
addition of allied related manuscripts on the stream temperature model and wild/hatchery marine 
survival. This work is cutting edge and current. I firmly believe that this paper will influence 
thinking in the field due to its clarity of message and exceptional graphical presentation of 
results. I am generally familiar with 
salmon life cycle models and the overall use was both appropriate and added novel methods. I 
noted in one part of the paper where I am less familiar with one of the statistical analyses used. I 
would defer to you and others there. The open nature of the models, data and coding would allow 
not only the researchers to reproduce the work but add on to a toolkit of models that could be 
used for other species and habitats. 
 
I have included comments in the margin of the manuscript as well as made some direct in-text 
suggestions to improve clarity. This was a pleasure to read. 
 
John F. Kocik 

Thank you! 

 
 
 
 
 



Specific comments in text: 

We edited the text following nearly all of the minor editorial recommendations made in tracked changes, 
which are not repeated here. I pulled out the comments and discuss how we addressed them. 

Ln 54 19Atlantic  Multidecadal  Oscillation (AMO) ) 

Reference added to AMO and Mills et al 2013: 

Although marine climate indices have been tightly linked to survival (e.g., Pacific Decadal Oscillation 
(PDO) (19) and the Atlantic Multidecadal  Oscillation (AMO)(20)),… 

 

LN 87 We applied the model to eight populations within the Snake River spring/summer Chinook salmon 
Evolutionarily Significant Unit (ESU) 

The target audience for the introduction consists of people who are not familiar with these specific locations, so the 
names of populations would not be informative for the general audience. The population names are included in Fig. 
2, which is in the introduction and should therefore be quickly accessible when the paper is typeset. 

 

LN 112 interactions between atmospheric forcing, wind strength, upwelling, and mixing of ocean layers, all of 
which affect productivity throughout the California Current Ecosystem28 

Added text: ecosystem productivity 

LN 121 Although small populations drop below this threshold periodically even in a stationary climate, larger 
populations do not.   

All of these populations are certainly much smaller than they were historically, but we suspect their relative ordering 
was similar to today.  

We modified the text as follows: 

Some small populations may be sustainable within a larger salmon metapopulation. Nonetheless, when the majority 
of populations within the ESU pass this threshold, the ESU itself is at high risk. This ESU is already threatened with 
extinction because of historical declines (41), so although this exact threshold is somewhat arbitrary, it is a useful 
metric for demonstrating the severity of the declines across all of our simulations. 

LN 125 … even the largest populations (Bear Valley Creek and Secesh River) fell below QET50\ 

We added a figure showing population dynamics over the past 20 years, including my model simulation of those 
dynamics, and stated the geometric mean population size at the beginning of the Methods section as follows: 

Geometric mean population sizes from 2005-2014 in the populations shown in Fig. 2 ranged from 38 to 474 (39) 

We feel that the names and locations of the populations in the figures is sufficient for a general audience. Detailed 
spawning maps do not seem appropriate for this manuscript. 

 

LN 142 Are data available to have 2000 or 2010 starts with actual abundance metrics for past 10 to 20 years? Would 
enhance reader understanding of initial states. (Legend for Fig. 4) 



We added a figure in the Methods section (fig. 8) showing historical population dynamics, and refer to this section 
in the first paragraph of the Results section: 

For understanding of recent population dynamics and historical population modeling, see Methods. 

LN 168 Fig. 5. 

We added this information to the introduction: 

We simulated population time series for these exclusively wild populations, whose recent mean spawner abundance 
ranged from 45 to near 600. 

LN 218 More generally, the high�elevation, mostly-wilderness habitat of these populations is unusual for salmon in 
the region, and partially explains the relatively small effects of climate change on their freshwater life stages. 

Citation added: Paulsen and Fisher 2001 

LN 227 Therefore, closely monitoring ocean survival and directing research into these populations 

potential response to novel conditions is clearly needed.  

This sentence was removed during general editing 

 

LN 253 closure of multiple fisheries in 2020. 

This sentence was removed during general editing 

 

LN 272 Small populations had minimal ability to buffer against declining marine survival rates, and thus were at the 
most immediate risk (Fig. 1). 

Changed to: 

Small populations had minimal demographic buffers against declining marine survival rates, and thus quickly 
dropped below the quasi-extinction threshold in nearly all simulations (Fig. 5). 

LN 295 Do these populations use this type of [estuary] habitat? Try not to get too broad and make sure linking to the 
populations in this paper. 

Text added: 

Although the populations studied here generally spend relatively little time in the Columbia estuary, smaller, earlier-
migrating individuals do utilize these habitats (Weitkamp et al. 2012). As fish outmigrate earlier in the future, they 
might rely more on estuary habitat. Furthermore, other salmon populations depend heavily on estuary habitat for 
essential growth and their success has been linked to estuary restoration actions (Diefenderfer et al. 2016). 

LN 312 also enhance/restore freshwater salmon production. 



Changed as suggested 

LN 320 sport fish (smallmouth bass, Micropterus dolomieu and brook trout Salvelinus fontinalis) to 

creation of reservoir habitat more favorable for invasive fish (e.g., American shad, Alosa sapidissima).  

We removed the Latin names here for consistency 

LN 326 habitat 

The word “prime” was changed to “all critical” 

 

LN 333 However, the urgency is greater than ever to identify successful solutions at a large scale and implement 
known methods for improving survival. Management actions that open new habitat, improve productivity within 
existing habitat, or reduce mortality through direct or indirect effects in the ocean are desperately needed.  

 

Text added: However, there are hard choices where human demands on land and water have come at the cost of 
wildlife. The urgency is greater than ever to identify successful solutions at a large scale and implement known 
methods for improving survival. Management actions that open new habitat, improve productivity within existing 
habitat, or reduce mortality through direct or indirect effects in the ocean are desperately needed. We can find new 
ways to improve salmon habitats while maintaining other benefits for people, like reconnecting floodplains for 
recharging aquifers, and protection from flooding, storm surge and erosion with floodplains and natural marshes. 



Methods section: 
LN 339 abundance estimates . 

Text added to introduction: 

LN 154 We simulated population time series for these exclusively wild populations, whose recent 15-y geometric 
mean spawner abundance ranged from 45 to near 600 (Ford et al. 2016; NMFS 2020) and shown in new Fig. 8. 

 

wild from known population sources.  

Text added:  

LN 632 No hatchery fish are released in any of the streams supporting the populations in this analysis. 

“effective spawners”,  

Thank you 

of producing a spawner distribution that was not statistically different from the observation dataset (p-
value>0.05 from the Kolmogorov-Smirnov test).  

Thank you 

 

The COMPASS model also tracks the proportion of fish that were loaded into barges to bypass migration 

through the hydropower system. 

Text added to Supplement S2:  

LN 58 The COMPASS model predicts the proportion of fish passing a dam that will enter the bypass 
system as a function of percent spill, flow, and potentially also day of year or water temperature 
(depending on the dam). 

 

(500,000 iterations per population). 

Please note that the formal convergence tests were conducted on the Bayesian mcmc chain output, as 
described in the supplement S1. We added more information to that section: 

LN 105 We assessed convergence of the chains using the Gelman and Rubin’s convergence diagnostic 
(gelman.diag function in the coda package). The multivariate potential scale reduction factor was 
<1.0125 for all initial models (6 models, in which covariates included summer temperature and one of 
spring, summer or fall flow, and covariates were incorporated into either the productivity or the 
capacity terms). We also examined Heidelberger and Welch’s convergence diagnostics. To ensure all 
chains were long enough, we re-ran all models with a single chain that was 15 million iterations. All of 
the parameters in all models passed this diagnostic, except for the two models that included both 
summer temperature and summer flow. They still had one parameter each that failed the Heidelberger 



and Welch convergence diagnostic (at eps=0.1 and pvalue=0.05). Although visual examination of the 
chains and density distributions looked satisfactory, we did not use these models in further analysis. 

 

But for the calibration step, we assessed goodness of fit using the Kolmogorov�Smirov test. 

Text added: 

LN 770 We selected this number so that we ended up with at least 1000 sets of parameter values for each 
population that produced spawner distributions similar to that observed. 

 



REVIEWERS' COMMENTS:  

 

Reviewer #2 (Remarks to the Author):  

 

I was quite impressed by the first version of this manuscript. I find this manuscript continued to build 

upon the existing salmon literature to provide both an expanded and nuanced view of climate 

impacts on salmon. Results are appropriate and important to share with a broader community. I 

understand and appreciate some of the concerns relative to focus of the paper raised by other 

reviews. I believe that the revisions strengthened and further clarified. I would also point out that 

this paper is of broad geographic reach as some of the findings are applicable to Atlantic salmon and 

probably other searun fish such as shad and eels. I had no “in-line” comments in this second review 

and support all the changes made by the authors. All my minor suggestions were either adequately 

addressed or rebuttal explanations were clear and appropriate. It was a pleasure to reread.  

 

John F. Kocik  

 

 

 

Reviewer #3 (Remarks to the Author):  

 

The authors have addressed my most substantive concerns and clarified the novelty of their work 

(forecasting rather than explanation/hindcasting). This is an important, albeit fairly depressing look 

into the future, that I predict will shape conversations about conservation/restoration actions given 

the predictions of warming SSTs. 


