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Highlights	
 
 
 Global annual mean temperature in 2016 was the warmest on record, continuing 
the streak of unprecedented temperatures that has characterized the past decade (NOAA 
2017).  The long-term global trend in annual temperature is now 0.07°C/decade since 
1880, and 0.17°C/decade since 1970.   
 

Rupp et al. (2016) analyzed differences across the latest round of global climate 
model (GCM) projections and summarized these projections for the Columbia Basin.  
They reported that the global models that best represented the climatology of the Pacific 
northwest (PNW) also showed the largest temperature and precipitation changes, 
although some ranking metrics produced a different result.  Consequently, ensemble 
means of all GCMs might be conservative projections for our region.  Rana and 
Moradhkani (2016) also analyzed differences among GCM projections and statistical 
downscaling methods for the Columbia Basin for 10 GCMs.   
 
 New projections showing atmospheric rivers will become more intense are 
consistent with those previously reported, while those for changes in upwelling are 
somewhat more conservative.  Sea level rise in the PNW was previously reported to be 
somewhat lower than the global mean.  However, a new NOAA report found that sea 
level rise in the region is likely to exceed the global mean under moderate and high 
emission scenarios (Sweet et al. 2017).   
 
 Increasing numbers of studies attributed recent extreme events to anthropogenic 
greenhouse gas emissions rather than natural climate or oceanographic variability.  These 
events include the high temperatures seen in 2015 (Herring et al. 2016) and ocean 
acidification in the California Current (Feely et al. 2016; Turi et al. 2016).   
 
 Perturbation of the ocean soundscape is an interesting impact of ocean 
acidification (OA) not mentioned in previous literature reviews.  Rossi et al (2016) 
reported that OA diminishes biological sounds and alters sound perception, which could 
affect fish dispersal, settlement, and other behaviors.   
 
 New results from an ecosystem model for the northern California Current found 
that intermediate levels of upwelling are optimal for marine productivity across four 
trophic levels (Ruzicka et al. 2016a).  Shorter duration of upwelling also improves 
productivity.  However, the impact of climate change on upwelling dynamics is still 
highly uncertain.   
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 Keefer and Caudill (2016) showed that migrating Columbia River steelhead and 
fall Chinook experienced temperatures up to 3°C above the general river temperature (24 
vs. 21°C) when traveling through fishways and into reservoirs. Benda et al. (2016) found 
that Willamette River Chinook showed significantly less prespawn mortality when held 
at cooler-than-river temperatures prior to outplanting, which is similar to previous 
reported results for Fraser River sockeye.   
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Objective and Methods 
 
 
 The goal of this review was to identify literature published in 2016 that is most 
relevant to prediction and mitigation of climate change impacts on Columbia River 
salmon listed under the Endangered Species Act.  In our literature search, we elected to 
focus on peer-reviewed scientific journals included in the Web of Science database, 
although we occasionally included highly influential reports outside that database.   
 
 We sought to capture the most relevant papers by combining climatic and 
salmonid terms in search criteria.  This excluded studies of general principles 
demonstrated in other taxa or within a broader context.  In total, we reviewed over 500 
papers, 80 of which were included in this summary.   
 
 Literature searches were conducted in February 2017 using the Institute for 
Scientific Information (ISI) Web of Science indexing service.  Each set of search criteria 
involved a new search, and results were compared with previous searches to identify 
missing topics.  We used specific search criteria that included a publication year of 2016, 
plus:   
 
1) A topic that contained the terms climate,1 temperature, streamflow, flow, snowpack, 

precipitation, or2 PDO, and a topic that contained salmon, Oncorhynchus, or 
steelhead, but not aquaculture or fillet    

2) A topic that contained climate, temperature, precipitation, streamflow or flow and a 
topic containing "Pacific Northwest" 

3) A topic that contained the terms marine, sea level, hyporheic, or groundwater and 
climate, and salmon, Oncorhynchus, or steelhead    

4) Topics that contained upwelling or estuary and climate and Pacific 
5) Topics that contained ocean acidification and salmon, Oncorhynchus or steelhead 
6)  Topics that contained upwelling or estuary or ocean acidification and California 

Current, Columbia River, Puget Sound or Salish Sea  
7) A topic that contained prespawn mortality 
 
 This review is presented in two major parts, with the first considering changes to 
the physical environmental conditions that are both important to salmon and projected to 
change with climate.  Such conditions include air temperature, precipitation, snowpack, 
stream flow, stream temperature, and ocean conditions.  We describe projections driven 
by global climate model (GCM) simulations, as well as historical trends and relationships 

                                                 
1 The wildcard (*), was used to search using "climat*" to capture all forms of the word "climate." 
2 Boolean operators used in the search are shown in boldface. 
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among these environmental conditions.  In the second part, we summarize the literature 
on responses of salmon to these environmental conditions, both projected and 
retrospective, in freshwater and marine environments.     
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Physical	Changes	in	Climate	and	pH	
 
 

Annual	state	of	the	climate	in	2016	
 
 In 2016, a new global annual temperature record was set for the third year in a 
row (NOAA 2017).  Last year was the warmest in the 137-year series at 0.94°C above the 
20th century average.  The world’s oceans were 0.75°C above average.  The highest ocean 
anomalies were due to a near-record El Niño at the beginning of the year.  For 40 
consecutive years, the annual temperature has been above average, with the five warmest 
years occurring since 2010.  Land temperatures were 1.43°C above average.  The 
long-term trend now shows a rate of warming of 0.07°C/decade since 1880, and 
0.17°C/decade since 1970.   
 
 Annual average temperature for the contiguous United States was the second 
highest among all 122 years on record, behind only 2012, and was the 20th consecutive 
higher-than-average annual temperature.  In the higher latitudes, Alaska had its warmest 
year since recording began in 1925, surpassing the previous record set in 2015.  Many 
regions across western Canada also had the warmest summer on record in 2016. 
 
 

Global	and	national	climate	projections	
 
 New analyses of the coupled model intercomparison project (CMIP5) ensemble 
global climate model (GCM) projections for the fourth U.S. National Climate 
Assessment have been completed, but are still in draft form with expected publication 
date in 2018.  Other analyses characterized projected changes in the frequency of “mild 
weather,” which was defined as maximum temperatures between 18 and 30°C, 
precipitation not more than 1 mm, and dew point temperature not more than 20°C (van 
der Wiel et al. 2016).   
 
 The mean number of mild days per year declined by 11 in 2081-2100 projections, 
when weighted spatially by current human population densities.  The frequency of mild 
days increased in mid-latitudes and decreased in the tropics and subtropics.  The 
probability of mild weather increased along the U.S. West Coast in spring and fall (and 
winter in southern California) and decreased in summer.  These projections showed the 
same trends observed in the recent past.   
 
 The U.S. Environmental Protection Agency produced their fourth report updating 
information from current indicators of climate change (EPA 2016).  The report 
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summarizes most of the indicators mentioned previously in national and global reports 
using slightly different spatial extents and time periods.  In addition, the report includes 
some new indicators especially relevant to topics in this review:  river flooding, coastal 
flooding, stream temperature, and marine species distributions.    
 
 From 1940 to 2014, low (7-d) and high (3-d) streamflows tended to show minimal 
change or decreases up to 50% in the west, but large increases in the central and eastern 
U.S.  Flow data from the USGS showed that flooding events have significantly increased 
at many sites in western Washington, decreased in many sites in western Oregon and 
California, and showed mixed trends in the interior Columbia Basin.  
 
 The EPA report showed widespread reductions in snowpack in the western states 
and increased area burned by wildfire, with Idaho showing the largest percent area 
burned of anywhere in the country.  They highlight a 1.4°F increase in water temperature 
at an unidentified site near Nez Perce land in the Snake River between 1960 and 2015 
and the potential impact on salmon.  They also mentioned shifts northward and to deeper 
water averaged across 105 marine fish and invertebrates from 1982 to 2015 from the 
NOAA and Rutgers University OceanAdapt database.    
 
 Based on CMIP5 GCM projections, the risk of megadroughts, or 35-year periods 
equal to or more severe than the worst droughts of the 20th century, will increase by 
70-99% by the end of the century in the southwestern U.S. (Ault et al. 2016).  
Surprisingly, the increased risk is due to temperature increases and is not very sensitive to 
changes in precipitation.  Therefore, the projections are much more confident than 
expected from the variation across GCMs in future precipitation.   
 
 Flooding on the U.S. West Coast is generally most severe during atmospheric 
river events, as quantified by Barth et al. (2016).  Several papers in previous years 
concluded that global warming will cause more frequent and intense atmospheric rivers, 
and that there will be a shift in the latitudes most affected.  Studies published in 2016 
showed similar results, and refined our understanding of more specific impacts.   
 
 Shields and Kiehl (2016) studied the response produced by one specific GCM 
(CCSM4).  They found that atmospheric rivers shifted equatorward, increasing 
specifically in southern California (32–35°N latitude bands), where they caused more 
intense precipitation events.  Small-to-modest increases in rainfall rates are expected 
from northern California to Washington State.    
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Columbia	Basin	Climate	Projections	
 
 Rana and Moradhkani (2016) compared two statistical downscaling 
methodologies:  bias corrected and statistically downscaled (BCSD) and multivariate 
adaptive constructed analog (MACA).  They characterized CMIP5 projections for the 
Columbia Basin for 10 GCMs.  They focused on examination of the differences between 
downscaling methods and GCMs, rather than production of regional averages (which are 
unchanged from previous summaries).  In future scenarios, they also found changes in the 
frequency of 2-year vs. 4-year precipitation events, but not heat waves.  
 
 Rupp et al. (2016) completed a regional analysis of 35 CMIP5 GCM projections 
averaged across the Columbia River Basin, exploring some nuances that were not 
addressed in previous summaries (Mote et al. 2013; Vano et al. 2015a; Vano et al. 
2015b).  Consistent with previous work, the multi-model ensemble for the 30-year mean 
annual temperature averaged over the Columbia Basin increases by 5.0°C in 
representative concentration pathway (RCP) 8.5 and by 2.8°C in RCP 4.5 in the late 21st 

century over the 1979–1990 baseline.  More warming occurs in summer than in winter.  
Three-quarters of the projections show a decrease in precipitation in summer, and over 
90% of projections show an increase in winter precipitation.    
 
 Importantly, the individual GCMs that projected more warming and precipitation 
are the same GCMs that more closely matched historical climate patterns in the PNW.  
Rupp et al. (2016) found a significant linear relationship between model rank and 
projected summer temperature and winter precipitation changes.  However, this result did 
depend on the metrics they used to rank GCMs. Previous analyses have not found a 
systematic differences like this, so additional analyses to determine the robustness of 
these results is needed. 
 
 Rupp et al. (2016) also analyzed which climatological processes caused 
differences across seasons in the magnitude of climate change.  Consistent with previous 
theories, wetter winters resulted from deepening and southward extension of the Aleutian 
low pressure system, which pushes more warm moist air into the PNW from the Pacific.  
Drier summers were caused by northward expansion of the North Pacific subtropical high 
pressure system.  The combination of warmer and drier summers reflects land-surface 
interactions and a change in anticyclonic circulation.  The difference between summer 
and winter warming rates can be attributed to a change in the ratio of latent and sensible 
heat fluxes, which follow from the differences in precipitation, cloud cover, soil moisture 
content, and seasonal differences in short- and long-wave radiation flux.   
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 Rupp et al. (2016) further found that interannual variability decreases for 
temperature in winter but increases for temperature in other seasons and increases for 
precipitation in all seasons.  Internal variability in GCM projections is high in both 
temperature and precipitation. However, relative differences in the importance of 
different types of uncertainty emerge over time and when comparing different variables. 
Variation among GCM temperature projections stems from different global climate 
sensitivities in each model to a greater extent than for precipitation. These systematic 
differences between models increase the differential in projections over time.  Variation 
in precipitation among GCMs, on the other hand, stems from primarily internal model 
variability.   
 
 The third Oregon Climate Assessment Report has been published, summarizing 
the CMIP5 projections for Oregon State (Dalton et al. 2017).  Climate projections are 
summarized for different geographic regions within the state.  The report discusses the 
expected impacts on ecosystems, forests, crops, human health and tribal interests.   
 
 

California	Current	
 
Projections	

 NOAA produced a new report on global and regional sea level rise for the United 
States (Sweet et al. 2017).  The report summarized historical and projected changes in sea 
level changes under six scenarios that range from 0.3 to 2.5 m by 2100.  Sea level along 
the northern British Columbian and southern Alaskan coast rose less than the global 
average, and in southern California sea level rose more than the global mean in all 
scenarios.  Sea level rise in the PNW was intermediate, ranging from slightly less than 
the global average in optimistic scenarios to somewhat more in moderate and 
business-as-usual scenarios.  The report provided examples of risk-based analyses using 
these scenarios.   
 
 Sea level rise involves delayed responses to greenhouse gases, such that the ocean 
will continue thermal expansion for hundreds of years after short-lived gases have left the 
atmosphere (Zickfeld et al. 2017).  Therefore, actions to limit short-lived gas emissions 
will have larger benefits than previously recognized. 
 
 Sea level rise has complex impacts on coastal zones and estuaries.  A rising ocean 
has the benefit of mitigating temperature increases in lower estuaries, as demonstrated in 
a case study of the Yaquina estuary in Oregon (Brown et al. 2016).  An increase in air 
temperature of 3°C caused only 0.7-1.6°C warming, on average, in the Yaquina Estuary.  
Nonetheless, the maximum average daily temperature of the upper estuary exceeded 
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18°C for 7 d under the 3°C air temperature scenario and for 40 d under a 4°C air 
temperature scenario.   
 
 In the Skagit estuary, sea level rise and projected changes in river flow will 
increase the inundation during a 100-year flood by 57% during the 2040s and by 74% 
during the 2080s over the 1970-1999 average, based on an ECHAM-5 GCM A1B 
scenario (Hamman et al. 2016).  Salinity is expected to increase in the nearshore by 
1 psu, and the salinity intrusion will extend 3 km further upstream in the Skagit River 
(Khangaonkar et al. 2016). 
 
 EPA conducted a quantitative analysis of temperature sensitivity of the South 
Fork Nooksack River under climate projections, and found an acceleration of the 
probability of exceeding water quality standards (Butcher et al. 2016). The found a high 
probability of exceeding lethal thresholds by the 2040s under low-flow conditions. They 
found that riparian shading becomes increasingly important over time to mitigate high 
temperatures.  
 

EPA also completed a qualitative report on the impact of climate change on 
recovery actions for the Nooksack River (Grah et al. 2016). The report includes a detailed 
discussion of life-stage specific impacts and matches these impacts to specific action 
items. They found that although the right types of actions had already been identified, 
barriers to implementation needed to be addressed for them to be effective.  
 
 As described in previous reviews, the direction and magnitude of future changes 
in upwelling are uncertain. Tim et al. (2016) conducted a new analysis of the sensitivity 
of upwelling to climate forcing using two earth system models.  They found no 
significant trends in the historical (900-1849) or future (2006-2100) climate, except for a 
slight weakening in the California Current under the RCP 8.5 scenario (Tim et al. 2016).  
However, the physical links between large-scale wind patterns, upwelling, and 
productivity are still an active area of research.  Renault et al. (2016) showed that primary 
productivity can become decoupled from upwelling winds due to eddies produced by 
alongshore currents. 
 
Retrospective		

 A series of retrospective analyses examined causes and characteristics of the 
unusual climatic conditions of 2015.  In a special supplement to the Bulletin of the 
American Meterological Society, 28 papers explored global climate anomalies.  All 
heat-related phenomena were shown to be more intense or more likely due to 
anthropogenic influences on the climate (Herring et al. 2016).   
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For example, the 2014/2015 “snowpack drought” in Washington State occurred 
during a near-normal year in precipitation. The drought stemmed from unprecedented 
warmth over winter, which caused more winter precipitation to fall as rain rather than 
snow, which is a temperature effect (Fosu et al. 2016). The extreme drought in western 
Canada in 2015 reflected the combination of anthropogenically-influenced warm spring 
conditions with natural variation producing dry summer weather (Szeto 2016) (similar to 
the California drought). The 5.1 million acres that burned in Alaska, the second most on 
record, was 34-60% more likely due to anthropogenic climate change (Partain Jr. et al. 
2016). 

 
Record-low sea ice extent in March 2015 would not have been as extreme without 

long-term warming (Fučkar et al. 2016). Daily rainfall extremes in 2015, on the other 
hand, could not be formally attributed to changes in atmospheric gases, but are consistent 
with that explanation (Kam et al. 2016).  
 
 Jacox et al. (2016) analyzed the influence of an extraordinarily strong El Niño on 
the California Current ecosystem during 2015.  They found that the 2015 El Niño did not 
have impacts on the ecosystem that were comparable with those of the last two strongest 
ENSO events (1982-1983 and 1997-1998).  The 2015 event had reduced impacts because 
it did not drive strong upwelling-favorable winds or strong equatorial Kelvin waves.  
Thus the large biological anomalies of 2015 were driven mostly by longer-term sea 
surface temperature anomalies.  Sea surface temperatures in 2014-2015 were part of a 
record-breaking 15 months of negative anomalies in coastal wind, which were not 
associated with El Niño (Robinson 2016). 
 
 Biological impacts of “the blob” temperature anomaly in the eastern Pacific from 
2013 to 2015, were described by Cavole et al. (2016).  For example, they list species that 
displayed mass strandings (3 birds), shifts in distribution (12 fish, 3 invertebrates, and 
1 reptile), shifts in abundance (3 fish and krill), and other unusual records (6 fish, 
1 invertebrate, 2 whales, 1 reptile).  They discuss mechanisms and economic impacts of 
the blob as well.  Economic impacts included fishery closures due to harmful algal 
blooms.  Negative effects on pollock and salmon fisheries were expected but not yet 
determined. 
 
 The blob could be considered an example of a marine heat wave.  Scannell et al. 
(2016) conducted a formal analysis of marine heatwaves since 1950.  They found a 
significant influence of anthropogenic warming on the occurrence of these heatwaves. 
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Stream	temperature	and	flow	projections	
 
 Stream temperature has a profound impact on biological processes.  Stream 
temperature projections for Puget Sound, Washington (Cao et al. 2016), the Umatilla 
basin of northeastern Oregon (DeBano et al. 2016), and the Navarro River in California 
(Woltemade and Hawkins 2016) will all be useful for conservation planning.  Changes in 
land use and riparian vegetation in the Puget Sound could potentially reduce local 
impacts of rising global temperatures, and stream temperature projections provide 
support for proactive conservation actions (Cao et al. 2016).   
 
 Analyses of stream flow have been conducted nationally (Dhungel et al. 2016), in 
the Salmon River Basin of Idaho (Gould et al. 2016), and in the Tucannon (Praskievicz 
2016) and Skagit River Basins of Washington (Lee et al. 2016).  In California, stream 
flow analyses have also been conducted for the Sacramento River (Stern et al. 2016) and 
for some mid-elevation catchments in the southern Sierra Nevada mountains (Jepsen et 
al. 2016).   
 
 The national analysis focused on hydrograph regime changes, finding more 
extensive changes in the central and eastern U.S. than the west, where many snow-fed 
streams maintained their current hydrograph classifications (Dhungel et al. 2016).   
 
 In model projections for the Salmon River Basin, severe fires exacerbated the 
advance in the timing of peak spring flows (Gould et al. 2016).  Large sediment flows 
associated with severe fires may pose management challenges.  However, another study 
found that the processes relating fire frequency and severity to drought are spatially 
heterogeneous, suggesting that in many existing projections of fire dynamics, key 
assumptions need to be examined more carefully (McKenzie and Littell 2017). 
 
 Sediment flows are also projected to alter the hydrograph of the Tucannon River, 
amplifying climate change-induced seasonal variation (Praskievicz 2016).  Under a range 
of A2 global and regional model combinations, 4-34% more flooding occurred in the 
winter and 5-47% lower flows occurred in the summer (Praskievicz 2016).  Changes in 
hydropower production were modeled for the Skagit River (Lee et al. 2016).  Low-flows 
in the Skagit decreased by 5-20%, but changes in extremes were less predictable than 
changes in average low-flows (Stumbaugh and Hamlet 2016). 
 
 A hydrological model of Sierra Nevada dynamics explored the sensitivity of the 
snow/rain ratio and low flows to soil characteristics across elevation gradients (Jepsen et 
al. 2016).  A model of the Sacramento River explored changes in sediment flow and 
flood risk with storm events (Stern et al. 2016).   
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Ocean	acidification	
 
Projections	

 Eleven species groups in the California Current are consistently expected to 
respond negatively to ocean acidification (Busch and McElhany 2016).  When concurrent 
effects of low pH and low dissolved oxygen were examined experimentally, most studies 
found additive negative effects, but synergistic negative effects were also demonstrated 
(Gobler and Baumann 2016).  Further work is needed before we can predict when 
synergistic responses will occur, so these effects might be underestimated in current 
projections.  Somero et al. (2016) provide a general overview of the interacting effects of 
multiple stressors.   
 
 A full scale end-to-end examination using the Atlantis model explored the impact 
of ocean acidification on the California Current ecosystem (Marshall et al. 2017).  
Species groups that showed direct negative effects of OA, such as epibenthic 
invertebrates (crabs, shrimps, benthic grazers, benthic detritivores, bivalves) experienced 
the largest declines.  Their predators, including some demersal fish, sharks, and 
Dungeness crab also suffered because of declines of their prey.   
 
 With regard to human impacts, the crab fishery was most hurt in OA scenarios.  
The model was unable to reproduce realistic salmon biomass in calibration runs, so 
impacts on salmon were not reported.  Relatively small effects were experienced by other 
functional groups.   
 
 In an examination of the effects of climate change in the Arctic found that 
although net benefits of warming are expected for fishermen, ocean acidification reduces 
the magnitude of this benefit (Lam et al. 2016).   
 
Retrospective	analyses	

 An analysis of ocean acidification in the California Current found that from 1979 
through 2012, pH decreased by -0.02/decade and aragonite saturation decreased 
by -0.12/decade in the top 60 m, averaged across the whole spatial domain-wide (Turi et 
al. 2016).  Acidification at the domain scale was attributed largely to the increase in 
atmospheric CO2 levels.  However, spatial heterogeneity in acidification rates within the 
California Current ecosystem was caused by wind anomalies, which affected upwelling 
rates.  The nearshore areas of northern California and Oregon acidified much more than 
elsewhere in the domain because of the changes in along-shore winds.   
 
 Aragonite saturation occurred at shallower depths than it has historically, with 
changes in aragonite saturation depth of up to -50 m per decade in the nearshore ocean.  
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This change compresses suitable biotic habitat into a much smaller area than was the case 
40 years ago.  A separate analysis of ocean acidification in the California Current 
produced similar results, adding that pteropod shell dissolution increased approximately 
19-26% in both nearshore and offshore waters since pre-industrial times (Feely et al. 
2016).   
 
Ecological	impacts	of	ocean	acidification	

 Multiple literature reviews outlined the mechanisms by which ocean acidification 
affects ocean ecosystems (Mostofa et al. 2016) and found little support for a simplistic 
conceptual model such as aerobic scope limitations for all stressors (Lefevre 2016).  
Other reviews summarized current information on species-specific responses to pH.   
 
 One novel result found an impact of pH on hearing and the marine soundscape 
(Rossi et al. 2016).  Biological sound production was diminished in natural CO2 vents, 
which were explored as an analogue for future conditions.  Furthermore, fish did not 
respond normally to those sound levels after they had been exposed to high CO2 
conditions.  Larval fish use sound to orient during dispersal and find suitable habitat in 
which to settle, so OA might interfere with these key recruitment processes.   
 
 For the California Current, negative effects of low pH on kelp growth rates 
(Britton et al. 2016) and krill metabolic rates (Cooper et al. 2016) are relevant, as are 
numerous studies of negative effects of low pH to fish such as silversides (Miller et al. 
2016), cod (Stiasny et al. 2016), and sand smelt (Lopes et al. 2016; Silva et al. 2016).   
 
 Various behavioral studies found effects of low pH on fish schooling (Lopes et al. 
2016), olfactory, and predator avoidance behavior (Nagelkerken et al. 2016).  However, 
as pointed out by Wahl et al. (2016), the utility of laboratory studies for predicting effects 
in the natural environment is limited when natural variation in pH is ignored.   
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Biological	Responses	to	Climate	Change	
 
 

Species‐level	impacts	
 
Projections	

 Sharma et al.(2016) expect Pacific lamprey and Pacific eulachon to be negatively 
impacted by climate change.  Specifically, higher late fall and winter stream flows are 
expected to have a negative impact on lamprey but possibly a positive impact on 
eulachon.  Higher ocean temperatures and reduced upwelling would have negative 
impacts on both species.  Cumulative effects will be most severe for lamprey in the 
interior Columbia.   
 
Retrospective	analyses	

 Climate-related local extinctions the affect all taxonomic groups across the globe 
have been documented by Wiens (2016).  Of 976 species surveyed, 47% exhibited 
evidence of climate-related losses.  Extinctions were most common at the warm edges of 
the range, causing range contractions or shifts, while just 6% of species examined 
showed range expansions.  Effects have been more severe in freshwater than terrestrial or 
marine habitats (74 vs. 46 and 51%, respectively).  Freshwater habitats might be more 
vulnerable due to their greater sensitivity to drought or variability in precipitation and 
limited options for vertical range shifts relative to marine species.  Approximately 60% of 
the 69 fish species examined included populations that went locally extinct with a climate 
attribution. 
 
 

Stage‐specific	impacts	in	salmon	and	their	ecosystems	
 
Juvenile	freshwater	stages:		temperature	and	growth	

 Temperature and flow affect freshwater juvenile growth rates, which affect 
survival in later stages through size-selective mortality and behavioral consequences, and 
juvenile and adult survival.  Studies published in 2016 focused on the importance of 
temperature at critical stages for egg development and juvenile growth.  They identified 
effects measured at later life stages that could be pinpointed to the timing of development 
and growth. 
 
 Specifically, Thompson et al. (2016) found that for hatchery-reared winter 
steelhead smolts, spawn date was a significant predictor of smolt size at the time of 
release one year later.  This smolt size effect was attributed to slower development of 
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early spawned eggs, which occurred because the hatchery uses temperature to 
synchronize emergence date across families.  The significance of this finding for climate 
change analyses is that warmer temperatures will drive faster development, which is 
more akin to the later-spawned eggs here.   
 
 This experiment implies that even under similar juvenile growth conditions, the 
history of warmer winter/spring development temperatures will result in smaller smolts.  
This result is consistent with previous experimental work showing effects of development 
temperature on yolk absorption rates and fry size.  However, in this case, the implications 
extend all the way to the smolt stage, one year later. 
 
 By examining growth patterns in different age groups of Skagit River steelhead in 
the wild, Thompson and Beauchamp (2016) found evidence for size-selective survival 
and identified how improved growth opportunities at critical stages could improve 
survival.   
 
Adult	freshwater	stages:		temperature	and	disease	effects	on	upstream	migrants	

 A major concern for upstream migrant survival in the Columbia and Snake Rivers 
is the risk incurred from high water temperature.  Based on data from archival 
temperature tags, Keefer and Caudill (2016) summarized thermal exposure for summer 
steelhead and fall-run Chinook through four dams in the lower Snake River.  They found 
that annual maxima were higher at a site just downstream from Ice Harbor Dam 
(21.4-22.4°C) compared with Lower Granite Dam (19.9-20.2°C).   
 
 Some fish experienced temperatures higher than those recorded at either 
temperature monitoring site (24°C).  Most logger-tagged fish from both species 
encountered the warmest temperatures inside dam fishways or in reservoirs just upstream 
from fishway exits.  They demonstrated that both species used a cool-water site near a 
tributary to cool their body temperatures, but Chinook stayed in these sites for less than 
one day, whereas steelhead might stay for weeks.  Steelhead typically traverses this route 
more slowly than Chinook, which corresponds to higher average heat loads. 
 
 In an experiment designed to evaluate the potential benefit of cool-water holding 
for upstream migrants, Benda et al. (2016) found that experimental holding in cold water 
lowered prespawn mortality in Willamette spring Chinook, but resulted in a different 
pathogen profile compared with in-river fish.  This result is consistent with generally 
higher risks of disease exposure when fish are constrained, yet there remained an 
overriding benefit of reduced mortality.   
 
Marine	survival	
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 Marine survival has been a major “black box” for salmon life cycle modeling 
because of the complexity of ocean ecosystems.  A variety of approaches have been 
employed to understand and model this life stage.  A useful review of modelling 
approaches and the extent to which they integrate environmental drivers was published 
by Koenigstein et al. (2016).   
 
 In life cycle models of Columbia River salmon, we have primarily relied on 
statistical analyses of the correlation between standard indices of abiotic conditions (e.g., 
sea surface temperature, upwelling indices, etc.) and smolt-to-adult return rates.  This is 
the first annual literature review in which we found no new correlation analyses of this 
sort specifically for salmon, although we include some studies on salmon prey, such as 
rockfish and anchovies.   
 
 Rockfish larvae are an important prey item and indicator of juvenile salmon 
survival (Daly et al. 2013), making the physical factors that influence rockfish indirectly 
relevant for salmon.  An analysis of black rockfish and kelp greenling found that cool 
basin-scale conditions of indices such as the PDO, NPGO, and ENSO favored rockfish 
growth in the California Current (von Biela et al. 2016).  However, alternating warm and 
cool years were more beneficial for benthic-feeding kelp greenlings.  Warm conditions 
were more favorable for both species in the Alaska Coastal Current system.  These 
conditions are similar to the physical conditions that are beneficial for salmon.   
 
 Another analysis explored the mechanistic basis of the well-known climate-driven 
oscillation between sardine and anchovies.  Species-interaction models showed that 
differences in the prey base shared by the two species could explain these fluctuations 
(Canales et al. 2016).  Sardines are better at foraging on smaller prey, so they have an 
advantage when the prey base consists of plankton with smaller body sizes.  However, 
anchovy thrive when larger plankton are available, which ends up hurting sardines 
because they become prey to the anchovies (Canales et al. 2016).   
 
 Two studies measured salmon responses to oceanographic and community 
characteristics directly.  Sabal et al. (2016) related  juvenile catch data to hatchery release 
information and oceanographic conditions for Central Valley fall Chinook.  They found 
that the best ocean predictors of both growth and survival included diatoms, predatory 
zooplankton, temperature and currents.  However, each of these factors had opposite 
effects on growth and survival, such that growth was highest during periods of low 
survival.   
 
 This result indicates either a density-dependent relationship between growth and 
survival (fish grow better when there are fewer of them), or stronger size-selective 
mortality during periods of low survival than high survival.  Highest survival occurred 
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during oceanographic relaxation events, which occur in between upwelling events.  These 
periods might be the most favorable for salmon because of pre-conditioning by 
upwelling, which brings nutrients to the surface, followed by weaker currents, which 
retain prey nearshore, reduce salmon energetic requirements, and produce warmer 
temperatures that favor salmon growth. 
 
 Consistent with these results, Wells et al. (2016) published a conceptual model 
supported by an individual-based-model of the bottom-up drivers of central Californian 
Chinook salmon growth and survival during the early marine stage.  Wells et al. (2016) 
further link the relaxation conditions identified by Sabal et al. (2016) with the strength 
and location of the North Pacific High pressure system in winter.   
 
 The second salmon study found a significant negative relationship between 
jellyfish biomass (specifically, the sea nettle Chrysaora fuscescens) and smolt-to-adult 
returns of coho and Chinook salmon off Oregon and Washington during 1999-2012 
(Ruzicka et al. 2016b).  The spatial distribution of sea nettles and juvenile salmon catch 
within years was also correlated, and salmon stomachs were less full at locations with 
greater overlap with sea nettles.  These results are consistent with indirect competition for 
zooplankton between jellyfish and salmon.   
 
 Consistent with most previous literature, both salmon-specific papers in 2016 
reported a combination of bottom-up and top-down regulation of marine survival in 
salmon.  Ecosystem models have the benefit of incorporating both types of pressures.  
Ruzicka et al. (2016b) were essentially testing one of the predictions from their 
ecosystem model, which was that among all trophic interactions within the Pacific 
Northwest coastal food web, juvenile salmon are particularly sensitive to jellyfish 
blooms.  Here we include a discussion of ecosystem models of the California Current 
published in 2016. 
 
 End-to-end models attempt to mechanistically link atmospheric and physical 
drivers through ocean ecosystem processes all the way to top predators and fisheries.  
End-to-end models for the California Current explored how different upwelling scenarios 
affected productivity (Ruzicka et al. 2016a), how environmental variability affected sea 
lion foraging ecology (Fiechter et al. 2016), and how ocean acidification changed 
fisheries revenue (Marshall et al. 2017).   
 
 Ruzicka et al. (2016a) described results from an end-to-end model of the Northern 
California Current Ecosystem.  The model integrates physical, trophic, and nutrient 
cycling processes.  They found that productivity of four indicator groups (copepods, 
forage fishes, invertebrate epifuana, and semi-demersal fishes) showed an intermediate 
optimum upwelling rate.  Productivity increased from low to moderate upwelling rates 
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because higher nutrient supply increased primary and consumer production.   
 
 However, when upwelling rates increased the offshore transport of plankton faster 
than they could be eaten, productivity declined.  Compared to the 9-d mean duration of 
upwelling events observed during 1967-2014, shorter events increased productivity of all 
groups by reducing export of plankton, with an optimum duration of 3 d. Ruzicka et al. 
(2016a) also found a shift in plankton community composition toward larger diatoms 
(compared with flagellates) with longer upwelling events. 
 
 

Climate	vulnerability	assessments		
 
 NOAA-Fisheries published results from the first regional vulnerability assessment 
of the impact of climate change in the northeastern U.S. (Hare et al. 2016).  Atlantic 
salmon scored very high in both climate exposure and species sensitivity, as did just one 
other species (bay scallop).  Other anadromous fish (American and hickory shad, 
sturgeon and smelt also scored very high in climate exposure, and high in sensitivity.   
		

 Recent work in the general ecological literature has encouraged consideration in 
vulnerability assessments of the potential for adaptive capacity to alter predicted effects 
of climate change.  Adaptive capacity can include either plastic (non-genetic) or genetic 
responses to climate change.  Theoretical analyses suggest that some general principles 
might determine the relative roles of plasticity and adaptation along latitudinal clines due 
to systematic variation in the variability and predictability of environmental conditions 
(Boyd et al. 2016).  Invertebrate assemblages from Singapore to Antarctica showed the 
predicted patterns in heat tolerance and acclimation ability (Morley et al. 2016).   
 
 The general expectation is that adaptive capacity will increase resilience beyond 
what is assumed by niche models using observed distributions (Beever et al. 2016).  
However, the opposite result might also be true, and might be more typical for salmon.  
Genetic variation has already been depleted in most listed populations, so adaptive 
capacity is more likely to reduce resilience than increase it.  For example, local 
adaptation to climate at the southern range edge of steelhead has been greatly depleted by 
introgression from introduced hatchery rainbow trout (Abadia-Cardoso et al. 2016).  
 
 However, consistency in scientific results regarding adaptive capacity is still low. 
Wade et al. (2016) compared the rankings of steelhead and bull trout in the Columbia 
River Basin, and found that the specific methodology used to quantify adaptive capacity 
significantly affected rankings.  
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 In Columbia Basin steelhead, climate variables are correlated with genetic 
differentiation within metapopulations (Hand et al. 2016).  However, different 
metapopulations had different environment-genetics relationships, so it is not possible to 
extrapolate particular relationships to larger spatial scales (Hand et al. 2016).  Rapid 
evolution to environmental conditions within lineages is well established in salmon.  This 
was further supported by an analysis showing the summer-run ecotype of steelhead 
evolved many times in parallel in Oregon and N-Cal (Arciniega et al. 2016).   
 
 For marine ectotherms, metabolic demands of a warmer climate favor a faster life 
cycle characterize by earlier age at maturation and smaller body sizes (Waples and 
Audzijonyte 2016).  This is qualitatively the same direction of response already imposed 
by the fishing industry (fishery-induced evolution), and many fish populations have 
altered their size structure and age at maturity in recent decades (Audzijonyte et al. 2013).   
 
 Thus, heavily-fished populations already display the characteristics expected to 
become much more widespread in marine species.  Some of these populations have failed 
to recover after fishing has stopped, possibly due to evolutionary effects.  It will be 
important for fishery management to account for the increased boom-bust population 
cycles associated with faster life histories.   
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