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1 Executive summary   
In 2011, the accumulation of more “fingerprints” of global warming continues 

(Blunden and Arndt 2012). CO2 concentrations in the atmosphere broke new records, driving 
radiative forcing to 30% above 1990 levels. Rapid warming in high latitudes produced record 
losses of snow and ice from ice sheets and sea ice. Average summer temperatures throughout 
the U.S. were the second warmest on record, and despite the typically cool La Niña, 2011 
was one of the 15 warmest years on record in the US, contributing to a very active wildfire 
season. The rise in 30-year average daily temperatures, reflected in the U.S. “Normals” for 
1981-2010, was several degrees above that for the 1971-2000 period, reflecting the longer 
trends (Arguez et al. 2012). The frequency of extreme precipitation events (1-day and 5-day 
events) has increased over much of the Northern Hemisphere, despite natural forcing toward 
a decrease, thus presenting another “fingerprint” of the effects of anthropogenic forcing (Min 
et al. 2011). 

 In the PNW, hydrological impacts of warming have been strongest in rain-snow 
transient watersheds, where discharge has increased in the winter and decreased in the 
summer, producing earlier peak flows and lower low flows since 1962 (Jefferson 2011). New 
projections of hydrological responses in the PNW are consistent with the observed historical 
trends in hydrology (Cuo et al. 2011) and fire frequency and severity (Rogers et al. 2011), 
and emphasize the additional sensitivity in our region to higher projected rates of summer 
warming compared with winter warming for total annual discharge (Das et al. 2011). A 
statistically significant rise in summer sea level over the past century reflects larger patterns 
of sea level rise, while controlling for the effects of El Niño in winter (Komar et al. 2011). 
Similarly, summer upwelling intensity at 39º-42ºN has increased (Black et al. 2011), and 
upwelling has advanced earlier in the year, with a shorter upwelling period off British 
Columbia (Foreman et al. 2011). Hypoxia in the Columbia River estuary has been linked to 
upwelling events (Roegner et al. 2011b), and frequently reaches stressful levels for fish 
(2mg/L, Roegner et al. 2011a). Although some models project that hypoxic water from 
upwelling will decrease with climate change (Glessmer et al. 2011), sensitivity to hypoxia is 
much greater in warmer water, so it continues to present a serious risk (Vaquer-Sunyer and 
Duarte 2011). Numerous papers explore the hydrodynamics of the Columbia River, including 
sediment transport which might affect salmon survival (Jay et al. 2011; Jay and Naik 2011; 
Naik and Jay 2011b; Naik and Jay 2011a). Ecological fingerprints of climate change include 
a strong signal of long-term trends and regime shifts in marine ecosystems, described in a 
recent review of 300 time series in waters around the UK (Spencer et al. 2011).   

A major concern is the extent to which natural responses to climate change must 
include range shifts or range contractions, because the current habitat will become unsuitable. 
The rate of range shifts and phenological shifts necessary to track climate change might be 
significantly larger in the ocean than on land, despite the slower absolute rate of warming in 
the ocean, due to shallower spatial and temporal gradients in temperature (Burrows et al. 
2011). Abdul-Aziz et al (2011) illustrate this point dramatically for PNW salmon by 
showing that climate scenarios imply an enormous contraction (30-50% by the 2080s) of the 
summer thermal range suitable for chum, pink, coho, sockeye and steelhead in the marine 
environment, with an especially large contraction (86-88%) of Chinook salmon summer 
range (A1B and A2 scenarios). Previous analyses focusing on sockeye salmon (Welch et al. 
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1998) came to similar conclusions, but updated climate change projections and the multi-
species perspective make this a particularly relevant paper. 

Most of the other impacts of climate change on salmon reported in 2011 are 
consistent with the direction of previous studies. Copeland and Meyer (2011) found a 
positive effect of flow on juvenile Chinook density in the Salmon River Basin. Although 
demonstrated in Atlantic salmon (Marschall et al. 2011), observations that very long delays 
at dams can lead to exposure to extremely high river temperatures during smolting also could 
apply to the Columbia River. Bi et al (Bi et al. 2011a; Bi et al. 2011b) found strong 
correlations between marine distribution and growth and cold-water flow from the north, 
which presumably will decline with rising SST.  

Numerous papers on adult migration demonstrate that migration timing is both 
genetically and plastically determined, and that changes in timing have already occurred 
(e.g., an evolutionary response in Columbia River sockeye,  Crozier et al. 2011) and will 
continue with climate change. Projections of warming in the Fraser River produced much 
lower estimates of migration survival than occur now (Hague et al. 2011; Martins et al. 
2011), although they aren’t expected to drive the populations extinct on their own (i.e., acting 
on this life stage alone, Reed et al. 2011). Much of the current mortality might be due to 
diseases as yet unidentified (Miller et al. 2011a).  

Several papers emphasize that focusing exclusively on effects of individual life stages 
gravely unrepresents the cumulative impacts of climate change on salmon (Healey 2011; 
Pankhurst and Munday 2011). Analyses of the factors correlated with salmon extinctions in 
California (Zeug et al. 2011) and Japan (Fukushima et al. 2011) point to changes in flow 
regimes and rising air temperatures. 

The risk of diseases throughout the life cycle is probably one of the least well 
quantified areas of concern (e.g., little is known about virus responses to climate change, 
Danovaro et al. 2011). The best way to protect salmon from disease risk is to maintain large 
population sizes with high genetic diversity (de Eyto et al. 2011). Species interactions are 
also poorly predicted, although recent work shows that competition among trout species can 
significantly alter predicted effects of climate change (Wenger et al. 2011). 

On the positive side, some papers found less negative impacts of rising temperatures 
than expected (e.g., high tolerance of Snake River fall Chinook for 23ºC,  Geist et al. 2011), 
and substantial genetic variation (and thus theoretically, the potential for evolution) in growth 
parameters, smolt behavior, migration timing, cardiac performance and heat tolerance. 
However, the existence of genetic variation and local adaptation in physiological traits does 
not support much optimism that evolution is likely to rescue Chinook salmon from risk of 
lowered survival due to climate change (unlike migration timing, as mentioned above). 
Typically, evolution relies on large population sizes and plenty of time. This is especially 
true if fisheries selection, e.g., on age at return, opposes adaptive responses to climate change 
or enhances population variability in response to environmental forcing (Botsford et al. 2011; 
Rouyer et al. 2011). 

Adaptation plans for responding to climate change in the Pacific Northwest are being 
developed (e.g., review in National Wildlife Federation 2011). However, several papers 
emphasize that institutional barriers are a serious impediment to proactive climate change 
adaptation in water management (Farley et al. 2011b; Hamlet 2011; Safford and Norman 
2011). 
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In conclusion, new information from 2011 publications was generally consistent 
with previous analyses in reporting ongoing trends in climate consistent with climate 
change projections and negative implications for salmon. A few studies focused on areas 
that did not receive much attention in our previous report, and thus provide new 
information. These areas include the expected loss of significant portions of the marine 
distribution, albeit it mainly in the second half of this century, the current risk of hypoxia 
in the Columbia River estuary, as well as documented and projected rates of evolutionary 
changes in migration timing. Disease impacts on migration survival documented in Fraser 
River sockeye warn of the potential for a very rapid decline in survival, unlike the linear 
projections generally forecasted, with little managerial recourse. Several papers 
demonstrated how cumulative effects of climate change over the entire life cycle are 
likely to be much higher than previously predicted from effects on individual life stages. 
Finally, new adaptation plans for the PNW are being developed but institutional barriers 
to climate change adaptation for some agencies and water use sectors create challenges 
for effective response. 
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Table of acronyms 
A1B, A2, B1 Carbon emission scenarios from IPCC Fourth Assessment Report 
AOGCM Coupled Atmosphere-Ocean General Circulation Model 
ENSO El Niño-Southern Oscillation 
GCM General Circulation Model 
IPCC Intergovernmental Panel on Climate Change 
PDO Pacific Decadal Oscillation 
PNW Pacific Northwest 
SST Sea surface temperature 
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2 Goals and methods of this review 
The goal of this review was to identify the literature published in 2011 that is most 

relevant to predicting impacts of climate change on Columbia River salmon listed under the 
Endangered Species Act. A large amount of literature related to this topic is not included, 
because almost anything that affects salmon at all relates to or is altered in some way by 
changes in temperature, stream flow or marine conditions. We have tried to identify the most 
directly related papers by combining climatic and salmonid terms in search criteria. Thus 
many general principles demonstrated in other taxa or with more general contexts in mind 
have been omitted. This review also does not include potentially relevant gray literature, 
because the search engine used only includes the major peer-reviewed scientific journals. In 
total, the methods employed involved review of over 500 papers. Of these, 135 are included 
in this summary.   

This search was conducted in ISI Web of Science in July, 2012. Each set of search 
criteria involved a new search, and results were compared with previous searches to identify 
missing topics. The specific search criteria all included PY=2011, plus:  

1) TS=(climat* OR temperature OR streamflow OR flow OR snowpack OR 
precipitation OR PDO) AND TS=(salmon OR Oncorhynchus OR steelhead);  

2) TS=(climat* OR Temperature OR Precipitation OR streamflow OR flow) AND 
TS=”Pacific Northwest”; 

3) TS=(marine OR sea level OR hyporheic OR groundwater) AND TS=climat* AND 
TS=(salmon OR Oncorhynchus OR steelhead);  

4) TS=(upwelling OR estuary) AND TS=climat* AND TS=Pacific;  
5) FT=(“ocean acidification” OR “California current” OR “Columbia River”)  
6) TS="prespawn mortality"  

The review is organized by first considering physical environmental conditions 
(historical trends and relationships) and then predictions of future climate, snowpack, stream 
flow, temperature, ocean conditions, etc.  A summary follows of the literature on salmonid 
responses to these environmental conditions, progressing through the life cycle.  
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3 Climate 

3.1 Global, national, regional climate 

3.1.1 1981-2010 U.S. “Normals” 
NOAA released a new set of “Normal” temperatures, i.e., 30-year average 

temperatures for the U.S for the 1981-2010 period (Arguez et al. 2012). The new normals 
include some methodological and station changes, and thus are not recommended for 
describing long-term trends in climate. Nonetheless, there is a striking increase in most of the 
indices. January minimum temperature has risen 2-4ºF throughout the north-central US, with 
nearly the entire central US seeing at least 1ºF increases compared with 1971-2000 normals. 
July maximum temperatures have increased at least 0.5ºF in the entire West.  

3.1.2 State of the Climate 2011 
Despite the cooling effect of La Niña, 2011 was still one of the 15 warmest years on 

record and above the 1981-2010 average (Blunden and Arndt 2012). Global sea surface 
temperature (SST) was 0.1ºC cooler than El Niño-driven 2010, but the global upper ocean 
heat content was still higher than for all prior years. Atmospheric CO2 concentrations 
increased by 2.1ppm in 2011, exceeding 390ppm for the first time since instrumental records 
began. Together with increases in other greenhouse gases, radiative forcing is now 30% 
higher than in 1990. Ocean uptake of CO2 was 12% below the long-term average. The Arctic 
continued to warm at twice the rate of lower latitudes, continuing extreme surface warming 
and net snow and ice loss on the Greenland ice sheet and the greatest loss in the Canadian 
Arctic since Gravity Recovery and Climate Experiment satellite measurements began. Arctic 
sea ice extent in September 2011 was the second-lowest on record, and 4-5yr old ice set a 
new record minimum of 19% of normal. Similar records were set in Antarctica. 

The nationally-averaged summer temperature was the second warmest on record, but 
the Pacific Northwest (PNW) was cooler than average. The tornado season was one of the 
most destructive and deadly recorded, and historic flooding soaked much of the central US, 
surpassing the great floods of the 1920s and 1930s. The US also had a very active wildfire 
year (Blunden and Arndt 2012). 

Observations of weather over the past 60 years (shifts in the position of warm and 
cold fronts across US) are consistent with projections of climate change associated with 
elevated greenhouse gas concentrations. The overall shift toward cold fronts and away from 
warm fronts across the northern US arises from a combination of an enhanced ridge over 
western North America and a northward shift of storm tracks throughout the mid-latitudes  
(Hondula and Davis 2011). 

3.1.3 Extreme events 
General circulation models (GCM) predict that anthropogenic forcing will increase 

the frequency of extreme events, such as heavy precipitation events, that cause massive 
flooding in the PNW. Min et al (2011) identified positive trends in extreme precipitation 
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events in GCM projections. These trends were most consistent in the anthropogenic-forcing 
experiment only (without natural forcing), because natural forcing over the 20th century 
would have led to decreases in extreme precipitation events in many areas, thus producing a 
weaker observed signal of the anthropogenic fingerprint (i.e., without correction for natural 
forcing).  Statistical comparisons of model representations and observed data show that 
coarse-resolution models are not capable of capturing the frequency of extreme events, but 
regional climate models nested within them greatly improve the dynamics (Duliere et al. 
2011). Note that in 2012 the Intergovernmental Panel on Climate Change (IPCC) released a 
thorough analysis of changes in the frequency of extreme events, which will be included in 
the 2012 literature review. 

3.1.4 El Niño analysis and modelling  
The 2009-2010 El Niño differed from classical El Niño because it exhibited a 

“Modoki phenomenon”, or a “warm-pool” El Niño, with most warming in the central Pacific 
but a rapid transition to La Niña in 2011. Kim et al (2011) postulate the “fast phase 
transition” is due to a very warm Indian ocean and record-high SST in the central Pacific (see 
also Barnard et al. 2011). 

Much work has been dedicated to improving the oceanographic data going into 
climate models, e.g., from autonomous gliders (Todd et al. 2011), and the spatial resolution 
of coupled atmosphere-ocean general circulation models (AOGCM) (Dawson et al. 2011), so 
that the next round of the IPCC’s Fifth Assessment Report models should have better 
representation of El Nino-Southern Oscillation (ENSO). 

The importance of El Niño modeling has been emphasized in many papers, 
particularly for the PNW. Paleological data indicates that the recent century has been 
unusually wet in the perspective of much longer time-series. Long-term droughts have 
occurred throughout the last 6000 years, especially during the last 1000 years. Shifts in the 
severity of both wet and dry multidecadal events appear to be driven by changes in the ENSO 
pattern, and its effect on the Pacific Decadal Oscillation (PDO) (Nelson et al. 2011). 

3.2 Terrestrial 

3.2.1 Historical trends in streamflow in PNW 
Like previous studies, new analyses of historical trends in streamflow in the PNW 

emphasize the sensitivity of transitional watersheds (i.e., where precipitation falls as both 
snow and rain) and transitional elevations within watersheds to recent (and projected) 
warming. Specifically, in an analysis of 29 watersheds in the PNW (Jefferson 2011), 
transitional areas demonstrate the most significant historical trends (i.e., greater winter and 
lower summer discharge). Snow-dominated watersheds  showed changes in the timing of 
runoff (22-27 days earlier) and lower low flows (5-9% lower) currently than in 1962. Peak 
flows increased in the more heavily snow-dominated watersheds exposed to more frequent 
rain-on-snow events at higher elevations, but there was no trend in most of the transient or 
rain-dominated watersheds.  

A series of papers on the impact of climate, dams, water withdrawal, and other human 
impacts on the Columbia and Willamette Rivers demonstrate that 1) human factors dominate 
the change in outflow of the Columbia River over the 20th century (Jay and Naik 2011; Naik 
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and Jay 2011a), 2) climate factors, especially ENSO and the PDO, but also more fine-scale 
details about the timing of winter storms and spring warming rates also drive significant 
changes in the annual flow, as well as the detailed flow profile and winter and spring freshets 
(Naik and Jay 2011a) , 3) sediment loads have been strongly reduced due mostly to flow 
management and withdrawals, but climate-driven flow reductions also lower sediment 
transport, which has negative impacts on juvenile salmon survival  (Jay and Naik 2011; Naik 
and Jay 2011a). 

Many papers explore how habitat generally and flow in particular are related to 
juvenile salmonid density or growth. We focus here only on those in the Columbia River 
Basin. 

In the lower Columbia, low flows in summer and fall through a tidal channel in the 
lower Columbia River (from Portland, OR to Vancouver, WA) have gotten lower and tidal 
range has increased due to both tidal changes and river flow and harbor modifications (Jay et 
al. 2011). 

In Idaho, water diversion patterns vary with water availability in the Snake River 
Plain over the past 35 years from 1971 to 2005 (Hoekema and Sridhar 2011). Overall trends 
of declining mid- and late-season diversion is due to lack of water supply due to lower 
summer flows. Diversions have increased in April in response to unusually wet springs. 

In a study of temporal variability in stream habitat characteristics over nine years in 
47 headwater streams, Al-Chokhachy et al (2011) used landscape, climate, and disturbance 
attributes as explanatory factors. Although the factors were significant, most of the variability 
was difficult to explain. 

 A high proportion of groundwater input to a basin significantly affects the flow 
regime. Streams in the Klamath Basin with major groundwater inflow have a smoother and 
delayed response to snowmelt. However, July to September baseflows decrease under 
climate change scenarios much faster than mostly surface-input streams (Mayer and Naman 
2011). 

3.2.2 Projected changes in stream flow and ice-cover 
An analysis of how land-cover and climate change in the Puget Sound basin will 

drive hydrological change (Cuo et al. 2011) showed that land use, leading to younger 
vegetation and urbanization will likely have more impact at lower elevations than climate 
change alone. In the rain-snow transition zone, increased winter precipitation and less snow 
led to earlier winter and spring runoff, with increases in these seasons due to projected 
increases in precipitation. Reductions in late spring and summer runoff followed, but the net 
change was a slight increase in annual runoff. Land-cover change had greater impact on the 
total runoff, especially at lower elevations, due to an increase in impervious surfaces and loss 
of mature vegetation in forested areas. 

Das et al (2011) explore the sensitivty of streamflow across the Columbia Basin (and 
three other basins) to the seasonality of warming. They find that annual streamflow is much 
more sensitive to warming in the summer than in the winter. This is because winter warming 
causes an initial increase in streamflow that partly compensates for the later low flows in the 
summer. Summer warming dries out soil immediately through greater evapotranspiration 
rates with no compensation during the next rainy season. Because the A2 scenario predicts 
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greater summer warming (5ºC) than winter warming (3ºC), this has a greater impact than 
uniform warming or a bias in the other direction would have.  Application of a 2ºC cool 
season warming and 4ºC warm season warming produced a decline in annual streamfow of 
9.8% in the Columbia Basin (Das et al. 2011). Work continues (Bohn, Sonessa et al. 2010) 
on the Variable Infiltration Model hydrology model, downscaling bias correction, and 
understanding how best to use multi-model ensembles compared with best-fitting individual 
models. 

Scenarios of climate change in the Willamette Basin predicted increases in flows in 
winter (September through February), and decreases in summer (March through August, 
Jung and Chang 2011). The spring freshet is expected to advance seasonally, the 7-day low 
flows decrease, and peak flows increase due to winter flooding, especially at higher 
elevations. 

Similar to watersheds and elevations in the rain-snow transition zone, lakes where 
winter ice cover is short with winter minimum temperatures closer to 0ºC are most sensitive 
to warming. Weyhenmeyer et al (2011) predict that “3.7% of the world's lakes larger than 
0.1 km2 are at high risk of becoming open-water systems in the near future.” 

In an analysis of uncertainty around flooding in urban areas, Jung et al (2011) 
explicitly focus on the uncertainty at all levels of modeling, from GCM model and emissions 
scenarios to land use change to hydrological model parameters and natural variability in 
climate. The development versus conservation land use scenarios in watersheds around 
Portland, OR made little difference to the overall projections, especially in the more 
developed watershed. In that watershed, hydrological parameters drove much more 
uncertainty than in the more pristine watershed. Uncertainty from GCM model structure (i.e., 
different GCMs) was larger than hydrological model uncertainty, and natural varibility was 
larger still, especially at long flood frequencies. Overall, flood frequencies are expected to 
increase by the 2050s. 

3.2.3 Fire 
Simulations of PNW fire frequency in future climates predict large increases in the 

area burned (76%-310%) and burn severities (29%-41%) by the end of the twenty-first 
century (Rogers et al. 2011). The changing fire regime lowers carbon storage west of the 
Cascades in the absence of fire suppression, but raises it in the dry eastern PNW. 
Fire frequency is expected to increase in most areas of the PNW. Fire has a profound effect 
on steam temperature and nutrient input. An analysis of historical stream changes and trout 
response in burned and unburned areas of Montana showed stream temperatures increased 2
6ºC right after the fire, but recovery by fish was generally swift (Sestrich et al. 2011). 

3.3 Marine 

3.3.1 ENSO 
State of the California Current System 2010-2011: The 2009-2010 El Niño was 

relatively weak and short-lived, and it was quickly followed by La Niña. La Niña produced 
some record-breaking cool conditions throughout the California Current system, with 
anomalously strong upwelling in summer 2010. Impacts of both El Niño and La Niña were 
weaker and the transition between them was less abrupt off southern California compared 
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with off Washington and Oregon. Productivity in the pelagic ecosystem enhanced with La 
Niña off central and southern California, but El Niño-condition copepod assemblies persisted 
later in the northern California Current system (Bjorkstedt et al. 2011). 

Heinemann et al (2011) developed a simplified ENSO and ecosystem (nutrient
phytoplankton-zooplankton) model that demonstrates how the ecosystem itself could 
moderate ENSO variability by the effect of phytoplankton on the absorption of shortwave 
radiation in the water column. This biological feedback to the climate system leads to (1) 
warming of the tropical Pacific, (2) reduction of the ENSO amplitude, and (3) prolonging the 
ENSO period. In a somewhat similar analysis, Lin et al (2011) showed that the spatial 
distribution of chlorophyll-a actually influences the mean state of the ocean in the tropical 
Pacific. Because chlorophyll-a blocks solar radiation to some extent, a shallow thermocline 
and stronger currents lead to decreased annual mean SST in the eastern equatorial Pacific. 
They conclude that the seasonal cycle of chlorophyll-a can dramatically change the ENSO 
period in the coupled model.  

3.3.2 Sea Level Rise, wind speed and wave height 
Sea level varies seasonally and with significant ocean phenomena, such as El Niño 

events. Determining whether there has been a significant rise in sea level must first, 
therefore, account for this effect. Komar et al (2011) separated out the seasonal trends in sea 
level in the PNW. Strong El Niño events dominate the winter record, but the more stable 
summer sea levels show statistically significant trends toward higher sea level. 

Using satellite data, Young et al (2011) documented increasing oceanic wind speeds 
and wave height over 23 years globally, with a higher rate of increase in extreme events. 

3.3.3 Upwelling 
Most analyses published in 2011 found that upwelling has become more intense over 

the past century. The California Current System demonstrates two seasonal upwelling 
“modes” (Black et al. 2011). Summer upwelling shows longer frequency variation, reflecting 
multi-decadal processes. Significant linear trends over 64 years show the intensity of summer 
upwelling has increased at 39ºN to 42ºN. Winter upwelling reflects North Pacific Index and 
ENSO cycles. Chinook salmon growth-increment chronology correlated significantly with 
the summer upwelling mode (Black et al. 2011). Similarly, upwelling off British Columbia 
(Foreman et al. 2011) starts later and ends earlier, based on trends over the past 50 years. 
Nonetheless, cumulative upwelling and downwelling has significantly increased, because of 
the increase in intensity. The intensity of coastal upwelling off California, however, has not 
increased over the past 60 years (Pardo et al. 2011), based on SST and the upwelling index 
from the National Centers for Environmental Prediction/ National Center for Atmospheric 
Research reanalysis project database. 

The effects of upwelling off the coast extend into the Columbia River estuary. 
Roegner et al (2011b) investigated whether the source of chorophyll in the estuary was 
freshwater or marine. High flows in spring brought freshwater chlorophyll into the estuary, 
although production was relatively low. In the summer, upwelling winds transported 
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chlorophyll from the ocean. Tidal cycles determined stratification, which was higher during 
neap tides than spring tides.    

3.3.4 Oxygen mimium zones and O2 sensitivity 
Oxygen minimum zones (OMZs), have been expanding over the 20th century. 

Studies of a 2.4-4.5ºC warming event in the Miocene indicates that similar low oxygen 
conditions occurred at that time as have recently been observed (Belanger 2011). An analysis 
of anchovy and sardine oscillations indicates that oxygen levels, rather than  temperature or 
food availability could be the primary factor driving anchovy/sardine oscillations in the 
Peruvian upwelling region (Bertrand et al. 2011).  

The Columbia River estuary experiences low oxygen conditions (2mg/L) when strong 
upwelling combines with neap tides (Roegner et al. 2011a). Mortality caused by low oxygen 
is significantly increased by warmer water. In a meta-analysis, Vaquer-Sunyer and Duarte 
(2011) found that increasing temperature reduced marine benthic macrofauna survival times 
and increased minimum oxygen thresholds for survival by 74%, and 16%, respectively, on 
average. They project that 4ºC ocean warming will lower survival times by 35.6% and raise 
minimum oxygen concentrations by 25.5%, potentially causing many more die-offs in the 
future. 

A separate model of upwelling in an AOGCM predicts a reduction in the impact of 
OMZs from upwelling. Glessmer et al Glessmer, Park et al. 2011) found that 25% less low 
oxygen water reached the surface in their double CO2 scenario, compared with the current 
climate.  

3.3.5 Ocean acidification 
Ocean pH is often thought of as being fairly static, but Hofmann et al (2011) 

demonstrate very high spatial and temporal variability in diverse marine habitats. Others 
(Joint et al. 2011) similiarly argue that natural variability is very high, pointing out that pH 
can change much more in freshwater lakes. Models of future pH and biological responses 
and feedbacks are still challenging (Tagliabue et al. 2011). 

Much work has continued on the sensitivity of different organisms and life stages to 
ocean acidification. Gruber (2011) published an overview of the combined threats of ocean 
acidification, rising temperatures, and lowered oxygen levels. Many species have been 
studied in 2011, including herring (Franke and Clemmesen 2011), coral reef fishes (Munday 
et al. 2011a), clownfish (Munday et al. 2011b), an intact invertebrate community (Hale et al. 
2011), crustaceans (Whiteley 2011) plus many studies on pteropods (Lischka et al. 2011) and 
phytoplankton (Low-DÉCarie et al. 2011). The results are mixed, but many stages and 
species are not especially sensitive. Pteropods are a concern for salmon because they are a 
prey item and have an aragonitic shell. They are sensitive to temperature increases in 
addition to rising acidity (Lischka et al. 2011). 
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3.3.6 Ecosystem effects 
Large-scale climate factors and ocean chemistry drive the distribution and 

productivity of the entire marine biota. Factors such as the PDO, ENSO, and Northern 
Oscillation Index are strong predictors of larval fish concentration and diversity in the 
northern California Current (Auth et al. 2011). Upwelling indices are a significant predictor 
of herring and surf smelt catches in the Skagit River estuary (Reum et al. 2011). The Aleutian 
Low Pressure Index is correlated with seabird productivity and timing (Bond et al. 2011). 
Long-term trends in community composition this past century have been documented in a 
majority of time series of marine ecosystems. In a study of 300 biological time series from 
seven marine regions off western Europe, Spencer et al (Spencer et al. 2011) found most 
regions showed both long-term trends and regime shifts. Pollock, for example, changed its 
role in the food web during warm periods (Coyle et al. 2011). Regime shifts (i.e., a step in 
some measure of biological response over a short temporal interval or in response to a small 
physical change) are also widespread, although they might be overestimated by failure to 
account for temporal trends (Spencer et al. 2011).  

Predicting how ecosystems will change with the climate typically relies on 
environmental correlates of organism distribution. Lenoir et al (2011) developed a model that 
explains observed shifts in the distribution of eight exploited fish in the North Atlantic, and 
projects that these species should continue to move northward, but some might be hindered 
by barriers and rate limitations. Finally, mesocosm experiments show how warming 
accelerates the phytoplankton bloom timing by about 1 day/ºC, and decreases biomass 
(Sommer and Lewandowska 2011). 

Using NOAA’s Geophysical Fluid Dynamics Laboratory Earth System Model, 
Polovina et al (2011) project shifts in large marine ecosystems. They use modeled 
phytoplankton density to distinguish 3 biomes in the North Pacific. Under the A2 emissions 
scenario, the model predicts that temperate and equatorial upwelling biomes will occupy 34 
and 28% less area by 2100. The subtropical biome, on the other hand, expands. Extending 
this change in area to primary productivity and fisheries catches, they expect a 38% decrease 
in the temperate biome, and a 26% increase in the subtropical biome catch. 

An additional concern throughout the ecosystem is the increasing prevalence of 
persistent organic pollutants, especially polycyclic aromatic hydrocarbons from fossil fuel 
burning (De Laender et al. 2011). This direct source of pollution is a major concern for 
salmon, especially coho, in urban areas, but might become a more widespread marine 
phenomenon.  

Jones (2011) discusses the potential for increasing marine productivity by enriching 
the oceans artificially with macronutrients (the Haber-Bosch process). He argues that 
phosphorus appears to limit the carbon storage capacity of nitrogen and hence additional new 
primary production. 

3.3.7 Viruses 
A typically overlooked consequence of global change is a potential increase in the 

impacts from viruses. Danovario et al (2011) review the very large impacts viruses have on 
phytoplankton, especially, but also throughout the ecosystem. They point out many positive 
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correlations between temperature (and other expected changes in ocean chemistry) and viral 
abundance, but the relationships are complicated and more work is needed.  

3.4	 Comparing rates of climate change in marine and terrestrial 
environments 

Burrows et al (2011) compared the rates of historical climate change in marine and 
terrestrial environments. Focusing on the rates of temperature change that organisms might 
be expected to track through either range shifts or phenological change, they calculated the 
velocity of temperature change in terms of the latitudinal distance an isotherm has shifted 
(km/year), and the seasonal shift in spring and fall temperatures (days per year). These two 
quantities are ratios of the long-term temperature trend and either the spatial or temporal 
gradients across the landscape. Using these metrics, they found that although the absolute 
rate is a little slower in the ocean, because the spatial and seasonal gradients in temperature 
are shallower, the overall velocity and seasonal rates of change are faster for marine than 
terrestrial ecosystems, implying faster range shifts will be needed to track cliamte change. 
The ocean also differs from land because many ocean areas are cooling, especially in areas 
where upwelling has intensified, generating a bimodal distribution of rates of temperature 
change. 
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4 Salmon life-stage effects 

4.1 Freshwater stages 

4.1.1 Juvenile behavior and survival 
Copeland and Meyer (2011) studied the correlations in juvenile salmonid density 

since 1985 in the Salmon and Clearwater River Basins. Densities in all six species were 
positively correlated, and flow and Chinook salmon redds were correlated with densities 
overall. For Chinook salmon, models with spawner density combined with either annual 
mean discharge or drought (Palmer Drought Severity Index) had similar Akaike information 
criterion (AIC) weights, and explained 52% of the variation.  

Hypoxia limits the suitability of many nesting sites, and is often affected by changes 
in flow via deposition rate of fine sediments or flushing and groundwater infiltration.  
Malcolm et al (2011) found that interstitial velocity is not a good predictor of hyporheic 
dissolved oxygen. Miller et al (2011b) explore how rainbow trout compensate for low 
oxygen by altering their cardiac ontogenic program. 

Heat tolerance varies by life stage in salmon. Breau et al (2011) show that differences 
in thermal-refuge-seeking behavior between age 0+ and age 1+ and 2+ Atlantic salmon stems 
from higher tolerance in respiration and cardiac performance in younger fish. 

Given the dramatic changes in winter temperature expected throughout the PNW, it is 
a concern that winter ecology is not well understood. Stream environments create 
complicated ice dynamics that are very sensitive to fine scale variation in temperature and 
flow (Brown et al. 2011). Fish responses to thermally elevated areas overwinter (e.g., near 
nuclear power plants) sometimes have negative consequences for reproduction, but likely 
responses to long-term, gradual changes throughout the stream are not clear. Undercut banks 
are critical winter habitat for brook trout in small mountain stream, affected only slightly by 
winter flow reductions (Krimmer et al. 2011).  

4.1.2 Juvenile growth 

Salmon growth rates depend on temperature both directly because of temperature-
governed chemical reaction rates, and indirectly because of elevated energetic demands of 
higher metabolic rates. Increased consumption can sometimes compensate for higher 
metabolic rates, leading to an interaction between ration and temperature effects. Geist et al 
(2011) tested the growth rate of Snake River fall Chinook below Hells Canyon Dam, and 
found high tolerance to short periods of high temperature (23ºC)  even at relatively low 
rations (down to 4% of body weight). However, at 1% ration, fish grew better at constant 
cool temperatures, suggesting that this low consumption rate was insufficient to cover 
metabolic costs of high temperatures. Natural consumption rates at this location are 
unknown. Steelhead in Los Angeles County grow year-round and produce large smolts, 
despite spending a week each year at mean temperatures over 22ºC (Bell et al. 2011).  It is 
important to note that although growth is sensitive to temperature, other factors, such as 
negative effects of fish density, can be more limiting (Bal et al. 2011). 
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Bioenergetic models are a primary means of analyzing changes in stream quality on 
growth. A crucial element of these models is the interaction between metabolic rate and 
energy supply through food consumption. Individual variation in bioenergetic parameters is 
generally ignored, but Armstrong et al (2011) show through a modelling exercise that this 
variation can significantly affect the impact of flow and food variability on growth.  

Energetic rates were measured in rainbow trout exposed to various flows in a natural 
environment. The crucial difference between their environment and a typical laboratory set 
up was the existence of refuges from high flows, which allowed swim speed to decline at 
peak flows (Cocherell et al. 2011). Taguchi and Liao (2011) also explored how microhabitat 
utilization can be very energetically efficient.  

By coupling a bioenergetic model with a simplified stream temperature model, Beer 
and Anderson (2011) demonstrate potential changes in Chinook and steelhead growth rates 
as a sensitivity analysis of change in mean air temperature and change in snowpack. They 
describe 4 characteristic stream types in the PNW -- warm winter and cool summer (North 
Santium); cold stream with  high snowpack (Clearwater); warm summer with high snowpack 
(Salmon River) and warm summer with low snowpack (Snake River). They found that in the 
streams with cooler summers, warming and loss of snow increased growth rates, but in the 
warmer-summer streams, growth decreased.  

4.1.3 Smolt behavior and survival 
Bjornsson et al (2011) review physiological characteristics of smolting and 

environmental drivers. Acidification, as well as endocrine disruptors and other contaminants 
could lower survival through interferring with this carefully controlled process. Perkins and 
Jager (2011) created a development model for Snake River fall Chinook salmon that 
proposes a mechanism by which delayed growth leads to a yearling smolt behavior.This type 
of behavioral switch could make a big difference in population responses to climate change, 
but is hard to predict ahead of time. Other studies (Hayes et al. 2011) of California steelhead 
document different hormone levels between fish that smolt at different times over the season, 
and some fish that return upstream before smolting the following year. This rich variety of 
behavior will be crucial to effective responses to climate change. 

Many anthropogenic habitat modifications have the potential to exacerbate effects of 
climate change on stream temperature. Smolt survival is often reduced at high temperatures, 
and due to direct and indirect effects of dam passage. Marschall et al (2011) explicitly 
modeled the interaction between delays at dams and exposure to high temperatures during 
smolt migration. Assuming that a threshold temperature causes fish to initiate migration in 
spring, they explore the range of initiation temperatures likely to ensure a successful 
migration with and without delays caused by dams. They find that even short delays at dams 
greatly reduce this window of opportunity. Particularly dangerous were irregular warm river 
sections that occurred downstream, and caused high delayed mortality (i.e., after successful 
passage through a dam) in late migrants. Their model is based on temperatures, flows, and 
migration distances measured in the Connecticut River for Atlantic salmon, but bears high 
relevance to Columbia River salmonids. Finally, conditions during smolting can affect 
maturation age. Exposure to elevated temp (16ºC) and continuous light can trigger early 
maturation in male Atlantic salmon (Fjelldal et al. 2011). 
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4.1.4 Adult migration 
The return to freshwater to spawn is a delicately timed behavior. Each population has 

adapted the timing of return to minimize mortality in freshwater prior to spawning, and to 
maximize fecundity which depends on marine growth and energetic expenditure during the 
migration, among other things. Migration mortality is closely tied to environmental 
conditions, especially temperature, experienced during the migration. Many papers published 
in 2011 explore the genetic and behavioral controls on timing and resulting morality. 

Adult migration timing in sockeye has been progressing earlier in the year in the 
Columbia River over the 20th century. Crozier et al (2011) explore how changes in river 
temperature and flow, as well as ocean conditions might be driving this advance. They found 
evidence that this trait evolved genetically due to mortality of late migrants exposed to higher 
Columbia River temperatures during the historical migration period. The fish also show a 
strong annual response to river flow, such that they migrate earlier in low-flow years. These 
two processes combined suggest both plastic and evolutionary responses are involved in an 
adaptive shift likely to continue in response to climate change. Genetic studies have 
identified candidate genetic markers in Columbia River adult Chinook salmon associated 
with run-timing (Hess and Narum 2011). Liedvogel et al (2011) review the genetics of 
migration more broadly. 

Early migration in Adams and Weaver Creek sockeye in the Fraser River has a very 
different explanation and result, however. Early migrants in the Fraser experience very high 
temperatures and have high mortality, so the sudden change in behavior that began in 1995 
has been hard to explain. Thomson and Hourston (2011) correlated early entry timing with 
weaker wind stress for Adams River stocks, and with lower surface salinity for Weaver 
Creek stocks. They postulate that both factors lead physiologically to earlier entry because 
the former entails easier swimming against weaker currents and the latter entails earlier 
osmoregulatory adaptation to freshwater, noting that early migrants were exposed to 
relatively fresh water earlier in the year.  

Several genetic studies of Fraser River sockeye have found that gene expression 
varies systematically over the course of the migration (Evans et al. 2011), and that certain 
gene expression patterns were strongly correlated with mortality during the migration (Miller 
et al. 2011a). The genes that were upregulated are associated with the immune defense 
system, and the authors propose that viral infection might be to blame for the low survival. 
Other papers developed statistical correlates of migration survival for in-season fisheries 
management, in which temperature and flow were strong predictors of survival for some 
stocks, especially those exposed to harsher conditions (Cummings et al. 2011). Warmer 
water lowers catch-and-release survival (Gale et al. 2011), and might be important in 
interpreting tagging studies. A comparison of migration survival of fish tagged at sea versus 
those tagged in freshwater (which is much warmer) found that those tagged at sea had much 
higher survival (Martins et al. 2011). 

The timing of the adult migration among Yukon River Chinook salmon is correlated 
with SST, air temperature and sea ice cover. As these factors change with climate change, 
migration is expected to occur earlier (Mundy and Evenson 2011). 
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Projected adult migrant survival 
Several papers used observed survival of migrating Fraser River sockeye to project 

survival under future climate scenarios. Martins et al  (2011) modeled 9-16% declines by the 
end of the century. Hague et al (2011) quantified the number of day per year that migrating 
fish will experience less optimal  temperatures. They found that the number of days over 
19ºC tripled, reducing their aerobic scope to zero in some cases. They found that exposure 
varied within each run, such that there is potential for shifts in run-timing to drive adaptive 
responses to rising temperature. An individual-based simulation model of the evolutionary 
response to rising river temperatures with climate change showed that Fraser River sockeye 
with a reasonable heritability (0.5) would theoretically shift their migration 10 days earlier in 
response to 2ºC warming. Nonetheless, this study did not generally predict extinction of these 
populations even if they did not respond to selection (Reed et al. 2011). But evolution in run 
timing has clearly occurred in Chinook salmon introduced to New Zealand, where 
populations from a common ancestry have diverged 18 days in their spawning-migration 
(Quinn et al. 2011). 

Local adaptation and acclimation in heat tolerance 
Evolution in response to rising temperatures could occur in adult migration timing, as 

discussed above, or in heat tolerance. Eliason et al  (2011) studied variation in cardiac tissue. 
Local adaptation in thermal optima for aerobic, cardiac tissue and performance among 
populations migrating at different times through the Fraser River. They argue that the heart 
has adapted to population-specific migration temperatures, in addition to the length of 
migration. This is consistent with interspecific differences. Pink salmon have higher heat 
tolerance during migratory stages than sockeye (Clark et al. 2011). Similar differences can 
also reflect acclimation. Studies of cardiac tissue in rainbow trout identified very distinct 
morphology and tissue composition in distinct cold-acclimated and warm-acclimated fish 
(Klaiman et al. 2011).  
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4.2 Marine stage 

4.2.1 Marine survival 
Because ocean survival is the strongest correlate of population growth rate for most 

populations, understanding the factors that drive marine survival has been a high priority for 
decades. 

The primary factors thought to govern survival are growing conditions, which are 
generally correlated with overall ocean productivity. In a new paper confirming and refining 
previously recognized patterns for PNW salmon,  Bi et al (2011b) explore the relationship 
between coho early marine survival, copepod species composition, water transport in the 
California Current, and larger climatic indices (the PDO). Cold copepod biomass correlates 
with coho survival. Seasonally, they found that lipid-rich copepods associated with cool 
water are less abundant in the winter, when the current is coming predominantly from the 
south (“positive alongshore current”) and more abundant in summer, when current is coming 
from the north (“negative alongshore current”). At the annual and decadal scale, when the 
PDO is positive, more water comes from the south in winter; when PDO is negative, more 
water comes from north during summer. In a separate paper, Bi et al. (2011a) confirmed the 
spatial relationships between yearling Chinook and coho distributions and copepod 
assemblages. Both species are strongly positively correlated with the cold copepod 
assemblage and chlorophyll a concentration. Yearling coho had similar relationships, but also 
positively correlated with temperature. Nonetheless, the adult migration does not necessarily 
track annual varation in zooplankton location. Bristol Bay sockeye do not seem to vary their 
migration route among years in response to variation in marine productivity and temperature 
(Seeb et al. 2011). 

Salmon growth and survival often correlates with SST (e.g., Norwegian Atlantic 
salmon growth at sea is positively correlated with SST in the Barents and Norwegian Seas 
(Jensen et al. 2011), and Japanese chum salmon growth is positively correlated with 
summer/fall SST in coastal areas while fish stay near shore, and off-shore temperatures later 
in the year (Saito et al. 2011). Much of the mortality is size-selective, with smaller fish 
having higher mortality rates. Size-selective mortality could stem from either an energetic 
constraint (insufficient resources to survive harsh conditions) or size-selective predation.  In 
Alaskan sockeye, Farley et al (2011a) found that the energetic status of juvenile sockeye was 
adequate to survive winter, and suggest predation-avoidance behavior as a better explanation 
for size-selective mortality and ongoing energy loss. They suggest that higher temperatures 
in climate projections might lead to declines in age-0 pollock, a high quality prey for salmon, 
and lead to lower winter survival. 

Marine survival is tightly linked to ocean conditions at the time of smolting. The 
Rivers Inlet sockeye population in British Columbia has been depressed since the 1990s. 
High flows in this river decrease marine productivity because the river is nutrient-poor. Thus 
the negative correlation between high river flow and marine survival appears to result from 
the impact of low nutrient, brackish water depressing marine plankton growth (Ainsworth et 
al. 2011b). This system-specific impact on marine productivity explains the difference 
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between a positive correlation for high-nutrient rivers, like the Columbia, and low-nutrient 
rivers like Rivers Inlet. 

More broadly, salmon survival is often correlated with broader indicators of 
ecosystem productivity. Lower trophic level productivity generally supports better growth 
and survival all the way up the food chain. Borstad et al (2011) found that  regional 
chlorophyll abundance in April, timing of spring wind transition and phytoplankton bloom 
are important for survival of Canadian Triangle Island sockeye salmon, sandlance and  
rhinoceros auklets. 

4.2.2 Projected future marine habitat availability 
In an important paper, Abdul-Aziz et al (2011) constructed maps of potential salmon 

marine distributions under climate change scenarios. They developed thermal niche models 
for summer and winter separately for five Pacific salmon species and steelhead based on 
high-seas catch records over the last 50 years. These are not mechanistically-determined 
range limits, e.g. through physiological constraints, and thus might not correlate with future 
distributions exactly the way they do now. It is likely that changes in the distribution of food 
availability will play a very large role in future distributions, which might depend on many 
factors. However, they do indicate how projected changes in SST translate into one 
characterization of potential salmon habitat. Historical analysis showed that salmon thermal 
habitat, using observed temperature ranges, changed very little over the 20th century. 
However, under the A1B and A2 emissions scenarios, the multi-model ensemble average 
SST imply a reduction in summer habitat for coho 5-32%, where the range goes from the 
2020s to the 2080s, Chinook habitat declines 24-88%, and Steelhead habitat area declines 8
43%. Winter habitat area shows much less effect in these species, ranging from 0 to 10% for 
the 3 species and three future time periods. Sockeye had much greater sensitivity in their 
winter range, reducing from 6-41%. The B1 scenario had a similar result for 2020s and 
2040s, but was less severe by 2080 (-66% for Chinook  summer habitat, -21 to -24% for coho 
and steelhead summer, and 0 to -7% for all three species in winter). One reason for the high 
percentage reduction in Chinook summer habitat was that their historical absolute area was 
estimated to be much smaller in summer than the other species (7 million km2 compared with 
10-11 million km2). But the projection is for a complete loss of Gulf of Alaska habitat by the 
2040s, and complete loss of Okhotsk Sea and Subarctic subdomains, and most of the Bering 
Sea habitat. There is a small extension into the Arctic Ocean that is not currently occupied, 
but net reductions vastly outweighed this potential expansion. 

4.2.3 Ocean acidification 
Two recent modeling papers explored the ecological impacts of ocean acidification 

and other aspects of climate change. Ainsworth et al. (2011a) predicted that ocean 
acidification may cause salmon landings to decrease in Southeast Alaska and Prince 
Williams Sound food webs and increase in Northern British Columbia and Northern 
California Current food webs. However, when the authors applied five impacts of global 
change to these food webs simultaneously (primary productivity, species range shifts, 
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zooplankton community size structure, ocean acidification, and ocean deoxygenation), 
projected salmon landings decreased in all locales (Ainsworth et al. 2011a). Incorporating 
ocean acidification and ocean deoxygenation into bioclimatic envelope models for harvested 
fishes in the Northeast Atlantic caused 20-30% declines in projected future harvest, likely 
due to reduced growth performance and faster range shifts (Cheung et al. 2011).  

5 Higher-level processes 

5.1 Population-level effects 
Warming temperatures in Alaska have opened up potential habitat for colonization. 

Pink salmon and Dolly Varden were among the first fish to colonize one such stream in 
Glacier Bay (Milner et al. 2011). The stream community has developed over the past 30 
years. Having robust populations at the edge of the current range to provide colonists 
faciliates range expansion. 

5.2 Diseases 
The negative impact of multiple stressors, such as UV-B exposure and high temperatures, on 
immune function, together with predicted increases in pathogen load in warmer waters 
resulting from global climate change, suggest an increased risk of diseases in fishes (Jokinen 
et al. 2011). De Eyto et al (2011) show that selection on immunological adaptation at the 
major histocompatibility genes in Atlantic salmon varied with life stage and were strongly 
correlated with juvenile survival. They emphasize the importance of maintaining genetic 
diversity to evolve in response to novel disease pressures expected to result from climate 
change. 

Many diseases are more prevalent or virulent at warmer temperatures. Salmonid 
parasites often require intermediate hosts, and parasite risk to fish can be lower in areas 
unsuitable for the other host. Tubifex tubifex, the host of whirling disease, cannot tolerate 
very hot streams affected by geothermal processes in Yellowstone National Park, thus 
reducing infection of rainbow trout in these reaches (Alexander et al. 2011). However, some 
expected negative effects of rising temperatures have not been detected. In an Alaskan stream 
summer water temperature has increased 1.9ºC over the past 46 years. However, the 
presumed increase in consumption rates in sockeye has not led to an increase in tapeworm 
load (Bentley and Burgner 2011). Algal blooms are affected by environmental conditions, 
and can kill large numbers of fish. When an algal bloom moved through a fish farm in New 
Zealand, a large fish kill occurred (MacKenzie et al. 2011). The extent to which wild fish 
could have avoided the bloom is unknown. 

5.3	 Population declines and variability attributed to climatic 
factors 

A fairly rare but important element of evaluating the importance of environmental effects is a 
comparison between environmental and anthropogenic or a variety of alternative hypotheses. 
Most studies look at only a single type of explanation – i.e., they just compare environmental 
effects. But Otero et al (2011) conducted a comprehensive analysis of the catch of Atlantic 
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grilse over the whole length of the Norwegian coast as a function of environmental effects 
during the smolt stage and the return migration, marine, and anthropogenic (fish farms, 
fishery, dams) potential driving factors. They find water temperature and flow interact with 
dams to shape catches, and aquaculture and fisheries have negative effects. 

Many spring and fall run Chinook salmon populations have been extirpated from the 
Central Valley of California. Migration barriers completely explain Central Valley California 
fall Chinook extirpation, but for spring Chinook, habitat loss and altered flow regimes, 
especially enhanced summer flows, predicted extirpation (Zeug et al. 2011). An analysis of 
population extinction of Sakhalin taimen (Parahucho perryi) in Japan showed that in 
comparing populations that ranged from extinct to endangered to extant, lower air 
temperatures and minimal agricultural development set extant populations apart. Lagoons 
also provided refugia (Fukushima et al. 2011). 

When fisheries alter the age structure of a population, it can lose some of its 
resiliency to environmental variation. Long-term shifts toward a shorter generation time, and 
reduced age overlap within the population adds variability to population growth rates. 
Environmental conditions driving that variability thus become more important. Cod show 
increasing sensitivity to environmental fluctuations, which could ultimately make climate 
impacts more severe  (Rouyer et al. 2011). Age structure can also be important if generation 
time coincides with the periodicity of a key environmental driving factor. Age-structured 
models with periodic environmental forcing and fishing pressure generate the cohort 
resonance effect, which can drive much more variability in population abundance than 
predicted by an ecosystem or stage-structured model if the frequency of the forcing factor is 
close to the mean age of reproduction (Botsford et al. 2011). 

5.4 Projected cumulative effects throughout the life cycle 
A holistic perspective demonstrates that climate change  will pose significant stress 

not just on one or two stages, but potentially on every life stage. Healy (2011) outlines 
adverse impacts throughout the life cycle, as well as pointing out how responses in one stage 
can carry over and affect survival or growth in a subsequent stage, and even suequent 
generations. Cumulatively, he argues they pose enormous risk for Fraser River sockeye. 
Healy also lists management and policy responses that would reduce these stresses by life 
stage. 

Elevated tempeatures often inhibit reproduction. Pankhurst and Munday (2011) 
review the entire suite of known endocrine effects in salmonids, as well as the diverse 
sensitivities in juvenile stages as well. They emphasize that the ramifications of chemical, 
thermal and hydrological change will be complex and pervasive throughout the life cycle and 
geographic range of these fish. 

5.5 Species interactions 
Wenger et al (2011) used thermal criteria, flow frequency, and interaction strengths 

with other salmonids to predict habitat availability for all trout in the interior west under 
climate change scenarios. Under A1B scenarios, average habitat decline across all species is 
47%. Brook trout loses the most habitat (77%) and rainbow trout the least (35%).  Species 
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interactions shaped the outcome negatively for some species and positively for others. It does 
demonstrate that considering species interactions could significantly alter predicted responses 
to climate change.  

Temperature gradients cause variation in salmon behavior that can either enhance 
ecosystem productivity, or reduce it. The large spread in Alaskan sockeye salmon spawn 
timing due to thermal differences among streams supports most of the growth in rainbow 
trout, who eat salmon eggs over a relatively long temporal window in the fall (Ruff et al. 
2011). On the other hand, a study of paleoecological and recent lake productivity in Tuya 
Lake, British Columbia revealed an interaction between salmon consumption and warming, 
such that salmon enhanced climate-induce nitrogen deficiencies (Selbie et al. 2011). They 
emphasize that ecosystem structure is very sensitive to temperature. 

6 Human adaptation 
Extensive work explores adaptation responses to climate change. This literature is 

mostly beyond the scope of this review, but we just highlight a few examples here. Several 
papers concentrate on human responses to climate change. A comprehensive review of 
marine and aquatic vulnerabilities, adaptation strategies, and existing adaptation plans in the 
PNW was drafted in 2011 (National Wildlife Federation 2011). This report identified 
common elements of adaptation plans in the PNW and elsewhere, including: remove other 
threats and reduce non-climate stressors that interact negatively with climate change or its 
effects; establish or increase habitat buffer zones and corridors; increase monitoring and 
facilitate management under uncertainty, including scenario-based planning and adaptive 
management. The report includes additional approaches from available literature in the broad 
areas of information gathering and capacity building; monitoring and planning; 
infrastructure and development; governance, policy, and law; and, conservation, restoration, 
protection and natural resource management. This information is intended to guide 
development of climate change adaptation strategies through the North Pacific Landscape 
Conservation Cooperative. At the national level, adaptation strategies have  been proposed 
for ecosystems including coastal and aquatic systems affecting salmonids (USFWS et al. 
2011). The draft inland aquatic ecosystems strategy focuses on protecting and restoring 
existing habitat; maintaining ecosystem functions that will continue to provide benefits in a 
changing climate; reducing impacts of non-climate stressors; and including climate 
considerations in resource management planning, monitoring, and outreach programs. A final 
national adaptation strategy is expected in 2012. Safford and Norman (2011) describe the 
institutional forces that shape the way recovery planning groups in Puget Sound develop 
plans to manage water to improve salmon survival. They found that asymmetrical roles (e.g., 
tribal veto power), coupled with lack of explicit support for tribal sovereignty (which might 
reduce the likelihood of tribal vetoes) contribute to institutional problems. Similarly, 
allowing technical planners to also contribute to citizen committees reduces the ability of the 
planning groups to achieve diverse social and technical objectives.  The lack of broader 
participation has generally led to calls for increasing water supply for salmon, but there has 
been a lack of concrete recommendations for accomplishing this. Farley et al (2011b) 
describe capacity for institutional responses to climate change among four water sectors in 
Oregon’s McKenzie River basin and found that some sectors have more flexibility (e.g., fish 
habitat recovery and flood control) than others (e.g., municipal water and fishing guides) for 
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responding to climate change. Hamlet (2011) also examines institutional capacity for water 
management adaptation, and finds that, although existing institutions have resources to deal 
with moderate changes, substantial obstacles to climate change adapation exist for large and 
complex systems such as the Columbia River basin.  Lack of a centralized authority for water 
management decisions, layers of existing laws and regulations, and lack of specificity in 
some management plans contribute to this concern.  He suggests that the most progress in 
large systems may be expected at smaller geographical scales such as subbasins. He does 
note that in the last several years, significant progress has been made in surmounting some of 
these obstacles, and the PNW region's water resources agencies at all levels of governance 
are making progress in addressing the fundamental challenges inherent in adapting to climate 
change. Thorpe and Stanley (2011) emphasize that restoration goals must focus on building 
resilient functioning ecosystems with the capacity to respond to climate change, rather than 
historical models. Two papers project stress on regional and urban water supplies (House-
Peters and Chang 2011; Traynham et al. 2011). House-Peters and Change (2011) identify 
potential solutions through dense development in urban areas and tree planting. Koehn et al 
(2011) review the major impacts of climate change on fishes, and step through potential 
adaptation measures. Scanning the Conservation Horizon: A Guide to Climate Change 
Vulnerability Assessment is a document produced by the NWF that provides an overview of 
species and ecosystem sensitivity, exposure, and vulnerability to climate change. They 
propose a systematic approach to evaluating risks and selecting conservation measures that 
most efficiently address those risks (Glick et al. 2011). 

6.1 Human impact on stream temperature 
A review paper (Hester and Doyle 2011) on human impacts on stream temperature 

describes the most common actions with thermal impacts and calculates the mean 
temperature change reported. The actions summarized are: loss of riparian shading, loss of 
upland forest, reductions of groundwater exchange, increased width-to-depth ratio, input of 
effluent discharges, diversion of tributary input, releases from below the thermocline of 
reservoirs, and global warming. Cold water reservoir releases in summer were the primary 
means of cooling streams, although diverting warm tributaries can also lower stream 
temperatures. Hester and Doyle (2011) also collected thermal performance curves for stream 
and river species. They summarized the amount of temperature change from the thermal 
optimum to 50% performance (growth, development, reproductive activity, or survival) both 
above and below the optimum. They found that most performance curves are asymetrical, 
and that most species are more sensitive to temperatures above the optimum (typical breadth 
from optimum to 50% for fish is about 4ºC above the optimum, and 6ºC below the optimum). 
Most human impacts shift temperature less than 5ºC, but reservoir releases, riparian shading 
and changes in groundwater exchange can change stream temperature up to 12-14ºC. 

In a review of the impact of logging on stream temperature in the Oregon Coast 
Range, Groom et al (2011b) found that maximum, mean, minimum, and diel fluctuations in 
summer stream temperature increased with a reduction in shade, longer treatment reaches, 
and low gradient. Shade was best predicted by riparian basal area and tree height. In a 
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separate paper, Groom et al (2011a) found that typical logging practices on private land 
generally caused streams to exceed water quality thresholds, but that recent management 
rules successfully lowered this probability greatly.  

Some rivers have management options for lowering stream temperature over a short 
period of time, which can be crucial for preventing lethal temperatures for fish. For example, 
Lewiston Dam can release cold water into the Klamath; water can also be protected from 
withdrawals. These methods can be effective if they are timed precisely. A simulation study 
found short-term (7-10 day) water temperature forecasts prove useful for increasing fish 
production in the Klamath and John Day Rivers (Huang et al. 2011). 
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