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Executive	Summary	
 
 
 Sockeye salmon Oncorhynchus nerka originating in the Sawtooth Valley make up 
the only remaining population of this species in the upper Snake River Basin.  These fish 
are listed as an evolutionary significant unit (ESU) under the U.S. Endangered Species 
Act.  With adult returns as low as one in 1992 and three in 2006, this ESU is considered 
one of the most threatened among the listed stocks of Pacific salmon Oncorhynchus spp. 
 
 In 1991, a captive broodstock rearing program was established for Snake River 
sockeye salmon.  Production from this program has maintained genetic variation in the 
population.  In recent years, larger numbers of hatchery smolt releases and relatively high 
ocean survival have led to an increased number of returning adults.   
 
 The increased number of Snake River sockeye returns has made it possible to 
investigate factors influencing migration survival, an important step in reestablishing 
natural production of the anadromous population and determining strategies for recovery.   
 
 In a previous report, Passage and survival of adult Snake River sockeye salmon 
within and upstream from the Federal Columbia River Power System by Crozier et al. 
2014, we examined patterns of migration and survival for Snake River sockeye from 
2008 to 2013 and characterized possible threats impacting recovery of this population.  
Here we summarize factors affecting survival and fallback of adult Snake River sockeye 
from 2008 to 2014.  This analysis supplements our previous report, incorporating data 
from 347 Snake River sockeye adults that returned in 2014 to better identify factors 
influencing adult migration survival and fallback at Columbia and Snake River dams.   
 
 Adult survival was explored using three categories of covariates:  1) juvenile 
characteristics, such as hatchery origin and downstream migration history; 2) adult 
migration characteristics, such as timing and fallback; and 3) environmental conditions in 
river reaches from Bonneville Dam to the Sawtooth Valley.  Key findings from this 
analysis are listed below:   
 
Adult	Survival	and	Migration	Timing	
• Survival increased in 2014 relative to 2013 in all reaches except the initial stretch 

from Bonneville to McNary Dam. However, survival was lower than previous years, 
both within the hydrosystem (McNary to Lower Granite Dam) and upstream (Lower 
Granite Dam to Sawtooth). 

• The majority of losses occurred within the reach between Bonneville and McNary 
Dam, where survival was the second lowest of all years examined (64%). 
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• Columbia River sockeye exhibited higher survival than Snake River sockeye where 
the runs co-migrate, between Bonneville and McNary Dam. 

• Snake River sockeye migration travel time in 2014 was one of the fastest of all 
years examined. 

 
Fallback	
• Fallback rates continued to be very high at Bonneville (39 fallbacks per 100 

successful passages) and Lower Granite Dam (36 fallbacks per 100 fish that passed 
the dam). 

• Fish with a history of juvenile transport were 2.9 times more likely than 
non-transported fish to fall back.   

 
Factors	Affecting	Survival	and	Fallback	
• In-river temperature and migration travel time continued to be major factors 

associated with sockeye survival through the hydrosystem, contributing to both high 
fallback rates and lower survival. 

• Adult migration survival varied strongly as a function of temperature and dropped 
below 50% when river temperature surpassed 18°C. 

• In the Columbia River, the major factors associated with migration survival were 
history of juvenile transport and age at adult migration.     

• Analysis of data from 2008 to 2014 showed that environmental conditions in the 
river, including spill, flow, and percent dissolved gas, had lower predictive power 
for responses of both survival and fallback compared to analyses using data from 
2008 to 2013. 

• Juvenile transportation and fishery catch strongly influenced adult survival and 
fallback at Columbia River dams, whereas temperature was the primary factor 
associated with fallback at Snake River dams. 
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Introduction	
 
 
 Sockeye salmon Oncorhynchus nerka originating in the Sawtooth Valley make up 
the only remaining population of this species in the Snake River Basin.  These fish are 
listed as an Endangered evolutionary significant unit (ESU) under the U.S. Endangered 
Species Act.  With adult returns as low as one in 1992 and three in 2006, this ESU is 
considered one of the most threatened among the listed stocks of Pacific salmon 
Oncorhynchus spp. 
 
 In 1991, the National Marine Fisheries Service established a captive broodstock 
rearing program for Snake River sockeye salmon.  Production from this program has 
maintained genetic variation in the population.  In recent years, increased numbers of 
hatchery smolt releases and relatively high ocean survival has led to an increased number 
of returning adult sockeye from all ESUs (Williams et al. 2014).   
 
 Reestablishment of natural stocks of sockeye salmon is critical for the 
maintenance and protection of this ESU, and significant restoration effort has been put 
forth toward this goal.  Adult migration presents a significant obstacle to recovery due to 
a number of factors.  Adults encounter high temperatures in the Snake River during 
migration, they must pass multiple hydroelectric dams, and they are exposed to various 
fisheries extending though much of the migration corridor.  Finally, these adults must 
travel a distance of over 1500 km to reach natal spawning grounds.   
 
 Crozier et al. (2014) analyzed survival and migration characteristics for Snake 
River sockeye salmon marked as juveniles with passive integrated transponder (PIT) tags.  
Their analysis focused on fish that returned as adults from 2008 to 201.  Detection 
probability, survival, migration characteristics, and correlates of survival from PIT-
tagged sockeye originating from Sawtooth Valley were evaluated and summarized.   
 
 Crozier et al. (2014) examined relationships between timing, river environment, 
and migration success in individual reaches from Bonneville Dam to the Sawtooth Valley.  
Their objective was to help identify causal factors influencing adult mortality within the 
Federal Columbia River Power System (FCRPS).  Their study addressed research needs 
outlined in the 2008 Biological Opinion for the FCRPS (Reasonable and Prudent 
Alternative Actions 28, 42, and 55).  Results from their study provided some of the 
information required to implement the 2009 Adaptive Management Implementation Plan 
(NMFS 2009) incorporated into the 2010 Supplemental Biological Opinion (NMFS 
2010).   
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 In this report, we incorporate data from 347 adult PIT-tagged Snake River 
sockeye returning in 2014 to supplement the analyses reported by Crozier et al. (2014).  
These additional data complement the original analysis to increase statistical power and 
better identify factors influencing adult passage success and dam fallback.  These data 
provide unique combinations of information on environmental and biological conditions 
for successful adult migration of sockeye salmon to the Sawtooth Valley.  Using these 
data we can refine models to better inform management decisions and options for 
recovery of this and other depressed stocks of Pacific salmon.   
 
 For this supplemental analysis, we repeated the following steps performed by 
Crozier et al. (2014): 
 
1. Estimate annual detection probability at each project along the migration route to 

calculate survival estimates by individual reach from 2008 to 2014. 

2. Describe migration characteristics for the population over this period:  overall 
migration timing, travel time within each reach, and fallback rate. 

3. Analyze survival and fallback as a function of covariates; covariates included some 
aspects of juvenile history, adult migration characteristics, and environmental 
factors during the adult migration.   
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Detection	Probability	and	Survival	
 
 

Methods	
 
 For each PIT-tagged adult sockeye salmon detected at Bonneville Dam during the 
upstream migrations of 2008-2014, we constructed a five-digit detection history.  Each 
detection history included a binary indicator of either detection or non-detection at 
Bonneville, McNary, Ice Harbor, and Lower Granite Dam, as well as at the Sawtooth 
Valley.  The final grouping (Sawtooth Valley) included detection at any site within the 
ESU boundary, e.g., Valley Creek or the Sawtooth Hatchery Trap. 
 
 Using the detection histories for each year, we conducted a mark-recapture 
analysis to estimate detection efficiencies at Bonneville, McNary, Ice Harbor, and Lower 
Granite Dam.  Based on detection efficiencies at individual dams each year, we used the 
Cormack-Jolly-Seber (CJS) model with the software program Survival Under 
Proportional Hazards (SURPH; Lady et al. 2001) to estimate annual rates of survival 
between these locations.   
 
 In 2013, PIT detectors were installed at The Dalles Dam and at two sites near 
Salmon, Idaho:  Eleven Mile Creek (rkm 437) and Iron Creek (rkm 460).  Thus, for 2013 
and 2014 we produced 8-digit detection histories and calculated detection probability and 
survival for these locations.  In 2014, PIT detectors were installed at Lower Monumental 
and Little Goose dams.  We estimated detection probability and survival for these dams 
and associated reaches for 2014.   
 
 The two in-stream sites near Salmon, Idaho, were pooled because of their 
proximity to one another and because in-stream detectors have lower detection rates.  
Detection at either of these sites is referred to as detection at Salmon, Idaho.  We present 
survival from Lower Granite Dam and Salmon, Idaho, to the Sawtooth Valley assuming 
detection rates of 100% at the headwaters.   
 
 Cumulative survival was estimated in the following individual reaches:  from 
Bonneville to Lower Granite, Bonneville to the Sawtooth Valley, McNary to Lower 
Granite, McNary to the Sawtooth Valley, and Lower Granite to the Sawtooth Valley.  We 
described cumulative survival from both McNary and Bonneville Dam because harvest in 
the Zone 6 fishery (i.e., between Bonneville and McNary Dams) is a confounding factor 
with environmental conditions in the Columbia River. 
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 Harvest in the lower Columbia River is managed to target sockeye from the upper 
Columbia and to avoid excessive impacts on Snake River sockeye.  To assist with efforts 
to better separate the stocks or identify risks to Endangered Snake River sockeye that 
might not be reflected in the run as a whole, we characterized migration timing, detection 
probability, and estimates of survival for upper Columbia sockeye as well.  These 
estimates were possible because in recent years, sockeye salmon juveniles have been 
PIT-tagged in the upper Columbia River Basin, and these fish exhibited substantial adult 
returns during 2008-2014.   
 
 For Columbia River sockeye, we constructed models similar to those described 
above, but for estimates of survival we used detections at Priest Rapids and Rock Island 
Dam in addition to those at Bonneville, The Dalles (in 2013-2014), and McNary Dam.   
 
 Finally, in some years, adult sockeye salmon were PIT-tagged at Bonneville and 
released below the dam (Fryer 2009; Fryer et al. 2011; Fryer et al. 2012).  Because Snake 
River sockeye represent a very small fraction of the sockeye run as a whole, the vast 
majority of these tagged adults were from upper Columbia River ESUs (Okanogan and 
Lake Wenatchee).  We constructed Cormack-Jolly-Seber models as described above to 
assess detection probability and survival for the upper Columbia River fish at The Dalles 
(in 2013 and 2014) and McNary Dams.   
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Results	
 
Snake	River	sockeye	

 In 2014, a total of 347 Snake River sockeye were detected during their upstream 
migration (Table 1), and detections of these fish were used to estimate detection 
probability.  Of these 347 fish, 343 Snake River sockeye were detected at Bonneville 
Dam and used for survival analyses.  Estimated detection probability for Snake River 
sockeye was slightly lower at most dams in 2014 compared to 2013, but estimated 
survival was generally higher (Table 2; Table 3).   
 
 
Table 1.  Detection numbers at each dam for adult sockeye salmon PIT-tagged as 

juveniles and released in the Sawtooth Valley.   
 

Year Bonneville The Dalles McNary Ice Harbor 
Lower 
Granite Sawtooth 

Total unique 
fish 

2008 14 -- 10 10 10 3 14 
2009 23 -- 16 17 17 11 23 
2010 40 -- 34 30 31 25 41 
2011 516 -- 343 315 332 253 520 
2012 122 -- 70 67 64 40 123 
2013 205 170 138 121 91 27 206 
2014 343 291 214 204 198 107 347 

Total 1,263 461 825 764 743 466 1,274 

 
 
Table 2.  Estimated mean detection probabilities (%) for adult Snake River sockeye 

salmon PIT-tagged as juveniles and released in the Sawtooth Valley.  Standard 
errors shown in parenthesis.   

 

 Mean estimated detection probability of adult sockeye salmon (%) 

Year Bonneville The Dalles McNary Ice Harbor Lower Granite Salmon, ID 

2008 100.0 (0.0) -- 90.9 (8.7) 90.0 (9.5) 100.0 (0.0) -- 

2009 100.0 (0.0) -- 94.1 (5.7) 100.0 (0.0) 100.0 (0.0) -- 

2010 97.1 (2.8) -- 100.0 (0.0) 90.3 (5.3) 100.0 (0.0) -- 

2011 98.9 (0.6) -- 97.1 (0.9) 90.4 (1.6) 97.2 (1.0) -- 

2012 98.6 (1.4) -- 97.1 (2.0) 95.3 (2.6) 97.4 (2.5) -- 

2013 99.4 (0.6) 98.6 (1.0) 98.4 (1.1) 94.5 (2.4) 100.0 (0.0) 85.2 (6.8) 

2014 98.3 (0.7) 98.6 (0.8) 95.7 (1.4) 94.8 (1.5) 99.3 (0.7) 79.4 (4.0) 

Average 98.9 (0.9) 98.6 (0.9) 96.2 (2.8) 93.6 (3.3) 99.1 (0.6) 82.3 (5.4) 
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 Survival from Bonneville to McNary Dam in 2014 was the second lowest of all 
years (63.9%), where 124 out of 343 fish were lost.  After being detected at Bonneville 
Dam, these 124 fish were not detected subsequently at McNary or any other Snake River 
dam.  Survival from McNary to Lower Granite Dam, which was the lowest in 2013 
(65.4%), rose to 89.6% in 2014, but was similar to or lower than other years.     
 
 Survival through the entire hydrosystem, Bonneville to Lower Granite ranked 5th 
of the 7 years for which we have estimates (Table 3).   
 
 Upstream from the hydrosystem, 51.9% of migrants survived to the spawning 
grounds. The worst years for captures at the Sawtooth trap were extremely hot 2013 and 
2008, when the trap failed in the Sawtooth Valley and many fish passed undetected 
(Mike Petersen, personal communication). Survival in 2014 was lower than all other 
years. Nonetheless, cumulative run survival from Bonneville to Sawtooth was similar to 
2012, and much lower than 2010 and 2011 (Figure 1 and 2).   
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Table 3.  Estimated mean survival (%) by reach of PIT-tagged Snake River sockeye salmon.  The standard error is shown in 
parenthesis.   

 

 Mean survival (SE) 

Year  
Bonneville to  

The Dalles 
The Dalles to 

McNary
Bonneville to 

McNary
McNary to  
Ice Harbor

Ice Harbor to 
Lower Monumental

Lower Monumental 
to Little Goose

2008   78.6 (11.0) 101.0 (1.4)    
2009   73.9 (9.2) 100.0 (0.0)    
2010   85.0 (5.7) 97.7 (3.0)    
2011   67.9 (2.1) 98.8 (0.7)    
2012   58.2 (4.5) 97.4 (2.0)    
2013 83.6 (2.6) 81.2 (3.0) 67.9 (3.3) 91.2 (2.7)    
2014 84.5 (2.0) 75.6 (2.5) 63.9 (2.6) 96.2 (1.3) 99.5 (0.5) 96.7 (0.5)  

Average 84.1 (2.3) 78.4 (2.8) 71.9 (5.9) 97.7 (1.6) 99.5 (0.5) 96.7 (0.5)  

        

 
Ice Harbor to 

Lower Granite 
McNary to  

Lower Granite
Lower Granite to 

Salmon 
Salmon to 
Sawtooth 

Bonneville to 
Lower Granite

Lower Granite to 
Sawtooth 

Bonneville to 
Sawtooth 

2008 90.0 (9.5) 90.9 (9.7)   71.4 (12.1) 30.0 (14.5) 21.4 (11.0) 
2009 100.0 (0.0) 100.0 (0.0)   73.9 (9.2) 64.7 (11.6) 47.8 (10.4) 
2010 93.3 (4.6) 91.2 (4.9)   77.5 (6.6) 77.4 (7.5) 60.0 (7.7) 
2011 97.5 (1.0) 96.3 (1.1)   65.4 (2.1) 74.1 (2.4) 48.5 (2.2) 
2012 93.4 (3.4) 91.0 (3.8)   53.0 (4.6) 60.3 (6.2) 32.0 (4.2) 
2013 71.7 (4.1) 65.4 (4.1) 49.0 (5.8) 60.5 (7.9) 44.4 (3.5) 29.7 (4.8) 13.2 (2.4) 
2014 93.1 (1.8) 89.6 (2.1) 73.7 (3.8) 70.4 (4.3) 57.2 (2.7) 51.9 (3.8) 42.2 (2.9) 

Average 91.3 (3.5) 89.2 (3.7) 49.0 (5.8) 60.5 (7.9) 63.3 (5.8) 55.4 (7.3) 37.9 (5.8) 
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Figure 1.  Cumulative survival from Bonneville to Sawtooth Valley.  The years 2008 and 

2009 are not shown due to small sample sizes.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Average adult survival of sockeye salmon from Lower Granite Dam to 

Sawtooth Valley by year.  Error bars show standard error.  The years 2008 and 
2009 are not shown due to small sample sizes.   
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Upper	Columbia	River	

 Detection probabilities were generally lower for upper Columbia River sockeye 
than for Snake River sockeye in most years, especially at McNary Dam (Table 4).  In the 
reach from Bonneville to McNary Dam, survival was generally higher for Columbia than 
for Snake River sockeye, especially for 2012-2014 (Figure 3; Table 5).   
 
 
Table 4.  Estimated mean detection probability (%) for upper Columbia River sockeye 

salmon PIT-tagged as juveniles.  Standard errors shown in parenthesis.  
 

 Mean estimated detection probability (%) of Columbia River adult sockeye 

Year Bonneville The Dalles McNary 

2008 97.6 (2.4) -- 85.0 (5.7) 

2009 99.2 (0.5) -- 92.9 (1.6) 

2010 98.5 (0.3) -- 95.7 (0.7) 

2011 98.9 (0.5) -- 87.0 (1.6) 

2012 99.3 (0.4) -- 96.8 (0.9) 

2013 95.3 (1.7) 97.0 (1.5) 97.9 (1.5) 

2914 100.0 (0.0) 98.9 (0.7) 96.4 (1.2) 

Average 98.5 (0.8) 99.0 (1.1) 93.0 (1.9) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Survival of Snake and upper Columbia River sockeye populations from 

Bonneville to McNary Dam, 2010-2014.  Whiskers show standard error.  Years 
2008 and 2009 are not shown due to small sample sizes of Snake River adults. 

 
  

50

55

60

65

70

75

80

85

90

95

100

2010 2011 2012 2013 2014

Su
rv
iv
al
 f
ro
m
 

B
o
n
n
e
vi
lle

 t
o
 M

cN
ar
y 
(%

)

Snake River

Upper Columbia



10 

Table 5.  Mean estimated survival (%) of upper Columbia River sockeye salmon 
PIT-tagged as juveniles.  Standard errors shown in parenthesis.  

 

 Mean survival rate for Upper Columbia River sockeye salmon 

Year 
Bonneville to The 

Dalles 
The Dalles to 

McNary 
Bonneville to 

McNary 
McNary to Priest 

Rapids 
2008 -- -- 88.9 (4.7) 100.0 (0.0) 
2009 -- -- 79.9 (2.2) 97.5 (1.0) 
2010 -- -- 81.5 (1.3) 98.3 (0.5) 
2011 -- -- 68.8 (1.8) 98.0 (0.7) 
2012 -- -- 73.1 (1.9) 97.6 (0.8) 
2013 84.1 (2.8) 93.6 (2.1) 78.6 (3.2) 96.1 (1.7) 
2014 93.2 (1.5) 93.1 (1.5) 86.7 (2.0) 94.9 (1.4) 

Average 88.7 (2.2) 93.4 (1.8) 79.6 (2.4) 97.5 (0.9) 

 
 
 
 

Timing	
 
 A seasonal effect of migration timing on survival was evident in most years 
(Figure 4).  In reaches from both Bonneville to Lower Granite and Lower Granite to 
Sawtooth, passage survival increased from 2013 to 2014, regardless of timing of entry 
into the reach.  In 2013, survival from Bonneville to Sawtooth was 36% for the first 
quartile and only 2% for the fourth quartile of the run.  In 2014, survival from Bonneville 
to Sawtooth was 51% for the first quartile of the run and decreased to 15% in the last 
quartile, similar to 2012.  In the reach from Lower Granite to Sawtooth, survival for the 
first quartile of the 2014 adult run was 73%, dropping to 36% for the last quartile. 
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Figure 4.  Observed survival from Bonneville (top) and Lower Granite Dam (bottom) to 

the Sawtooth Valley as a function of seasonal progression of the run by quartile 
(i.e., first 25% of the run, then 26-50% of the run, etc.).  The years 2008 and 
2009 are not shown because sample sizes were too small to adequately 
represent quartiles of the run.   
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Migration	Timing	and	Fallback	with	
Reascension	
 
 

Methods	
 
 We calculated a variety of metrics describing arrival and reach travel time, as well 
as fallback for PIT-tagged Snake River sockeye salmon returning as adults between 2008 
and 2014.  Metrics were chosen for their ability to measure factors having the most 
impact on migration success for sockeye or Chinook salmon (Naughton et al. 2005; 
Caudill et al. 2007; Keefer et al. 2008).  We summarized migration timing based on first 
detections of fish at each monitoring site and then calculated travel time as time from last 
detection at a monitoring site to first detection at the next upstream site.   
 
 Fallback rates were calculated using a program developed specifically for use 
with PIT-tag data (Tiffani Marsh, National Marine Fisheries Service, personal 
communication).  Fallback events cannot be directly observed using PIT-tag data because 
we lack detection capability through fallback routes (Burke et al. 2004).  Rather, we 
inferred that fallback had occurred based on the following criteria.   
 

First, fish were assumed to have fallen back if they were detected in two different 
ladders at the same dam, or if they were subsequently detected at a downstream dam. 

 
Second, to distinguish between fallback followed by successful reascension from 

behavior that included downstream movement within the ladder, we grouped detections 
into distinct blocks of time.  Specifically, if a series of detections was followed by a lack 
of detections for 6 h or more, it was classified as a block and considered a separate event.  
If a block suggested upstream movement and ladder passage, we labeled it as a successful 
passage event.  Any subsequent detections of that fish, regardless of its position in the 
ladder, were interpreted as a separate ascension event (re-ascension).   
 
 We estimated fallback rates at The Dalles in 2013 and 2014, and Bonneville, 
McNary, Ice Harbor, and Lower Granite Dam 2008-2014. 
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Results	
 
 Median arrival day for Snake River sockeye at Bonneville Dam in 2014 was July 
3, intermediate when compared to all other years. It was 2 d earlier than 2011 and 2012, 
but 2-5 d later than other years (Table 6; Figure 5).   
 

Patterns of migration timing for both Columbia and Snake River sockeye runs 
were consistent with those observed by Crozier et al. (2014).  Columbia River sockeye 
migrated approximately 4 d earlier than Snake River sockeye in both median and 
interquartile ranges all the way through the Bonneville to McNary reach (Table 7).  
Nonetheless, the runs of all populations overlapped extensively. 
 
 
 
Table 6.  Arrival dates at Columbia and Snake River dams for adult Snake River sockeye 

(median and 25-75% range).   
 
 

Year Bonneville The Dalles McNary Ice Harbor Lower Granite 

2008 30 Jun (28 Jun-2 Jul) 5 Jul (3-9 Jul) 7 Jul (4-12 Jul) 11 Jul (9-16 Jul) 

2009 29 Jun (22 Jun-1 Jul) 5 Jul (29 Jun-8 Jul) 7 Jul (2-10 Jul) 13 Jul (11-14 Jul) 

2010 29 Jun (25 Jun-9 Jul) 4 Jul (1-12 Jul) 7 Jul (3-12 Jul) 10 Jul (7-16 Jul) 

2011 5 Jul (1-9 Jul) 12 Jul (8-16 Jul) 14 Jul (10-17 Jul) 18 Jul (15-23 Jul) 

2012 5 Jul (29 Jun-10 Jul) 10 Jul (4-16 Jul) 13 Jul (6-18 Jul) 16 Jul (9-24 Jul) 

2013 1 Jul (27 Jun- 6 Jul) 2 Jul (29 Jun-7 Jul) 6 Jul (3-11 Jul) 8 Jul (5-12 Jul) 13 Jul (7-27 Jul) 

2014 3 Jul (28 Jun-8 Jul) 5 Jul (30 Jun-9 Jul) 9 Jul (4-12 Jul) 10 Jul (5-14 Jul) 16 Jul (10-19 Jul) 

 
 
 
Table 7.  Arrival dates at Columbia River dams for adult upper Columbia River sockeye 

(median and 25-75% range). 
 

Year Bonneville The Dalles McNary 

2008 25 Jun (22-29 Jun) 30 Jun (26 Jun-13 Jul) 

2009 26 Jun (22-29 Jun) 2 Jul (29 Jun-6 Jul) 

2010 24 Jun (21-28 Jun) 30 Jun (27 Jun-4 Jul) 

2011 30 Jun (26 Jun-5 Jul) 7 Jul (2-11 Jul) 

2012 27 Jun (23 Jun-2 Jul) 13 Jul (29 Jun-8 Jul) 

2013 25 Jun (20 Jun-1 Jul) 27 Jun (22 Jun-3 Jul) 1 Jul (25 Jun 5-Jul) 

2014 30 Jun (24 Jun-5 Jul) 2 Jul (26 Jun-7 Jul) 5 Jul (29 Jun-10 Jul) 
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Figure 5.  Arrival timing at Bonneville (left) and McNary Dam (right) for adult upper 

Columbia (white bars) and Snake River (gray bars) sockeye salmon PIT-tagged 
as juveniles.  Solid vertical lines show median arrival date, boxes show 
interquartile range, and whiskers show ±1.5 the interquartile range. More 
extreme observations are shown with circles.  Years 2008 and 2009 are not 
shown due to small run size in those years.   

 
 
 
 
Travel	Time		

 For both upper Columbia and Snake River sockeye, travel time in 2014 was very 
fast relative to other years.  Faster 2014 travel times were observed in reaches from 
Bonneville to McNary Dam, Bonneville to Lower Granite Dam, and Bonneville to 
Sawtooth (Table 8).  Median travel time for the entire migration from Bonneville to 
Sawtooth was 47.1 d, similar to 2010 but faster than all other years. Over half the fish 
exited the hydrosystem in less than 12 d. Travel above the hydrosystem was 6 d faster 
than in 2013 (35 d). 
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Table 8.  Median travel time (in days) through reaches within the hydrosystem and above 
for Snake River sockeye salmon.  New PIT-tag monitoring systems were 
installed at The Dalles Dam and in the Salmon River prior to the 2013 adult 
migration and at Lower Monumental and Little Goose dams prior to the 2014 
adult migration. 

 

 Sockeye salmon median travel time (d) 
Reach 2008 2009 2010 2011 2012 2013 2014 
Bonneville–The Dalles -- -- -- -- -- 1.84 1.73 
Bonneville–McNary 5.05 5.96 5.22 5.96 5.69 5.30 5.12 
Bonneville–Ice Harbor 6.61 7.94 7.24 7.88 7.72 7.09 6.82 
Bonneville–Lower Monumental -- -- -- -- -- -- 8.29 
Bonneville–Little Goose -- -- -- -- -- -- 9.91 
Bonneville–Lower Granite 11.43 13.13 11.52 12.57 12.21 12.54 11.85 
Bonneville–Salmon, ID -- -- -- -- -- 33.51 31.43 
Bonneville–Sawtooth Hatchery 50.59 56.63 47.06 53.19 48.96 52.76 47.10 
        
The Dalles–McNary -- -- -- -- -- 3.65 3.36 
The Dalles–Ice Harbor -- -- -- -- -- 5.29 5.02 
The Dalles–Lower Monumental -- -- -- -- -- -- 6.46 
The Dalles–Little Goose -- -- -- -- -- -- 8.01 
The Dalles–Lower Granite -- -- -- -- -- 10.96 9.93 
The Dalles–Salmon, ID -- -- -- -- -- 31.62 29.29 
The Dalles–Sawtooth Hatchery -- -- -- -- -- 30.01 27.16 
        
McNary–Ice Harbor 1.44 1.85 1.84 1.85 1.81 1.67 1.65 
McNary–Lower Monumental -- -- -- -- -- -- 2.98 
McNary–Little Goose -- -- -- -- -- -- 4.34 
McNary–Lower Granite 6.07 6.81 5.88 6.64 6.73 7.06 6.20 
McNary–Salmon, ID -- -- -- -- -- 27.85 25.57 
McNary–Sawtooth Hatchery 46.76 47.47 41.52 46.61 42.97 47.01 41.70 
        
Ice Harbor–Lower Monumental -- -- -- -- -- -- 1.22 
Ice Harbor–Little Goose -- -- -- -- -- -- 2.63 
Ice Harbor–Lower Granite 4.02 4.84 4.04 4.70 4.27 5.27 4.54 
Ice Harbor–Salmon, ID -- -- -- -- -- 25.41 24.01 
Ice Harbor–Sawtooth Hatchery 45.31 48.51 39.28 44.89 40.72 45.47 40.09 
        
Lower Monumental-Little Goose -- -- -- -- -- -- 1.25 
Lower Monumental-Lower Granite -- -- -- -- -- -- 3.09 
Lower Monumental-Salmon, ID -- -- -- -- -- -- 22.70 
Lower Monumental-Sawtooth Hatchery -- -- -- -- -- -- 38.46 
        
Little Goose–Lower Granite -- -- -- -- -- -- 1.71 
Little Goose–Salmon, ID -- -- -- -- -- -- 21.41 
Little Goose–Sawtooth Hatchery -- -- -- -- -- -- 37.39 
        
Lower Granite–Sawtooth Hatchery 41.31 42.74 35.41 39.28 37.22 41.09 35.34 
Lower Granite–Salmon, ID -- -- -- -- -- 21.47 19.39 
        
Salmon, ID–Sawtooth Hatchery -- -- -- -- -- 21.07 16.22 
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 Median travel time from Bonneville to McNary Dam was approximately 5-6 d for 
both Snake and Columbia River adult sockeye.  Within each quartile, 2014 had the 
shortest or second shortest travel time of all years (Table 9).  Travel time through the 
entire hydrosystem, from Bonneville to Sawtooth, was approximately 7-10 d shorter than 
in all other years except 2010.  This increased migration speed was particularly important 
for the third quartile of the run, which typically experiences increased mortality.  The 
largest difference in third-quartile travel time from Bonneville to Sawtooth was 28 d and 
was seen between 2013 (79.9 d) and 2014 (52.2 d). 
 
 
Table 9.  Interquartile range of Snake River sockeye travel times in days from Bonneville 

to McNary Dam and Bonneville Dam to Sawtooth Valley. 
 

 Median travel time (d) 
 Bonneville to McNary Dam  Bonneville Dam to Sawtooth Valley 
Year Q1 Q2 Q3  Q1 Q2 Q3 

2008 4.8 5.1 5.5  48.1 50.6 61.4 

2009 4.9 6.0 7.4  47.7 56.6 59.4 

2010 4.5 5.2 6.0  43.6 47.1 50.4 

2011 5.2 6.0 6.8  47.1 53.2 62.4 

2012 5.3 5.7 6.5  45.9 49.0 60.9 

2013 4.9 5.3 6.4  49.1 52.8 79.9 

2014 4.5 5.1 6.2  44.3 47.1 52.2 

 
 
 
 
Fallback	

 Fallback numbers and rates varied greatly between dams and across years 
(Table 10).  In 2014, individual fish fell back 1-14 times.  Fallbacks at Bonneville Dam 
were high, at 17.5%, a 20% increase from 2013.  Fallback rate at Bonneville Dam was 
38.8%, the highest of all dams in 2014, with 60 fish falling back a total of 1-12 times 
(Figure 6).  Fallback rates at all other dams were lower in 2014 compared to the previous 
year.  No fallbacks at McNary Dam were recorded in 2014.  At The Dalles, Ice Harbor, 
and Lower Granite Dam, fallback rates in 2014 were generally similar to or lower than 
those in 2013.  As in previous years, the highest mean fallback percentage (23%) and 
fallback rate (34%) occurred at Lower Granite Dam.   
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Table 10.  Fallback percentage (unique fish falling back/unique fish passing × 100) and 
fallback rate (total fallback events/unique fish passing × 100) for Snake River 
sockeye at each dam.   

 

Dam/year 

Fallback statistics for adult Snake River sockeye salmon 
Fish that 

passed the dam 
(n) 

Fish that fell 
back (n) 

Total fallback 
events (n) 

Fallback  
percent (%) 

Fallback  
rate (%) 

Bonneville      
2008 14 0 0 0.0 0.0 
2009 23 2 2 8.7 8.7 
2010 40 3 3 7.5 7.5 
2011 516 39 49 7.6 9.5 
2012 122 5 7 4.1 5.7 
2013 205 31 67 15.1 32.7 
2014 343 60 133 17.5 38.8 
      
The Dalles      
2013 169 31 52 18.3 30.8 
2014 286 47 79 16.4 27.6 
      
McNary       
2008 10 0 0 0.0 0.0 
2009 16 1 1 6.2 6.2 
2010 34 1 1 2.9 2.9 
2011 340 17 19 5.0 5.6 
2012 69 2 2 2.9 2.9 
2013 137 7 15 5.1 10.9 
2014 210 0 0 0.0 0.0 
      
Ice Harbor      
2008 10 0 0 0.0 0.0 
2009 17 3 3 17.6 17.6 
2010 30 4 4 13.3 13.3 
2011 313 23 26 7.3 8.3 
2012 66 7 8 10.6 12.1 
2013 120 12 17 10.0 14.2 
2014 200 23 25 11.5 12.5 
      
Lower Granite      
2008 10 2 2 20.0 20.0 
2009 17 1 2 5.9 11.8 
2010 31 4 14 12.9 45.2 
2011 328 82 94 25.0 28.7 
2012 63 24 31 38.1 49.2 
2013 91 30 44 33.0 48.4 
2014 195 57 71 29.2 36.4 
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Figure 6.  Fallback rates of Snake River sockeye at each dam.  Upper panel shows 

fallback percent, or the percentage of all unique fish passing that fell back, 
regardless of the number of fallbacks per fish.  Lower panel shows fallback rate, 
or total number of fallback events at each dam per number of unique fish 
passing.  Years 2008 and 2009 are not shown due to small run sizes in those 
years.   

  



19 

Covariate	Analysis	of	Survival	and	Fallback	
 
 We analyzed a number of covariates to explain variation in upstream migration 
success, or “survival,” of individual adult sockeye.  These same covariates were also used 
to model the probability of fallback for individual fish.  Methods for these analyses were 
identical to those described by Crozier et al. (2014) and are summarized below.   
 
 Each fish was first classified by migration fate based on adult detection history.  
Fates ranged from detection at the upstream end of a reach, indicating reach survival, to 
detection in a lower reach with no subsequent detection upstream.  The latter were 
considered lost for reasons that were unknown but that could include harvest or fallback 
without reascension.  We defined survival to a given detection location as any detection 
occurring upstream from that point.  We then explored three categories of covariates:  
juvenile factors, adult migration characteristics, and environmental factors. 
 
 Juvenile factors included 1) hatchery of origin, 2) release location, 3) juvenile 
transport history (i.e.  transported or bypassed), and 4) fish length at tagging.  All juvenile 
factor data were retrieved from the PTAGIS database, but in some cases missing data 
were filled in by research personnel (Mike Peterson, Idaho Department of Fish and Game, 
personal communication).   
 
 Adult migration characteristics included 1) age at return, 2) day of arrival at reach 
entry, 3) travel time from Bonneville to reach entry for reaches above Bonneville, 4) sum 
of fallbacks detected for an individual prior to and including the dam at the beginning of 
a reach, and 5) estimated sockeye catch in the Zone 6 fishery during the period 
immediately after fish passed Bonneville Dam. Age at return was calculated as the 
difference in years between year of adult detection and year of juvenile migration, 
assuming all fish migrated as yearling smolts.  Day of arrival was the day of first 
detection at a dam. 
 
 Weekly sockeye catch was estimated by Columbia River Inter-Tribal Fish 
Commission (Stuart Ellis, CRITFC, personal communication).  This weekly estimate 
included both specified days of gillnet opening and weekly (or longer) averages for 
platform and hook-and-line fishing.  We combined these estimates into a daily catch by 
assuming catch was equally distributed within each of these periods.  For example, if the 
gillnet catch was open for 3 d, total gillnet catch would be divided by three.  All 
continuous factors were standardized prior to analysis, so catch, for example, should be 
considered an index of harvest and not a harvest rate. 
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 For individual fish, we associated exposure to the fishery by summing daily catch 
during the interval when the fish was known to be between Bonneville and McNary Dam 
(i.e., between last detection at Bonneville and first detection at McNary).  For fish not 
detected at McNary Dam, exposure to the fishery was associated with daily catch over 
the 6 days following detection at Bonneville (i.e., the overall median migration time).  
Some fishing occurred upstream of McNary Dam, but we did not have sufficient 
quantitative information to include this in our analysis. 
 
 Environmental factors were derived from two sources.  Daily average temperature 
(Temp), flow (Outflow), spill (Spill), and the percentage of dissolved gas (Gas) were 
taken from the Columbia River Data Access in Real Time project (CBR 2015). 
For each fish, we used values measured at each project on the day of first detection at that 
project.  We prioritized data from the tailrace of each project (project codes:  CCIW, 
TDDO, MCPW, IDSW, and LGNW).  In cases where data was not available from the 
tailrace, we used data reported for the forebay.  At each dam, missing tailrace data for 
temperature, flow, and spill was filled in with project data from project codes:  BON, 
TDA, MCN, IHR, LWG, respectively.   
 
 A secondary temperature measure was string temperature data reported by the U.S. 
Army Corps of Engineers (USACE 2015).  Water temperature was measured hourly 
along a vertical line (string) near the navigation lock at a series of depths from 0.5 to 
32 m at McNary, Ice Harbor and Lower Granite Dam.  Previous analysis showed that 
these metrics are strongly intercorrelated, so we used daily mean temperatures at the 0.5 
m depth in our calculation of thermal stress, but the DART data for direct entry into the 
covariate analysis.  For both temperature datasets, we matched the day the fish arrived at 
a dam with daily temperature measured at the dam on that day.  For fish that were not 
detected at the upstream dam, we used the conditions at the upstream dam on the day the 
fish would have reached that dam, had it been traveling at the median migration rate for 
that reach.   
 
 The final environmental covariate tested was cumulative temperature exposure 
(CumT).  This was an interaction term between temperature and travel time, wherein 
temperature exposure is progressively accumulated from Bonneville Dam as a fish moves 
upstream.  We calculated cumulative temperature for each reach using temperatures 
measured at the lower and upper ends of that reach as follows:    
 

	 . , , 	 . , ,

2
∗  

 
where T0.5,Lower,t is temperature at the 0.5-m depth on the day a fish passed the lower dam, 
T0.5,Upper,t+D is temperature at the 0.5-m depth on the day a fish passed (or was expected to 
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pass) the upper dam, and D is the number of days it took to travel between upper and 
lower dams.  Cumulative temperature exposure for an individual fish was then summed 
across reaches.  For the covariate analysis, we summed thermal exposure for reaches 
downstream of the focal reach to predict survival through the focal reach. For example, 
when analyzing survival from Lower Granite Dam to Sawtooth, the cumulative thermal 
exposure would be the sum of exposures from Bonneville to McNary Dam, McNary to 
Ice Harbor Dam, and Ice Harbor to Lower Granite Dam, based on the individual passage 
history of that fish.   
 
 
 
 
  



22 

Modeling	Approach	
 
 Model comparison was performed with individual fish detection history as the 
response term, and juvenile, migration, and environmental factors as predictor variables.  
All analyses were conducted using R software (R Core Team 2014).  A generalized linear 
model was used for the basic model structure.  The number of fallbacks per fish was 
modeled as a Poisson distribution and a log link function; survival was modeled as a 
binomial variable using a logit link function.  Model comparison was conducted by 
generating all possible combinations of variables and testing up to four variables per 
model using the function "dredge" in the MuMIn package of R.  Models were ranked 
using Akaike's information criterion (AIC, Akaike 1973).  Model average was then 
computed (function model.avg) for the set of models that contributed up to 95% of model 
weight, following Burnham and Anderson (2002). 
 

Correlation coefficients were high among certain combinations of temperature, 
flow, spill, and gas within and between projects.  To solve this problem, we did not allow 
variables with correlation coefficients greater than 0.8 to occur in the same model.  We 
compared models of reach survival as a function of all other variables.  When a pair of 
variables was strongly correlated (r > 0.90) in our analysis of data from 2008-2013, the 
factor with the lower importance in the model average was eliminated. We used the same 
models here. The one exception was that cumulative temperature and travel time, were 
both analyzed (though not the same model) due to their high biological significance.    
 

Model comparisons were used to report two statistics:  variable importance and 
variable effect.  Variable importance describes how frequently a given variable appeared 
in highly ranked models by summing the weights of all models that include that variable.  
This metric clarified the consistency of a predictor variable in improving model fit, but 
not necessarily its biological importance in terms of the magnitude by which it influenced 
outcomes.  Variable effect was the standardized regression coefficient for each variable 
in the model average.  This statistic captures the relative magnitude of the effect of a 
given variable on outcomes.   
 
 In some cases, data for each factor were not represented evenly enough to make 
statistically valid comparisons.  One example of this problem was hatchery origin.  The 
majority of fish in the dataset came from either Sawtooth or Oxbow Hatchery (1,212 out 
of 1,263 fish).  Since numbers of wild sockeye were few (51), a separate analysis is 
needed to assess the relative performance of hatchery vs. wild smolts.  Thus, the dataset 
was reduced to include only fish from these two hatcheries.  Similar issues arose with 
juvenile release site and certain juvenile transportation sites.  Although they appeared 
significant in the initial analyses, they were highly influenced by a very small number of  
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fish.  Release site was eliminated from all models, and transportation was reduced to a 
binomial variable (either the fish was transported or it was not). 
 
 Nearly all models were either underdispersed (fallback models for Bonneville, 
McNary, and Ice Harbor Dam) or close to 1 (<1.1).  The Dalles, Lower Monumental, and 
Little Goose Dams were excluded from this supplemental analysis because they included 
only one or two years of data.  We compared the coefficient estimates from either the 
Poisson or binomial model with the negative binomial and got very similar results.  
Although not all diagnostics were perfectly normal, no major patterns of nonlinear 
relationships or remaining trend was observed for the modeled variables. 
 
 We analyzed covariates of fallback in the same manner as those for migration fate.  
At each project, we modeled fallbacks for an individual fish as a function of all three 
categories of predictors: 

1. Juvenile history:  origin, length at tagging, juvenile detection history, and transport 
history (whether/from where it was transported as a juvenile); 

2. Migration history:  age of adult return, travel time from Bonneville Dam to the 
project of interest (for projects upstream from Bonneville Dam), number of previous 
detected fallbacks (excluding The Dalles, Lower Monumental, and Little Goose 
dams due to small dataset), and exposure to the fishery; 

3. Environmental conditions:  temperature, flow, spill, and gas levels during arrival at 
the project of interest and cumulative thermal exposure from Bonneville Dam to the 
project as described above.   
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Results	
 
Factors	Influencing	Survival	

 Significant predictors of sockeye survival from Bonneville to McNary Dam were 
temperature at both dams, ocean age, standardized sockeye catch in Zone 6 the week 
following passage at Bonneville, history of juvenile transport, and fallbacks at Bonneville 
Dam (Table 11; Figure 7).   
 

Survival from McNary to Ice Harbor remained high in 2014 (96%).  Hatchery 
origin and ocean age were significant factors for predicting survival within this reach 
(Table 11; Figure 7).   
 

Survival between Ice Harbor and Lower Granite increased notably from 2013 to 
2014 (72 to 93%; Table 3).  Temperature at Ice Harbor, cumulative temperature exposure 
and travel time from Bonneville to Ice Harbor continued to be the most influential factors 
predicting survival through this reach based on variable importance and variable effect 
(Table 12; Figure 7).  Additional predictors of survival within this reach included flow 
and dissolved gas at Lower Granite, spill at Ice Harbor, and history of juvenile bypass.   
 
 Within the reach from Lower Granite to Sawtooth, survival increased from 44% 
in 2013 to 57% in 2014, yet remained relatively low compared to earlier years (Table 3).  
Cumulative temperature and travel time between reaches were the strongest predictors of 
survival in this reach.  Other predictors of survival included temperature at Anatone, and 
flow, spill, and fallback at Lower Granite Dam (Table 11; Figure 7). 
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Table 11.  Relative magnitude of covariate effect on reach survival, estimated from data 
from 2008-2014 (model average coefficient and SE).  Zeros indicate the 
covariate was excluded from the final model average.  Shaded cells indicate 
estimates with zero not included in the 95% CI.  Downstream and upstream 
refer to respective lower and upper ends of the reach except Lower Granite to 
Sawtooth, where upstream refers to Anatone, Idaho.   

 

Factor 
Bonneville to 

McNary 
McNary to  
Ice Harbor 

Ice Harbor to  
Lower Granite 

Lower Granite to 
Sawtooth 

Temp downstream -0.15 (0.06) 0.13 (0.19) -0.68 (0.19) 0.00 (0.00) 

 upstream -0.21 (0.10) -0.21 (0.23) -0.14 (0.20) -0.60 (0.11) 

Flow downstream -0.22 (0.15) -0.16 (0.22) 0.00 (0.00) 0.77 (0.20) 

 upstream 0.10 (0.06) 0.00 (0.00) 0.52 (0.16) 0.00 (0.00) 

Spill downstream 0.00 (0.00) 0.00 (0.00) 0.55 (0.22) 0.41 (0.18) 

 upstream 0.00 (0.00) -0.44 (0.28) -0.27 (0.14) 0.00 (0.00) 

Gas downstream 0.00 (0.00) -0.08 (0.13) 0.00 (0.00) 0.01 (0.10) 

 upstream 0.11 (0.07) 0.44 (0.28) -0.52 (0.15) 0.00 (0.00) 

     

Cumulative temp 0.10 (0.07) -0.26 (0.22) -0.51 (0.18) -0.97 (0.20) 

Travel time 0.00 (0.00) -0.29 (0.29) -0.31 (0.12) -0.81 (0.17) 

Catch -0.24 (0.07) 0.16 (0.15) 0.43 (0.23) 0.20 (0.11) 

Fallback -0.21 (0.08) 0.01 (0.16) -0.28 (0.26) -0.32 (0.14) 

Age -0.24 (0.07) 0.30 (0.12) 0.10 (0.11) 0.14 (0.09) 

Hatchery 0.00 (0.00) 0.74 (0.28) 0.00 (0.00) 0.03 (0.20) 

Bypass 0.08 (0.17) 0.01 (0.31) -0.65 (0.27) -0.15 (0.18) 

Transport -0.40 (0.13) -0.51 (0.27) 0.24 (0.33) -0.06 (0.20) 

(Intercept) 0.72 (0.10) 2.07 (0.27) 2.69 (0.24) 0.41 (0.10) 
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Figure 7.  Significant predictors of reach survival with 95% CI levels.  Values are the 
factor coefficient in the model average for each reach.  Downstream and upstream refer 
to respective lower and upper ends of each reach except Lower Granite to Sawtooth, 
where upstream refers to Anatone, Idaho.  Travel time is from Bonneville Dam to reach 
entry; Temp is daily mean temperature at dam on day of passage; Fallback is the sum of 
fallbacks from Bonneville to reach entry; Age is difference in year of adult detection 
minus the juvenile migration year.   Abbreviations:  BON, Bonneville; MCN, McNary; 
ICH, Ice Harbor; LGR, Lower Granite; SAW, Sawtooth.   
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Table 12.  Variable importance in reach survival model based on data from 2008-2014.  
Downstream and upstream refer to respective lower and upper ends of each 
reach except Lower Granite to Sawtooth, where upstream refers to Anatone, 
Idaho.  The most important variables for each dam are shaded (>0.7). 

 

Factor 
Bonneville to 

McNary 
McNary to  
Ice Harbor 

Ice Harbor to 
Lower Granite 

Lower Granite to 
Sawtooth 

Temp downstream 0.11 0.00 0.78 0.00 

 upstream 0.43 0.08 0.01 0.01 

Flow downstream 0.05 0.09 0.00 0.99 

 upstream 0.02 0.00 0.01 0.00 

Spill downstream 0.00 0.00 0.33 0.69 

 upstream 0.00 0.38 0.16 0.00 

Gas downstream 0.00 0.00 0.00 0.05 

 upstream 0.03 0.23 0.87 0.00 

     

Cumulative temp 0.02 0.52 0.72 0.93 

Travel time 0.00 0.49 0.25 0.07 

Catch 0.98 0.10 0.25 0.25 

Fallback 0.36 0.05 0.06 0.58 

Age 0.99 0.69 0.03 0.17 

Hatchery 0.00 0.72 0.00 0.01 

Bypass 0.01 0.05 0.46 0.06 

Transport 0.71 0.29 0.03 0.05 
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 To describe the general effect of temperature, we can explore the relationship 
between the temperature at Ice Harbor Dam on the day of passage, and survival from Ice 
Harbor to the spawning grounds (Figure 8). As in our previous analysis, survival dropped 
below 50% when water temperature exceeded 18°C.  In 2014, average weekly 
temperature at Ice Harbor Dam was one of the highest of all years examined. However, 
average temperature increased at a slower rate week-to-week compared to 2013 (Figure 
9), which, combined with fast travel times, mitigated overall temperature exposure.  In 
2013, many fish had accumulated close to 500 degree days upon reaching Lower Granite 
Dam (Figure 10).  Cumulative exposure in 2014 was similar to 2012, which had similar 
survival rates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Observed survival of fish during 2010-2014 from Ice Harbor Dam (ICH) to the 

Sawtooth Valley (SAW) as a function of the temperature they experienced at 
Ice Harbor Dam.  Circle size is proportional to the number of fish within each 
1°C temperature bin. 
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Figure 9.  Temperatures at Ice Harbor Dam by calendar week for years 2010-2014.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Distribution of cumulative thermal exposure (in degree days:  mean 

temperature (°C)/d × days) from Bonneville Dam to Lower Granite Dam.  
Boxes show interquartile ranges, lines show medians.  Years 2008 and 2009 
are not shown due to small run size in those years.  Note log scale.   
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 To explore the influence of temperature and travel time on survival above Ice 
Harbor, models were reduced to include only the more influential variables (variable 
importance > 0.1).  Models were then compared using AIC.  The two factors that most 
improved model fit in both the Ice Harbor-to-Lower Granite and Lower 
Granite-to-Sawtooth reaches were cumulative temperature exposure and travel time.   
 
 Travel time and cumulative temperature are highly correlated (r > 0.9) for two 
reasons.  First, travel time was used to calculate cumulative temperature exposure.  
Second, travel time varied with temperature.  To illustrate this relationship, travel time 
was graphed as a function of temperature at Ice Harbor Dam (Figure 11).  Travel times 
both from Bonneville to Ice Harbor and from Bonneville to Lower Granite exhibited a 
spike in migration time when Ice Harbor temperature exceeded 18-19ºC.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Average travel time in days from Bonneville to Ice Harbor Dam (BONtoICH) 

and Bonneville to Lower Granite Dam (BONtoLGR) as a function of Ice 
Harbor temperature (C°) for years 2008-2014.  Error bars represent 95%CI.   
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 Despite the similar fit of models using each of these variables, both variables were 
not allowed in the same model for analysis, so a comparison of their relative importance 
indicates that cumulative temperature had higher explanatory value than travel time in 
both reaches above Ice Harbor (Table 12). 
 
 To demonstrate the impact of travel time and cumulative temperature on survival, 
we show model-predicted and observed survival for the two best individual models 
selected by AIC (Figure 12).  Either cumulative temperature exposure or travel time was 
added to other important factors, namely temperature at Ice Harbor Dam, spill at Lower 
Granite, ocean age of fish, and fallback at Lower Granite to model successful fish 
passage from Lower Granite to Sawtooth.  Survival drops from over 70% for the fastest 
fish exposed to the lowest temperatures, to near 0 for slow fish exposed to the highest 
temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Proportion of sockeye survival, both modeled and observed, from Lower 

Granite (LGR) to Sawtooth (SAW) as a function of both cumulative 
temperature exposure (from Bonneville (BON) to Lower Granite dams) (left) 
and travel time from Bonneville to Lower Granite in days (right) for years 
2008-2014.  Binning of both cumulative temperature and travel time were 
back-transformed from normalized z-scores used in analysis.   
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 Cumulative temperature was slightly better at predicting survival compared to 
travel time alone, demonstrated by smaller model AIC values.  Modeled survival and 
observed mean survival were also examined in the Ice Harbor and Lower Granite reach, 
with similar results, where cumulative temperature consistently showed higher variable 
importanace than travel time alone.   
 
 Environmental factors of flow, spill, and gas were statistically significant 
predictors of survival above Lower Granite, but less important and less influential to 
survival than the temperature variables.  Flow-related variables are correlated with each 
other in ways that were not well accounted for in our modeling approach. Higher 
resolution data on fish movement as they approach each dam is better suited to describe 
their effects on passage success. Nonetheless, dissolved gas was a significant predictor of 
survival in the reach from Ice Harbor to Lower Granite and was negatively correlated 
with survival.  Flow and spill at Lower Granite were positively correlated with survival in 
the reach from Lower Granite to Sawtooth.   
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Factors	Influencing	Fallback	

 Fallback data from 2008-2014 revealed that two variables were important 
predictors of fallback:  juvenile transport in lower reaches and temperature in higher 
reaches (Figure 13; Table 13).  Juvenile transport was the strongest predictor of fallback 
at Bonneville, The Dalles, and McNary Dam.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Significant predictors of fallback at Columbia (left) and Snake River dams 

(right) with 95% CI.  Values are the factor coefficient in the model average for 
each dam.  Fallbacks at Bonneville were used for The Dalles and McNary Dam.  
Abbreviations:  TT, travel time from Bonneville; ; BON, Bonneville; TDA, 
The Dalles; MCN, McNary; ICH, Ice Harbor; LGR, Lower Granite Dam.   
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Table 13.  Relative magnitude of covariate effect on fallback frequency (mean and SE).  
Shaded cells with asterisk (*) indicate estimates where zero was not included 
in the 95% CI. 

 

Factor Bonneville The Dalles McNary Ice Harbor Lower Granite
       
Juvenile history         

Transport history 1.73 (0.16)* 2.79 (0.35)* 1.66 (0.39)* 0.41 (0.25) 0.20 (0.20) 

Bypass detection history -0.29 (0.24) 0.90 (0.67) -0.57 (0.59) -0.14 (0.26) 0.26 (0.15) 

Hatchery origin (Sawtooth) 0.08 (0.13) 0.00 (0.00) -0.54 (0.36) 0.53 (0.25)* 0.25 (0.14) 
      
Migration history           

Age at adult return 0.13 (0.06)* 0.00 (0.00) 0.24 (0.17) 0.06 (0.10) 0.03 (0.06) 

Travel time from Bonneville 0.00 (0.00) -0.32 (0.13)* 1.46 (1.71) 0.03 (0.30) -0.14 (0.26) 

Fallback history 0.00 (0.00) 0.19 (0.03)* 0.09 (0.09) 0.06 (0.09) -0.06 (0.12) 

Zone 6 catch rate 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.10 (0.11) -0.06 (0.07) 
during passage      
      
Environmental conditions           

Temperature, mean daily -0.18 (0.10) -0.09 (0.09) 0.32 (0.46) 0.49 (0.16)* 0.42 (0.08)* 

Flow, mean daily -0.93 (0.10)* 0.06 (0.09) -0.59 (0.29)* -0.37 (0.34) 0.00 (0.00) 

Spill, mean daily -0.88 (0.11)* 0.00 (0.00) -0.39 (0.24) -0.04 (0.19) 0.11 (0.07) 

Dissolved gas, mean daily -0.08 (0.06) 0.25 (0.09)* 0.21 (0.11) -0.10 (0.18) 0.08 (0.06) 

Cumulative temperature 0.00 (0.00) 0.00 (0.00) -1.15 (1.48) -0.02 (0.42) -0.04 (0.30) 

(Intercept) -2.76 (0.16)* -3.31 (0.34)* -3.92 (0.35)* -2.52 (0.24)* -1.21 (0.14)* 
      

 
 
 
 Of all adult returns in 2014, 38% had been transported as juveniles.  Using data 
from 2013-2014, the odds of fallback were 2.9 times higher for a fish with a history of 
juvenile transport than for a non-transported fish (Pearson chi-squared = 34.78, P <0.001, 
2.0 – 4.2:  95% CI).  Other variables of juvenile history were less influential or not 
correlated with fallback in this analysis.   
 
 Ocean age was positively correlated with fallback at Bonneville Dam, but 
numbers of fish that fell back at Bonneville Dam with an ocean age greater than two were 
few (n = 8 in 2014).  Longer travel times between reaches and history of fallbacks at 
Bonneville were a predictor of fallback at The Dalles Dam.  Fish originating from 
Sawtooth Hatchery were more likely to fallback at Ice Harbor Dam.  Juvenile bypass was 
not a significant predictor of fallback at any dam. 
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 Temperature was an important predictor of fallback at Ice Harbor Dam and the 
only significant predictor of fallback at Lower Granite Dam (Figure 13).  With the 
addition of 2014 data, environmental variables of spill and flow were less influential in 
predicting fallbacks at The Dalles and McNary Dam compared to 2008-2013 data alone 
(see Crozier et al. 2014).  In the lower reaches at Bonneville and McNary Dam, flow was 
a significant predictor of fallback, second only to juvenile transport.  After juvenile 
transport, dissolved gas was the second most important predictor of fallback at The 
Dalles.  Spill was determined to be a significant predictor of fallback only at Bonneville 
Dam.   
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Conclusions	
 
 

Survival	and	Fallback—Columbia	River	
 

 In 2014, as in previous years, most losses of Snake River sockeye that occurred 
within the hydrosystem happened in the Columbia River between Bonneville and 
McNary Dam.  Harvest within this reach is clearly the main factor driving this 
spatial pattern. However, higher survival of upper Columbia River sockeye 
(86.7%) compared to Snake River sockeye (63.9%)  through this reach, even 
when accounting for the temporal difference in migration timing, points to 
additional factors that influence mortality for Snake River fish.  

 
 Temperature was a significant factor influencing survival in the Columbia River 

between Bonneville and McNary Dam, but less important between 2008 and 2014 
than other migration and life history characteristics.     

 
 After harvest, the main predictors of survival were history of juvenile transport, 

age at adult migration, and fallback at Bonneville Dam.  While history of juvenile 
transport was the strongest predictor of survival within this reach, it was not a 
significant predictor of survival in any reach of river above McNary Dam.  Age 
was negatively correlated with survival, possibly indicating that older fish are 
more susceptible to harvest.   

 
 At Bonneville, The Dalles, and McNary Dam, history of juvenile transport 

remained the strongest predictor of fallback among variables from all categories.  
Among sockeye adults migrating in 2013 and 2014, those with a history of 
juvenile transportation were almost three times more likely to fall back than those 
that had migrated through the river as juveniles.  Transport history may 
predispose fish to fallback, increasing their susceptibility to hydrosystem 
mortality early in the adult migration.   

 
 At Bonneville Dam, spill and flow were also predictive of fallback.  Because only 

two years of fallback data are available for The Dalles Dam, further information is 
needed, especially given its relatively high fallback rate, which is second to 
fallback rates at Lower Granite dam. Nonetheless, data from 2013-2014 indicated 
that dissolved gas and travel time were also predictive of fallback at The Dalles 
Dam.   
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 In the reach from McNary to Ice Harbor Dam, higher survival of fish from 
Sawtooth Hatchery compared to the Oxbow Hatchery was evident, but of small 
magnitude of effect.   

 

Survival	and	Fallback—Snake	River	
 
 As fish continued into the Snake River, the variables influencing passage survival 
shifted from life history and migration characteristics to in-river environmental 
conditions of temperature, spill, and flow.  Temperature exposure and migration travel 
time emerged as the strongest factors for predicting migration success for Snake River 
sockeye salmon.   
 

• Average survival through the full hydrosystem was 13% higher for Snake River 
sockeye salmon in 2014 than in 2013 due to higher survival from McNary to 
Lower Granite Dams. Survival remained low overall compared to earlier years.   

 
• Lower cumulative temperature exposure and faster travel times in 2014 appear to 

have mitigated losses through the hydrosystem relative to 2013, especially above 
Ice Harbor, where survival increased 10-22% from the previous year.  

 
• In all reaches except the short reach from McNary to Ice Harbor Dam, 

temperature was significantly correlated with survival.  Temperature at Ice Harbor 
was strongly correlated to migration success.  When temperature at Ice Harbor 
exceeded 18°C, survival to Sawtooth dropped below 50%.   

 
• Travel time in 2014 was one of the fastest among all years examined.  Travel time 

exhibited a dramatic increase when temperature exposure exceeded 18-19°C, but 
many fish avoided high temperatures due to a slower rise of in-river temperature 
during the first quarter of the run.   

 
• While travel time and cumulative temperature independently exhibited strong 

predictive power in survival models, cumulative temperature consistently showed 
stronger predictive power over travel time alone. 

 
• Additional environmental variables emerged as significant factors affecting 

survival above Ice Harbor Dam.  These included percent dissolved gas, flow, and 
spill at Ice Harbor Dam, and flow at Lower Granite Dam.   

 
 The accumulation of fallbacks throughout the migration was also a significant 
predictor of survival from Lower Granite Dam to the spawning grounds.   
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 Temperatures at Ice Harbor and Lower Granite Dam were strong predictors of 
fallback at these projects.  Fallbacks at Ice Harbor Dam were also linked to hatchery of 
origin:  60% of fallbacks were from Sawtooth Hatchery fish.  In 2014 overall, flow, spill, 
and dissolved gas were less predictive of fallback than in previous years. 
 
 
Conclusion:  With the addition of 2014 migration data, the inter-related factors of 

temperature and travel time remained strong predictors of survival through the 
hydropower system and upstream to the spawning grounds.  Temperature also 
influences fallback rates, which in turn lower survival. In the Columbia River, 
history of juvenile transportation stands out in its negative affect on both fallbacks 
and survival.  

 The addition of 2014 data indicated that environmental factors of spill, flow, and 
dissolved gas had similar or weaker predictive power for both survival and fallback.  
Higher-resolution data is needed to discriminate among the influences of flow, spill, 
and dissolved gas, especially on fallback in the Columbia River and on survival in 
the Snake River.   
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