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We evaluated an eleven-year (2000 to 2011) coho salmon adult, parr, and 
smolt abundance data stream from three census watersheds in coastal 
Mendocino County, California to determine how this information can 
provide a scientific basis for directing life-stage specific stream restoration 
activities. The three census watersheds: Caspar Creek, Pudding Creek, and 
the South Fork Noyo River called Life Cycle Monitoring Streams (LCMS), 
are part of the California Coastal Salmonid Monitoring Plan. These LCMS 
are places where we estimate adult, parr, and smolt abundance; make 
connections between life stage abundance and abiotic factors; and serve as 
focal points to foster additional watershed and salmon research. Adult and 
smolt abundance was estimated using capture-recapture methods where 
fish were marked with either batch marks or individual identifiers and we 
estimated parr abundance with depletion sampling. Since 2006, we have 
applied Passive Integrated Transponder (PIT) tags to parr and smolts >70 
mm and used this information to estimate abundance and survival. We used 
these data to calculate marine and freshwater survival, estimate carrying 
capacity of the three streams, and investigate the relationship between 
survival and abiotic factors (stream flow, turbidity, and temperature). We 
present the findings of this analysis and our results in relation to habitat 
census evaluations conducted during summer 2011. Finally, we discuss 
the application of our findings to restoration using large wood, and provide 
recommendations for future work to increase coho salmon production.
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In coastal California, Chinook salmon (Oncorhynchus tshawytscha), coho salmon 
(O. kisutch), and steelhead (O. mykiss) are listed under the California and federal endangered 
species acts. These listings require monitoring to provide measures of recovery (Good 
et al. 2005). The listing of these, and many other Pacific salmon populations, has led to 
extensive recovery efforts (Roni et al. 2010). The recovery plans for California’s coastal coho 
salmon (National Oceanic and Atmospheric Administration [NOAA] 2010, 2012) require 
monitoring of population responses to recovery actions. The state of California’s Fisheries 
Restoration Grant Program (FRGP) has expended $180 million since 1981 on restoration 
of anadromous fish habitat. Bernhardt et al. (2005) estimated that over a billion dollars has 
been spent on watershed restoration in the Pacific Northwest since 1991. Nevertheless, 
Roni et al. (2010) reported that much uncertainty remains over the effectiveness of various 
restoration techniques. Indeed, studies linking habitat improvements with increased fish 
abundance are rare (Roni et al. 2008).

There is increasing evidence that a lack of winter habitat (slow water pools with 
cover for small fish) limits coho salmon production in coastal streams (Nickelson et al. 
1992). Solazi et al. (2000) increased coho parr and smolt abundance and over-winter 
survival by creating and enhancing complex habitat using “large wood” (channel spanning 
logs). Similarly, Johnson et al. (2005) found that addition of large wood significantly 
increased coho salmon freshwater survival. Both of these studies required many years of 
pre-treatment and post-treatment monitoring, and treatment of large portions of their study 
streams. Roni et al. (2010) reported that considerable restoration is necessary to produce 
measurable changes in fish abundance. They suggested that flood plain and instream habitat 
restoration of 80% (reconnecting the flood plain and addition of wood to 80% of the stream) 
is required to double coho salmon smolt production; restoring 20% of the stream resulted 
in an increase of 25%. Focusing on particular habitats that limit salmon production and 
implementing restoration efforts lower in the river system should be even more efficient 
(Roni et al. 2010). In addition, protecting high quality habitats, restoring stream connectivity 
(Roni et al. 2008), and linking restoration sites to ephemeral streams and springs (Roni et 
al. 2010) should further increase the likelihood that restoration will result in more smolts. 
To our knowledge, the links between coho salmon production and their habitats has not 
been thoroughly investigated in coastal California.

The California Department of Fish and Game (CDFG) and Campbell Timberlands 
Management, LLC (CTM) have been conducting coho salmon and steelhead life cycle 
monitoring in three streams in coastal Mendocino County since 2000. Annual smolt-trapping 
and parr-rearing data collection began in mid-1980 in a few streams in coastal Mendocino 
County (S. Harris, CDFG, personal communication, March 2012). With funding from the 
FRGP and technical oversight from NOAA, CDFG and CTM began intensive life cycle 
monitoring in Caspar and Pudding creeks and the South Fork Noyo River in winter 2005 
(Figure 1). Combining these data with our earlier work provided an 11-year time series 
(2000 to 2011) on abundance of adult, parr, and smolt coho salmon. If further grant funding 
becomes available, we expect life cycle monitoring to continue in these streams for many 
years, especially given the importance of these data to the California Coastal Salmon 
Population Monitoring Plan (CMP; Adams et al. 2011). 

An important aspect of salmon life cycle monitoring is an understanding of the 
relationships between habitat and salmonid survival (Adams et al. 2011) to help interpret 
regional trends and direct effective restoration actions (NOAA 2010, 2012). We examined 
our 11-year data set (Figure 2) to evaluate (1) the relative importance of survival at different 
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life stages; (2) potential density dependence within life stages; (3) relationships between 
life stage specific survival and readily available physical stream factors (flow, temperature, 
and turbidity); and (4) carrying capacity among streams. We hypothesized that density 
dependence occurs in freshwater life stages and that some seasonal physical factors limit 
salmon populations. To help interpret the results of our evaluation of the data, we examined 
fish habitat in two of the three study streams in summer 2011. Finally, we discuss the 
application of our findings to future experimental addition of large wood to increase the 
abundance and survival of juvenile salmonids.

 
Materials and Methods

The three life cycle monitoring streams (LCMS) (Figure 1) were selected for a 
variety of reasons. Pudding Creek has a fish ladder where fish can be marked and released 
and has been operated as a LCMS by CTM since 2005. The South Fork Noyo River has coho 
salmon data relating to the Noyo Egg Collecting Station (ECS), fish can be captured and 
marked there, and it has been operated as an LCMS since 2000. Caspar Creek was chosen 
because of existing salmon monitoring data. In 2005 we built and operated a floating board 
resistance weir in Caspar Creek 4.9 km from the Pacific Ocean. To estimate escapement 
(Figure 2), we marked and released fish with weekly time-specific individually numbered bi-
colored floy tags (Szerlong and Rundio 2008). We estimated escapement using the Schnabel 
mark-recapture method (Krebs 1989) and conducted redd censuses in the three study streams 
following the methods of Gallagher and Knechtle (2003) and Gallagher et al. (2007). Over and 
under-counting errors in redd counts (bias corrected) were reduced following Gallagher and 
Gallagher (2005). Surveys were conducted approximately fortnightly from mid-November 
to late-April each year.  

FACTORS LIMITING COHO SALMON

Figure 1.— Location of coho salmon life cycle monitoring streams in coastal Mendocino County, California.
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Figure 2.—Coho salmon abundance data for three life cycle monitoring streams, Mendocino County, California, 
2000 to 2011. A. Caspar Creek; B. Pudding Creek; C. South Fork Noyo River.
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We used downstream migrant traps to estimate smolt abundance using capture-
recapture methods. Traps were placed in the streams in early March and checked daily until 
early June each year. We used a fyke trap, located about 5.0 km above the Pacific Ocean 
in the main stem of Caspar Creek, a screw trap below the ECS on the South Fork Noyo 
River (Figure 1), and a screw trap about 5 km upstream of the ocean in Pudding Creek. We 
installed two PIT tag antennae arrays about 0.5 km from the ocean in Caspar Creek and 
one array on the Pudding Creek dam during 2008. In 2010 we put another PIT tag antenna 
array in the fish ladder at Pudding Creek. We used PIT tags as the primary mark for fish 
>70 mm, and marked fish between 40 mm and 69 mm with site- and week-specific fin clips. 
We examined all trap-captured coho salmon for marks each day. Those without marks were 
marked and released at least 150 m above the traps and recaptured fish were released at 
least 150 m below the traps. We estimated smolt abundance using Darroch Analysis with 
Rank Reduction and a one-trap design (Bjorkstedt 2003). For coho salmon, we determined 
the following classes: <70 mm (YOY), 71-120 mm (Y+), and >120 mm (Y++) based on 
Shapovalov and Taft (1954), Gallagher (2000), and Neillands (2003). 

Coho salmon parr abundance was estimated using depletion electro-fishing in early-
fall each year. In Caspar Creek, two 30-m sites have been sampled each fall since 1987 and 
an additional four sites were added in 1993 (B. Valentine, personal communication, March 
2012). We used data collected at these sites to estimate parr abundance for 2000 to 2005. 
In 2006, we developed a 20-unit spatially balanced random sample draw of 50-m reaches 
in Pudding Creek for estimating summer rearing density. Similarly, but beginning in 2007, 
we randomly selected and sampled ten 50-m units in Caspar Creek. Salmonid density was 
estimated in each unit using depletion electro-fishing. All salmonids >60 mm fork length 
were given PIT tags and maxillary clips and all captured fish were examined for previously 
applied marks. We calculated the average and 95% CI density of salmonids by species in 
each stream and multiplied this by the total length of anadromy to estimate late-summer 
juvenile abundance.

We estimated annual coho egg to smolt, egg to parr, parr to smolt, and smolt to 
adult survival for the three streams from smolt abundance data from 2000 to 2011, from parr 
abundance data from 2006 to 2011 in Pudding Creek and 2000 to 2011 in Caspar Creek, and 
adult return data from 2000 through 2011. To estimate annual egg abundance we used the 
relationship between fecundity and fork length described by Shapovalov and Taft (1954), 
the average length of observed female coho salmon, and the estimated number of females in 
each stream each year. Over-winter survival was estimated for Caspar and Pudding creeks 
using data collected during summer electrofishing: summer stream-level population estimates 
were divided into smolt abundance estimates the following spring and the estimated number 
of summer PIT-tagged fish captured in downstream traps and detected in our arrays was 
divided by the total number of PIT tags deployed in summer. 

We used key-factor analysis and calculated relative importance (RI) values 
following Guy and Brown (2007) from our estimates of relative marine (smolt to adult) 
and freshwater (egg to smolt, egg to parr, and parr to smolt) survival to determine which 
factor was more important in the observed variability in population abundance over our 
time series. Key-factor analysis is based on the idea that there is variation in survival at 
different life stages and variation in one life stage can affect abundance in later stages, with 
the most influential potentially driving overall population dynamics (Guy and Brown 2007). 
We also used the key-factor data to examine density dependence in the freshwater and 
marine environments by regressing each life stage k-value (k values = –log of stage specific 
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survival value) against the number of individuals entering that life stage. If the regression is 
statistically significant, density dependence is suspected (Guy and Brown 2007). For those 
instances in which we suspected density dependence, we fit our data to Beverton-Holt and 
Ricker spawner:recruit curves (Hilborn and Walters 1992, Guy and Brown 2007), evaluated 
potential carrying capacity, and related survival parameters.   

Relationships between life-stage specific survival and readily available physical 
stream factors (flow, temperature, and turbidity) were examined graphically with scatter 
plots and statistically with correlation and regression. We used standardized coefficients to 
determine which of the independent variables (flow, temperature, or turbidity) had a greater 
effect on the dependent variable (survival) because the variables were measured in different 
units (Kim and Freree 1981). Because we suspected density dependence — and because 
freshwater survival was very high in 2009–10 indicating a release of the effects of density 
dependence on survival — we did not use data from this year in our correlation analysis. We 
obtained stream flow, water temperature, and turbidity data from 1999 to 2011 (the water 
temperature data series only covers 2005 to 2011) from the ongoing Caspar Creek watershed 
study (Cafferata et al. 2011). These data were collected continuously every 10 minutes at 
sediment weirs in the North Fork and South Fork of Caspar Creek (J. Seehafer, USFS, 
personal communication, November 2011) and we distilled it into seasonal (fall-September 
to November, winter-December to February, spring-March to May, summer-June to August) 
minimums, maximums, and averages. Only summer water temperature data were available 
for Pudding Creek. We estimated Pudding Creek seasonal stream flows as one-sixth of the 
Noyo River based on our knowledge of the two systems.

We used the habitat classification of Bouwes et al. (2011) to conduct summer 
habitat censuses in Caspar and Pudding creeks in 2011. We evaluated eight physical habitat 
factors collected during habitat censuses conducted in each stream (unit type, unit length, 
unit width, unit area, unit volume, substrate, percent fish cover, and large wood density; 
Bouwes et al. 2011). Habitat variables were compared using chi-square tests, t-tests, or 
Mann-Whitney tests when standard kurtosis P-values were significantly different from zero. 
Because our work involved endangered species (Good et al. 2005), we accepted statistical 
significance at P < 0.10.

 
results

Between 2000 and 2003, marine survival averaged around 7%, dropped to average 
<1% between 2005 and 2008, and increased to about 5% in 2009 in the three study streams. 
During this same period freshwater (egg to smolt) survival averaged approximately 3% 
from 2000 to 2003 and increased as marine survival dropped (Figure 3a). During the low 
adult return years of 2009 and 2010, (Figure 2) freshwater survival increased dramatically 
(Figure 3), indicating a release from density dependence. Coho salmon over-winter and 
over-summer survival was very similar between 2000 and 2007, after which over-winter 
survival appeared to account for the overall increase in egg to smolt survival (Figure 3b, c). 

For coho salmon it appears that marine survival was more influential in the observed 
variability in population abundance over our time series than was freshwater survival. Key-
factor analysis showed that marine survival more closely tracked variation in total survival 
than did freshwater survival (Figure 4) for all three streams. Marine survival was relatively 
more important than freshwater survival for the South Fork Noyo River population (RI 
= 0.81 versus 0.19), for the Caspar Creek population (RI = 0.70 versus 0.30), and for the 
Pudding Creek population (RI = 0.99 versus 0.01). 
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Figure 3.—Coho salmon survival for three coastal Mendocino County, California, streams 2000 to 2010.  A. 
Three stream average freshwater and marine survival; B. Caspar Creek freshwater survival; C. Pudding Creek 
freshwater survival.
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Our k-value versus life stage abundance analysis indicated density dependence 
in freshwater, but not in the marine environment (Figure 5); this pattern was the same in 
all three streams. Regressions of freshwater life stage k-values against the number of eggs 
estimated in each stream were statistically significant (Figure 5a, c, e). However, marine 
k-values versus smolt abundance regressions were not significant (Figure 5b, d, f).

We fit our smolt and egg data to Beverton-Holt and Ricker recruitment functions 
and examined the resulting graphs to help identify carrying capacity (Figure 6). Pudding 
Creek appeared to be the most productive and had a smolt carrying capacity of around 
20,000. Caspar Creek appeared to have a carrying capacity of about 4,500 smolts, and the 
South Fork Noyo River asymptotes at about 8,000 smolts. Pudding Creek produced on 
average 948 smolts/km, Caspar Creek produced on average 216 smolts/km, and the South 
Fork Noyo River produced an average of 203 smolts/km of stream.

Average winter stream flow was negatively correlated with coho salmon parr to 
smolt survival in both Caspar (r = -0.67, P = 0.047) and Pudding Creeks (r = -0.96, p = 
0.17). Maximum winter stream flow was negatively correlated with coho salmon parr to 
smolt survival in both Caspar (r = -0.77, P = 0.02) and Pudding Creeks (r = -0.99, P = 0.09). 
Egg to parr survival was negatively correlated with first winter average water temperature 

Figure 4.—Key-factor survival analysis for coho salmon in three streams in coastal Mendocino County, California.  
A. Caspar Creek; B. Pudding Creek; C. South Fork Noyo River.
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Figure 5.—Regression of coho salmon freshwater survival k-values against egg production (A, C, E) and marine 
survival k-values versus smolt abundance (B, D, F) in three streams in coastal Mendocino County, California.  
A-B. Caspar Creek; C-D. Pudding Creek; E-F. South Fork Noyo River.  Significant relationships suggest density 
dependence.
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(r = -0.85, P = 0.07) in Caspar Creek. Parr to smolt survival was also negatively associated 
with second winter average water temperature (r = -0.90, P = 0.04), second winter average 
turbidity (r = -0.62, P = 0.08), and second spring minimum turbidity (r = -0.63, P = 0.07) 
in Caspar Creek. In Pudding Creek, parr to smolt survival was positively associated with 
fall average (r = 0.99, P = 0.02), second spring minimum (r = 1.0, P = 0.01), and second 
spring maximum stream flows (r = 0.99, P = 0.02). We suspect the three later correlations 
in Pudding Creek were an artifact of small sample size, because, on further inspection, 
there was a similar pattern of a negative association between parr to smolt survival and 
both winter average and winter maximum flows during the three years data are available 
for both streams (Figure 7a, b). An opposing pattern emerged for minimum and maximum 
flows in those streams during spring (Figure 7c, d). With only three years of data we could 
thus erroneously conclude that these flows were associated with survival (the pattern was 
the same for average fall flows; data not presented). None of the other relationships we 
tested between survival and seasonal stream flows, water temperatures, or turbidity were 
significant in either stream. 

Caspar Creek stream flows were positively correlated with both water temperature 
(r = 0.43, P<0.001) and turbidity (r = 0.91, P<0.001). The standardized coefficients showed 
that the order of influence of the three physical variables on coho salmon parr to smolt 

Figure 6.—Coho salmon egg to smolt recruitment curves for three streams in coastal Mendocino County, California.  
A. Caspar Creek; B. Pudding Creek; C. South Fork Noyo River.  The horizontal line indicates 1:1 replacement.
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survival was (1) stream flow (Beta = -0.94); (2) water temperature (Beta = 0.82); and, (3) 
turbidity (Beta = -0.22). 

Summer 2011 Habitat Evaluations.—The frequency of habitat units was not 
significantly different between Caspar and Pudding creeks (X2

30 = 34.7, P = 0.25); however, 
Caspar Creek had a higher percentage of pools than did Pudding Creek (55.8% versus 39.4%). 
The surface area of habitat in each stream was not significantly different (U = 7635, n1 = 
83, n2 = 109, P = 0.33); however, Pudding Creek had more length of stream habitat above 
the dam pond (17.1 km) than Caspar Creek (14.1 km), and about 1.36 km more pool habitat 
than the latter. Total habitat volume was not significantly different between the two streams 
(U = 7480, n1 = 83, n2 = 109, P = 0.17). Fish cover (percent wood, vegetation, and undercut) 
was not significantly different between these streams (U > 7717, n1 = 83, n2 = 109, P >0.24). 
Large wood density was not significantly different between Caspar and Pudding creeks (U = 
8192, n1 = 83, n2 = 109, P = 0.63). Caspar and Pudding creeks had similar bank full widths 
(U = 7922, n1 = 83, n2 = 109, P = 0.94). Caspar Creek had significantly more large cobble 
cover (average 8.6% SE = 1.4%) than did Pudding Creek (3.4% SE = 0.94%) (U = 9458, n1 
= 83, n2 = 109, P = 0.001). Pudding Creek had more (16.7%) fine sediment than did Caspar 
Creek (14.1% SE = 2.5%) (U = 6955, n1 = 83, n2 = 109, P = 0.02). 

When examined by habitat unit, Pudding Creek had significantly deeper pools than 
Caspar Creek did (0.77 m, SE = 0.05 versus 0.63 m, SE = 0.05). Maximum pool depth (t 
= -2.07, df = 77, P = 0.04), residual pool depth (U = 1214, n1 = 38, n2 = 43, P = 0.03), and 

FACTORS LIMITING COHO SALMON

Figure 7.— Coho salmon parr to smolt survival and stream flow in Caspar and Pudding creeks, Mendocino County, 
California.  A. second winter average; B. second winter maximum; C. second spring minimum; D. second spring 
maximum.
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pool volume (U = 1352, n1 = 38, n2 = 43, P = 0.05) were significantly different between 
the two creeks. While Pudding Creek only has about 4% more habitat overall, it had twice 
the pool volume of Caspar Creek (14,869 m3 versus 7,862 m3). Riffles in Pudding Creek 
had a significantly lower percentage of cobbles (3.3% versus 7.6 %; U = 638, n1 = 19, n2 
= 33, P = 0.01) and a significantly higher percentage of fines (8.1% versus 3.7%; U = 387, 
n1 = 38, n2 = 43, P = 0.03) than Caspar Creek. Pools had a higher percentage of cobble in 
Caspar Creek than Pudding did (7.5% versus 3.9%; U = 1906, n1 = 38, n2 = 43, P = 0.005). 
Importantly, large wood density (U > 565, n1 = 83, n2 = 109, P > 0.11) and percentage of fish 
cover provided by large wood (U > 596, n1 = 83, n2 = 109, P > 0.46) was not significantly 
different in any habitat type between the streams. In both streams the percentage of fish cover 
provided by wood, undercut banks, and vegetation was <25% of the stream surface area.

discussion

Coho salmon smolt and adult abundances trends were very similar among the three 
streams over the past 11 years. Parr abundance trends also appeared to track well over the 
shorter time series in Caspar and Pudding creeks (Figure 2). Coho salmon freshwater and 
marine survival were also very similar over the time series and tracked well among the 
three streams (Figure 3). The relationships we observed between survival and high winter 
stream flow were the same in Caspar and Pudding creeks. The patterns we observed in the 
importance of freshwater and marine survival were virtually the same in the two study 
streams (Figure 4) and all three streams showed density dependence in freshwater but not 
in the marine environment (Figure 5). 

Coho smolt to adult survival over nine smolt-to-adult return cycles was similar to 
that reported by Bradford (1999), Logerwell et al. (2003), and Shapovolov and Taft (1954) 
between 2002 and 2005, was considerably lower from 2006 to 2010, and appears to have 
increased some in 2011. Coho salmon egg to smolt survival (freshwater) ranged from 1% 
to over 20% over the last 10 years and was very similar among the three streams. Coho 
smolt to adult (marine) survival was similar among streams over 10 years and ranged from 
0.002 to 0.17. 
  It appears that conditions in the marine environment have a greater influence on 
overall survival relative to freshwater. However, our key-factor analysis suggests there is 
density dependence (e.g., carrying capacity, competition, favorable habitat) in the freshwater 
phase of the coho salmon’s life cycle, but there is no evidence for density dependence in the 
marine environment. We suspect the large increase in freshwater survival observed between 
2009 and 2010 (Figure 3) provides further support for the idea that coho salmon experience 
density dependence in freshwater. Because adult returns in 2009 (Figure 2) were very low, 
there were very few young salmon produced into relatively large areas of habitat. Moore et 
al. (2011) showed that coho salmon smolts were larger and disproportionately more abundant 
at lower spawner abundances, and attributed this to density dependence. Thus, we expect 
that if we create effective restorations to improve coho salmon and steelhead freshwater 
survival and abundance that, even in times of poor ocean conditions, more fish will survive 
to return as adults because freshwater is crucial to providing stock resilience to fluctuations 
in the marine environment. 

Pudding Creek produced over four times as many smolts as Caspar Creek and the 
South Fork Noyo River, and had a carrying capacity three to five times greater than the other 
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two streams. While Pudding and Caspar creeks had similar proportions of habitats, Pudding 
Creek had significantly deeper pools and twice the pool volume, which may explain why 
it was more productive. The difference in average depth between the two streams was only 
about 0.10 m. While not significantly steeper, Caspar Creek had a higher gradient (0.15%) 
than did Pudding Creek (0.08%), which may explain why it had deeper pools in summer. 
Further investigation of factors influencing the productivity of these streams in winter will 
help direct habitat restoration. Our estimates of carrying capacity in the three streams will 
also serve as a baseline for monitoring the effects of restoration.

It was surprising that summer low flows, summer high temperatures, and that 
many of the other seasonal physical variables we examined were not related to coho salmon 
freshwater survival. High flows in fall can be beneficial to fish because it is the period of the 
lowest steam flows and thus the highest relative fish density. Higher fall stream flows could 
result in more habitat space and the potential lessening of some density dependent pressures. 
Similarly, high flows in spring might be beneficial for predator avoidance and aiding smolt 
migrations. Low turbidity in spring may negatively influence survival by increasing predation. 
We observed significant positive associations between survival and fall and spring flows in 
Pudding Creek, with only three years of data. In Caspar Creek, with a longer time series, 
however, we did not detect the same relationships; therefore, we attribute the Pudding Creek 
observations to small sample size. Our analysis of coho salmon seasonal growth (Wright et 
al. 2012) indicated that summer is a low growth period, and we expected to see a relationship 
between survival and summer low flow or high temperatures. That both egg to parr and parr 
to smolt survival was negatively associated with water temperature is worrisome, given the 
potential for continued increase in temperature because of climate change. Lawson et al. 
(2004) reported a strong negative relationship between smolt production and temperature. 

Our analysis of freshwater survival and seasonal stream flows, temperatures, and 
turbidity indicates that a lack of winter slow-water habitat is limiting coho salmon production 
in Caspar and Pudding creeks. Coho salmon parr to smolt survival was negatively correlated 
with winter average and high stream flows in both creeks. Survival for this life stage was 
also negatively correlated with elevated winter water temperatures and turbidity in Caspar 
Creek, and the standardized coefficient analysis showed that high stream flow was the main 
driver. Our results add to existing evidence to support the idea that winter high flows limit 
coho salmon survival. Nickelson et al. (1992) reasoned that since coho fry and juveniles 
were most abundant in alcoves and beaver ponds in winter, and because these habitats were 
rare, winter habitat probably limited coho salmon production in coastal Oregon streams. 
Using a before-after-control-impact design (BACI; Stewart-Oaten 1986) and large wood 
treatments, Solazzi et al. (2000) reported that winter habitat was limiting for coho salmon 
and steelhead in Oregon. Johnson et al. (2005) reported that coho salmon and steelhead 
freshwater survival increased after the input of large wood in a coastal Oregon stream. We 
have directly demonstrated, by evaluating life stage specific survival and seasonal flows, 
that a paucity of suitable winter habitat likely limits coho production in streams in coastal 
California.

Following a major literature review, Mellina and Hinch (2009) concluded that large 
wood removal has a negative effect on juvenile salmonids. Wood in rivers is important in 
many ways, such as a source of food for invertebrates, habitat for vertebrates, and dissipating 
energy by scouring channels (Maser and Sedell 1994). Both Caspar and Pudding creeks 
experienced substantial removals of large wood during the stream cleaning in the 1970s and 
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1980s (A. Grass, CDFG, personal communication, June 2008). Our census of habitat types 
and large wood in both study streams found no difference in large wood density, and that 
total fish cover was <25%. Pools in Caspar Creek averaged 0.24 large wood pieces/m (95% 
CI = 0.09 – 0.40) and in Pudding Creek averaged 0.32 pieces/m (95% CI = 0.10-0.54). We 
believe these values are low for salmon streams. In 2006, Pudding Creek had mean shelter 
(fish cover, primarily large wood) values of 41 for pools and 11 for flat-water habitats 
(CDFG 2006a) and Caspar Creek had a shelter rating of 82 for pools and 36 for flat-water 
habitats (CDFG 2006b). A value of 100 is considered the minimum required level of shelter 
(Flosi et al. 1998). Both NOAA (2010) and CDFG (2004) suggest, in addition to improving 
water quality and other watershed functions, large wood is needed to help recover listed 
coho salmon because it will induce sediment sorting, improve habitat shelter, increase pool 
frequency and depth, and reconnect flood plains. 

The proportion and surface area of habitat units in summer 2011 were not 
statistically different between Caspar and Pudding creeks. Additionally, there were few 
differences in physical habitat between Caspar and Pudding creeks; both streams had low 
instream densities of large wood and lacked fish cover. Because Caspar and Pudding creeks 
have similar habitat characteristics, and since all the biological metrics varied similarly 
among these streams over our time series, they would be good choices for experimentally 
evaluating fish responses to stream habitat restoration in a BACI experiment (J. Ferreira, 
CDFG, personal communication, February 2012). Johnson et al. (2005) reported that their 
reference stream was a poor choice because salmonid abundance did not track in the treatment 
stream, which violates the assumptions of the BACI analysis (Stewart-Oten 1986). 

Our data analyses and literature review point to winter habitat as limiting coho 
salmon, and we think that adding substantial amounts of large wood will, through stream 
action, increase pool habitats, improve stream shelter, and reconnect the stream to flood 
plain habitats, with a resultant increase in coho salmon survival and abundance. Future work 
should consider a BACI experiment to test the hypothesis that strategically and surgically 
placing large wood into most of the suitable salmonid habitat in Pudding Creek will enhance 
coho salmon and steelhead growth, survival, and abundance by increasing availability of 
summer and winter habitat relative to Caspar Creek as a control.
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